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NOTICES
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Documentation Center (DDC), (formerly ASTIA), Cameron Station, Bldg. 5,
5010 Duke Street, Alexandria 4, Virginia

This report has been released to the Office of Technical Services, U.S.
Department of Commerce, Washington 25, D.C., for sale to the general public.

Copies of this report should not be returned to the Aeronautical Systems
Division unless return is required by security considerations, contraet'jal
obligations, or notice on a specific document.
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A•1'3iCT

Contract objectives caoled for an analytic and experimental
investigation of techniques whereby an efficient and lightweight
power conversion unit can be provided. The conversion unit iS
to be used to supply high-frequency electric power to accelerate
plasmas in an electric propulsion engine. Various conversion
and power generation techniques were reviewed in the early part
of the study before approaches and concepts were established.
In addition to the converter concepts, an additional investiga-
tion of high-frequency power generation was performed. After the
p i investigation, an analysis of possible approaches for
conversion of 60 KW of SNAP 8 type of power and 300 KW of SPUR type
of power was made and conceptual designs established. Three con-
verter techniques in addition to a high-frequency generator con-
cept were evaluated; namely, a motor-generator unit, a static
transistor unit and a static tube unit.

Parametric data was derived and Is included in this report
to show component losses, site and weight. Problem areas under
each conversion technique hsve been outlined and areas for fut"re
applied research recommmded.

PTMICATIO! RUVME

"'be content of thls report represents the scientific findings
of an Air Force sponsored program. Publication of this technical
documentary report does not constitute Air Force approval of the
findings. It is published only for the exchange and stimulation
of ideas.
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InMRODUCTION

A need exists for efficient and lightweight power conversion units for use
with space power systems currently being developed. One of the several areas
in which converters are needed is for supplying high-frequency, high-voltage,
power to accelerate plasma in an electric propulsion engine. The objective of
this ten-month study effort, which began 15 April 1963, was to analytically
investigate techniques for providing such specialized power requirtments and
to formulate conceptual designs for both 60 10W and 300 KW units. A second
part of the study involved an analysis of component designs for the generation
of high frequency electrica :7ver.

Areas of general analysis included rotary-mechanical, frequency-ckanger,
transformer ard logical combinations of these converter devices. In arriving
at specific conceptual converter and high frequency generator designs,
related areas of materials, environment, cooling, and reliability were
studied. TWo areas of experimental investigation to support analytic effort
Included measurement of magnetic core loss magnitu e at high frequencies and
determination of transistor response in a high-frequency, power-chopper cir.
cuit.

Parametric data is included in this report in order that a comparison of
motor-generator, static tube and static transistor converter techniques can
be made in the frequency range of 50 to 800 kilocycles and the power range of
60 to 300 kilowatts.

Problem areas for each conversion technique are analyzed and areis fo-
future applied science research are recommended.

,•.Lnuscript released by iuthors, March 15, 1964, for publication as a Teclnical
Docimentary Report.



PB0OMU SUM&M

Me inveotigation of techniques for converting pover from SIAP 8 an&
SPUR type power systems for use in high-voltage, high-frequency electro-
magnetic propulsion units covered a variety of AC to AC power conversion
methods. (The high frequency range in this study is from 50 KC to 800 I
and represents a power frequency range higher than that considered In ces-
ventional power systems. The expression "high frequency" is not to be
mistaken for the HF frequency range of five to fifty M) used in commuica-
tions.) Analysis of these conversion methods lead to the fomulation of
several techniques vhich appear most feasible for use in converting electric
power at these levels and frequencies to high-frequency (50 KC to 8W IM)p
high-voltage pover. Each of these techniques discussed in this report alon
with conceptual designs for three specific converter systems to meet the 60
KW and 300 KW power requirements. The three converter designs are: (1) a
wotor-generator concept, (2) a static transistor unit, and (3) a static tube
concept.

A second part of the study involved analysis of techniques for generat-
ing high-frequency electric power directly from a turbine shaft output. A
high-frequer- lectromagnetic generator was designed using a solid-rotor,
static-winding technique and analyzed for use in meeting the requirements
of the WorIE Statement. Parametric data and design drawings are included in
the report to show the feasibility of such a machine.

General conclusions reached at the end of the study program are:

1. The trantistor converter is lightest in weight and highest in effi-
ciency bovh when considered as a separate unit and also when the
ý.otal weight of converter and cooling system are considered. Total
weight decreases with increasing temperature, but operating tem-
peratures above 300°F coolant temperature produce very little
weight decrease. From a reliability standpoint 300°F appears
best.

2. The high-frequency (50 KC to 200 KC) generator coriept is competi-
tive with the transistorized converter design belt about 50 IWO,
but not above. Even at frequencies up to 100 KiC and above, a
generator designed with an output frequency to match the require-
ment of an electromagnetic propulsion engine to be driven
directly from the turbine should be considered since the absence
of a converter unit Increases the reliability of the conversion
system and may be worth the additional weight in this frequency
regime. Comparison of a turbine-driven generator with an output
in the 50 KiC to 200 KC range with a low frequency generator plus
a converter is made later in this section.

3. The motor-generator convertLtr is also competitive with the tran-
sistorized converter at the 50 KC level, but gets decidedly

2



heavier at the higher frequencies. The reliability of a motor-
generator unit with its high temperature capability over a multi-
transistor converter unit with temperature-limited transistors
should be considered at the 50 KC to 100 KC level, even at the
disadvantage of being heavier and less efficient than the
transistorized converter.

4. Both the transistorized converter and the direct high-frequency
generator offer a very important potential for application to
Jightweight ion engine systems as well as for the plasma engines
of this study application. The high-frequency technique permits
extremely lightweight transformer designs which, when applied to
the ion engine system, may lead to less total weight than the more
direct transformation and rectification of 1,000 or 3,200 cps
power for DC ion engines. High-frequency power in the 60 to .300
KW power level is used in radio communication and also in induct-
ion heating techniques. In each of these areas the volume of
equipment is not critical and in most instances efficiency of
operation is not too critical. Nevertheless, r-f generation
techniques appeared feasible in the early analysis and were
explored further.

Parametric data on weight and efficiency versus frequency for converter
and generator systems in summarized in this section. A more detailed dis-
cussion of (I) high-frequency generation and conversion techniques, (2) con-
ceptual converter designs, and (3) conceptual high-frequency generator
designs is presented in later sections.

Converter Weight Versus Frequency.

Converter system weight as a function of frequency in the 50 to 800
kilocycle range is z;hown in Figure 1. This data for both single-phase and
three-phase converter designs compares the three types of converter concepts
which formed the major analytic effort of the study. The weight atdwv#nti,;e
of the static transistor converter over the other two concept9 at aclh a0
,,ne three conversion frequ(c:', is quite evident. The rJor-i'.:i...
concept is competitivu "iui the static transistor converter' in wei.. r..
at the 50 kilocycle level, b'ut Lets decidedly heavier at the 200 kilocý'c'e
lcvel. The rnotor-,;uner,%at -or-ceot wat; not considered at t. ?OC %i:
level because o: the nxtr . :,1cr of poles and/or high riotor 2p.. d
quired for .uc. a :(-'-roquency output. The static tube converte. 'a
heaviest of the thrc. convert'er types, but like the static translstor imlt
is fairly in~deC :nde-u cff thm- frequency conversion level throu-hout tl'-. '(
to S0 kilocycle range. W•i~hts for the transistor designs; wer• con, . -I-
ably less than tlc overall component weight design objective of 300 roun'i
for the 60 V unit and 1,000 pounds for the 300 KW unit.

Converter Efficiency Versus Frequency

The three converter types analyzed during the study program are compared
from an efficiency versus frequency standpoint in Figure 2. The static
trancistor concept is the most efficient of the three concepts with the

Best VEC CoPY
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static tube converter being the least efficient. To be noted is the fact
that the efficiency of the 300 KW unit exceeds the design objective of 90
per cent and is greater than 96 per cent for the 300 KW single-phase design.

Generator Weight and Efficiency Versus Frequency

A portion of the study involved-, an analysis of high-frequency (50 KC
to 8&0 KC) power generation by rotary-electromechanical techniques. A
solid-rotor electromagnetic generator design was also analyzed for use In
deriving high-voltage, high-frequency directly from a 500 hp, 24,,000 rpm
mechanical shaft. Figure 3 compares weight (lbs/Ku out) versus frequency
for the conceptual design in the 50 to 200 kilocycle frequency range and
indicates the possibility of achieving a system design weight objective of
1,500 pounds or less. High-frequency (50 KC to 200 KC) gcnierator effici-
ency ranges from above 95 per cent for the 50 kilocycle design to nearly 93
per cent for the 200 kilocycle design. This exceeds the 85 per cent design
objective of the Work Statement.

Converter System Weight Versus Temperature

System weights for both 60 V.1 and 300 KW converter units are compared
in Figures 4 and 5. Total system weight (including coolant system provis-
ions) is extremely dependent on the operating temperature of the system.
At the low temperature level, the static tube and the motor-generator units
are quite heavy. As the operating temperature is increased towards the
1,00O0 F level, particularly at the 60 KW level, the system weight curves
become more convergent and the heavier static tube and motor-generator con-
verter designs become more competitive with the transistor design. At
temperatures above 2750F, the static transistor and motor-generator unit
(50 KC) meet the system weight objective of 300 pounds for both a single-
phase and three-phase unit. The system weight comparative analysis for
300 KW converter designs shows a wider range of converter weights at the
low temperature (200(1F) level than for the 60 KW unit. %e design objective
of 1,500 pounds for this converter, to be used with a SPUR type power
system, can be met in all the concepts except the 200 KC motor-generator.

The curves of Figures 4 and 5 resultdd from cooling system studies per-
formed during the program in which radiator, pump, coolant fluid, and cool-
ant tube weights were analyzed for each of the converters and generators.
These curves are based on the weight of a cooling system with a "heavy"
radiator, one designed with adequate protection against meteorites. A
radiator with less meteorite protection was considered in the weight
analysis, but this concept was not used because of the desire to be con-
servative in assessing the cooling system weight penalty for each of the
concepts. Total system weights are somewhat less when the lightweight
radiator concept is used, but the weight trends do not change. A more
complete picture of the effect of cooling system requirements on total 0
system weight is given in the Related Studes section.

6
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Total Generator System Weight Versus Tem!erature

Figure 6 summarizes generator configniation weights and cooling systen
weights in a plot of total generator system weight versus sykitem operatlin
teaperature. The design objective for this portion of the study can easi3r
b met, as shown by the curve at the 50 KC frequency. System weight also
increass with frequency a• shown. The feasibility of generating power at
the required high-frequency (50 KC to 200 KC), high-voltage level and el1u-
nation of frequency and voltage multiplier devices is quite evident here.

Th same feasibility applies to use of a nigh-voltage generator tech-
nique in conjunction with rectifiers to arrive at high-voltage DC power for
use in an ion type engine. The main advantage in this technique would be
in elimination of the transformer weight required in generating at a lower
voltage and stepping up to the required high-voltage level.

Hi& Frequency Generator Versus a SPUR Type Generator Plus Converter

The basic power suiplies considered in this study were of the SNAP 8
and SPUR typea and each a 3nerates lw. frequency (1 KC and 3.2 KC) power.
Since high-frequency power is required for the electromagnetic engine of
this stys, it was early considered that the low specified frequency of
power generation (I KC and 3.2 KC) was not an optimum input frequency
level. With this thought in mind, a parametric study was performed to
compare the following conversion concepts for delivering high frequency
(50 KC to 200 KC) power to an electromagnetic propulsion engine:

1. A high-frequency (50 KC to 200 VC) generator design concept of
this study which delivers the required high-frequency, high-
voltage power.

2. A SPUR type low frequency generator plus a converter design of
this study.

Figure 7 compares the two conversion concepts on a lbsi'KW out versus
temperature basis. Weights include cooling system penalties for the SPUR
type generator operating at two fixed temperature levels (6O°F and 8000F)
with the static trar Tstor converter operating at various temperature
levels. Also cons -dered were the weights of two cooling system concepts,
one based on a heavily-protected type of radiator and the other one a
lightweight radiator. Significant is the fact that the high-frequency
generator concent Is lighter in weight than the SPUR type generator plus a
converter over a major portion of the temperature spectrum. Figure 8 plots
weight versus frequency to show the "breakover" points for the two concepts.
A single generator unit producing the required high-frequency output is
lighter in weight than the SIUR type generator plus a static transistor
converter up to approximately 100 KI in a system utilizing the heavy
re'lator concept. Two operating tempe.uture levels for the converter
were considered (3000? and 6000F). This leads to the conclusion that below
aiproximately 150 KC, the HF generator is the lightest and most efficient
way to generatc high ýrequency power. Above this frequency, a low frequency
generator plus a transistor converter is lighter. Above 200 KC, only the
converter ajproach is feasible due to the inability of generator designs
investigatc'd to overate Wtove this frequency.

10
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Section I

HIGH FE.4UElCY PO•^ifl GE1r2ATION TECHNIQUES

FLECTROWAGNETIC GENERATORS

Electrical power of radio frequencies from 50 kilocycles to 200 kilo-
cycles can be generated with solid rotor generator designs, converting
mechanical energy to electrical energy by rotating a magnetic field through
generator conductors.

The upper limit of generating frequency is determined by the maximum
allowable material stress in the rotating part, the minimum practical dimen-
sions of the magnetic poles, and the minimum space in which a generating
winding may be placed. to utilize the number of magnetic rotor poles.

The generator described as configuration B most readily allows the
maximum freedom of the design limitations on the uT." -. frequency limit and
has capability for generating large pcwer ou,.iit.

Maximum number of rotor poles are obtained by separating the north and
south poles axially, as the number of rotor teeth are one half that re-

quired if alternate polarity poles were not displaced axially. Maximum
space is allowed for the stator generating winding by using a winding design
requiring one-third of a slot per pole. This means stator diameter will
have a frequency capability of three-times the same stator using a single
slot per pole, because physical spacing is required between slots.

The generator magnetic-excit_.tion circuit with Its stationary excita-
tion coils is similar to that used for the IiADYNE generator, a North
American conceived design. The use of stationary coils increases the upper
generating frequency limit since rotor space is not used for excitation
coils between poles. The usc of ztationary coils also increases the fre-
quency capability by prinittir,# the rotor to be rotatel aIt greater surface
speeds.

Generator configuratiou .K `.7 . to the in1luctor type (hnmopolar
double-ended) generator except th it . _La•in.'ed outer yoke is adued to
permit the flux to rctate with the ,'otor. Th.e inductor generator would
not be suitable without this nJIficuztLon zince its losses would be quite
high.

As the frequency increases.thc urn. voltive core loss increases. In

order to limit the unit core loss it btecomries necessary to reduce the flux
density of the generator stator iron circuit as frequency is increased.

The reduced flux density requires -Ln increase in the amount of stator iron

required, resulting in increased weight for the frequency band being con-

uidered. Unfortunately, the presently available low loss magnetic materials

saturate at low flux densities and have lower Curie temperatures than the

nickel irons. As the percenrtae of AC stator iron is low compared to the

total generator weight, the reduction in AC stator iron flux density is not

Best Available copy



as severe a penalty as it might seem. The la: gest portion of the iron cir-
cuit is operating with DC flux and produces no loss under stead-state
operating conditions.

SOLID-ROTOR TECHNIQUES

Five solid-rotor, homopolar type inductor generator concepts (A, D, C,
E, & F) plus a flux-switch heteropolar type of machine (D), were evaluated
and parametric data plotted to show power output versus frequency. This
data is shown in Figure 9 and 10 and discussed in the section which follows.
Data on Configuration B, a 24,000 rpm 300 KW design, shows _ 1.2 lb/KW
weight at the 50 KC frequency level increasing to approximately 4.6 lbs/KV
at the 200 KC level. Plotted data shows that an increase of generator
speed to 48,000 rpm leads to a 50 per cent reduction in generator specific
weight at 200 KC (see Figure 10), but places an upper limit on power output
from a single unit at less than 300 KW. For a 300 KW - 200 KC design at
48,000 rpm, it would be necessary to use multiple units at a net weight
increase. The data shows Configuration B to be more suited, power wise,
for the 50 KC to 200 KC range. Configuration A is suitable for 50 to 100
KC power generation. The plotted data also indicates a low power output
limit for Configuration C and the flux-switch type of design. Configuration
E is similar to Configuration B, but differs in structure. Configuration F
is limited by its permanent magnet and i; estimated to be capable of one-
half the power generation capacity of Configuration B. Losses and effki(-
ency have been determined for generator Configuration B for various iron
hot spot temperatures and coolant temperatures. As the cooling ambient
temperature increases, it is necessary to use magnetic materials with
higher Curie temperatures. The survey of magnetic materials has shown
that the losses increase in materials of higher Curie temperatures and
result in lower efficiency at higher temperatures.

In summary, a rotary type of alternator with efficiency from 85 per
cent to 95 per cent is feasible in a motor-generator type of conve-ter
design in the 100 to 200 KC frequency range. Likewise, a rotary alternator
concept is feasible for power generation with a 24,000 rpm turbine prime
mover.

Generator Configurations Considered

Configuration A - Configiration A consists of a north polc rotor and stator
section and a Sovth pole rotor and stator section. The rotor flux is uni-
directional ana its path is axI'ially in the rotor to tne poles, across the
pole gap to stator, through -he outer stator yoke to the other stator
section across the pojle gap, axially along the rotor to a concentric pole
gap, aitally along the frame to the other pole gap and then into the rotor.
Each stator section is equivalent to an inductor-generator stator with one
slot per pole where one-half of the slots in each stator section are in-
active in producing voltage at any instant of time. Configuration A is
limited in frequency by the maximum number of stator slots usable in a
given diameter (see Figures 11 and 12).
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Configuration B - Configuration B is the same as Configurtion A with the
exception that the stator has oe-third of a slot per pole. This permits
generation of power at higher frequencies than possible with Configuration
A, as the number of stator slots is one-third that of A. Configuration 3
requires three times as mny conductors per slot as Configuration A to
obtain the same voltage output (see Figure 11 and 13).

Configuration C - Generator C in Figure 1J. is similar to generator Configu-
ration A. In this configuration the poles in each half of the two axial
rotor portions are in line with each other and not displaced 180 electrical
degrees as in A and B generator coafigurations. The return conductor of
the generator stator turn is located co the outside of the outer stator
yoke Iron so as not to have AC voltages induced in the return conductor of
each stator turn. The required number of stator slots for a given fre-
quency and speed is reduced to one-half that required for generator Con-
figuration A by this means; therefore increasing the maximum possible fre-
quency for generating power to higher frequencies than are possible with
Configuration A.

Figures 12, 13, and 14 schematically show the AC generator stator
winding and the relative positions of the rotor magnetic poles. The
generator rotor pole sections are similar to the Inductor type generator. -

The excitation circuit is the same as for a NADYNE type of gernerator, a
North American Aviation solid-rotor design. The generator may be modified
to use permanent magnet type excitation by installing a permanent magnet
in the nonmagnetic section of the rotor and eliminating the static excita-
tion parts. A stationary permanent magnet may be installed in the static
excitation magnetic circuit.

Demaget!zation and Opposing Transformer Voltages in Generator C - The
return conductor of the stator winding, located on the outside of the
stator yoke iron along with the conductor in the slot, forms a turn around
the stator which produces an MWF when a load current is flowing in the
winding. This NMP produces a flux which will flow around the stator yoke
and generate a transformer voltage. This voltage is in opposition to the
generated voltage at a vector angle determined by the power factor of the
circuit. To limit the reaction flux and its associated transformer voltage,
the stator is divided into segments as shown in Figure 14. The amount of
separation or gap is limited by the maximum stator flux densities allow-
able and the minimum iron sections allowable.

Flux Switch Configuration D - This concept, shown in Figure 15, generates
voltage by switching the fl,,x passing through the stator coil from a plus
to a negative value. This is accomplished by changing the reluctance of
the magnetic circuit by rotation of the rotor poles. The field MMF beting
constant, the flux changes as a function of the reluctance of the magnetic
circuit. The flux switch has several disadvantages: (1) The flux from
tLL field ittion circuits oppose each other in the stator coil reduc-
ing the alternating flux to one-half the excitation flux, (2) the stator
coil maxinum 'lux is one-half the total flxx pass.in'g through each pole on
the rotor, (3) the rotor flux alternates in each rotor pole, (4) the
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demipostizing action of the stator is large, as the stator has a large
number of turns compared to the rotor pole gap ampere tvun.s, vhich linmt
the output power.

(of titn E-Configuration E is similar to Configuration A or 3, and
is hewn In re 16. The field coils of A and B have been relocated to
a position between stator sections. This eliminates the magnetic field
poles and the weed for the outer magnetic housing of generator A and B.
fte magletic frame and poles are replaced by parts sufficient for meebwa-
cal purposes. The stator outer yoke Is retained as a laminated core to
permit rotation of the DC flux with rotor rotation. The stator portions
are the sm as for A and B Configurations. Data for A and B are applicble
to Configuration L

Configuuation 7 - This configuration, also shown in Figure 16 ts the am
as Confipuration Z except the rotor center portion or complete rotor is a
permanent magnet and replaces the field coil. A field coil may be retained
and used for regulating the generator output. The PM material limits the
power to about one-half that of Configuratiot 2.

Other Generator Design Considerations

Power Output - The power output of each configuration has been calculated
with the following parameters. the same for each configuration.

Average air gap flux density = 20 kilolines/square Inch
RMS conductor current density = maximum of 6,400 amps/square inch
Rotor diameter - dependent upon RPM, but constant for each comparison
Single stator core axial length
RPM- dependent upon RPM, but constant for each comparison
RMS stator reaction ampere turns= equal or less than the field ampere
turns of the pole air gap for the air gap flux density above.
Sinusoidal flux variation - assumed for each design comparison

Power Output Curves - The power output shown on the curves of Figure 9
approximates the maximum obtainable for the conditions of rpiu and aximxmi
rotor saress noted for the air gap flux density, conductor current densities
and stator reaction ampere turns specified in the power output paragraph
above. The curves show that the power output is increased by a decrease in
rpm; the power output may also be increased by increased rotor stress,
increased gap flux density, and optimization of design. A decrease in rpm
results in a power increase through an increase in rotor-diameter and
length, which results in a weight increase.

An increase in the rotor allowable stress for a given rpm permits the
use of a larger diameter rotor. Assuming the same rotor flux density, the
total flux of the generator increases as the diameter squared, or stress
squared; the linear velocity increases with the diameter; therefore, the

vwer output is increasing as the cube power of the rotor stress. A
increase in the generator stator gap flux density also increases the power
as it increases the total flux of the generator. This increase is limited
by the saturation flux density of the rotor material.
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Per outpt vs. D - Note that at the high pa.r (Do t. 800 KC) fre.
quen cns ed, theobtainable power output decreases with increase In
frequen3. This is a result of being stress limited, because the large
number of poles decreases the space available for conductors to produce a
voltage output. Generator Configurations A, B, and 9. power outputs, are
limited by the maximm conduction current density since the conductor area
is limited. The power output of Configuration F is limited by the allow-
able flux density and rr'sational stresses of the permanent magnet material.
The high cobalt permanent magnet material values at 70oF have been used to
determine the power output data. Configurations C and D are limited by
the stator reaction ampere turns (iou) and not by conductor -density. fte
power from Configuration D may be increased by addi adaitional poles
around the stator. These would have to be added in increments of four;
the additiot of these poles would not incream the power sufficiently to
compete with A, B, or E Configurations.

Generator C (200 ICC - 24,000 plu - A preliminary analysis of generator C
assumed that limitations due to demagnetizing and transfcmer voltage from
load current would be computed and added in before finalizing the design.
This assumption resulted in favorable power outputs (over 200 KW at 200 0).
An analysls of transformer voltage for a geuerator C design of 200 KCO
24,000 rpm and an average air gap density of 20 kilollnes/squie inch
showed a power limit of five KV for a transformer voltage equal to the
terminal voltage. The power limit is approximately proportional to the
air gap density, and if the air gap density were increased until the tooth
flux density limited the flux, the power iliit would be increased from five
KW to ten XW at an average tooth flux density of 60 kilolines/squar nch
(9300 GA~M).

Weight vs. Frequency - The weights have been estimated at 24,000 rpm and
j,OO rpm for generator Configuration B for the power output levels shown

on Figure 9 and are plotted in Figure 1D. The weights include all the
parts shown in the generator cross-section drawing. A detailed weight
estimate has been made on selected designs to evaluate the configurations
considered. Higher power levels can be obtained at the higher rpm by
ganging or using multiple units for less weight than the slower spee"
units.

Frequency vs. rp and Poles - Consider the case of generating a 100 C
power output with a 3200 cps input:

Input: 300 K 129/208 volts 3200 ape1
Output: 10,100 velts 100 kilocycles/see. 10

The input and output frequencies determine the rvige In speeds and number
of poles which can be used for frequency conversion. The relationship of
f M PN poles exists for both motor and generator, where f - CPS, p a

120 number of poles, N a rpm. Therefore, the following oombinations
are considered:

26



MOTOR MOTOR GENERATOR OUTPUT

FREQUENC POLES RPM POLES

3, 200 CPS 2 192,000 62 99.2 =c

3,200 CPS 4 96,000 121 99.2 KC

3,200 CPS 6 64.,ooo 186 99.2 0C

3,200 CPS 8 48, ooo 246 98.5 V.

3,200 CPS 16 24,000 o492 98.5 KC

Rotor Diameter vs. r7A - The diameter of the rotor is limited by the allow-
able stress level for the rotor configuration and material. A solid rotor
with no axial holes through it has the minimum internal stress generated by
rotation for a given diameter. As a large dJameter is desired in order to
obtain a large number of poles, the diameter of solid rotors producing a
maximum stress of 60,000 pounds per square inch at its center for the
generator rpm has been established as a basepoint and are tabulated below.
This diameter varies as the allowable stress to the one-half power. A
stress of 60,000 psi is considered conservative for purposes of this study.

PSI ROTO
RPM MAX. STESS DIA. (ICHES)

96,000 60,000 2.84

64.,000 60,000 4.25

48,000 60,000 5.69

24,;000 60,000 11.37

12,000 60,000 22.75

Pole Pitch - Consider 48,000 rpm and a rotor diameter of 5.69 inches with
246 poles.

Pole Pitch = - 5.69) .0726 inches246 =.76ice

A pole s•in of 65 ier cent of the pole pitch is reasonable; therefore, the

role width is (.65)(.0726) = 0.0472 inches.

The pole spacing conditions are as follows:

For alternate zorth-south pole rotor:

•oh7"-04 .- -ý •--.0256" spcing
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For alternate horth pole rotor:

-4I
•q 07 -098f" spacing

The resulting close spacing for an alternate Vorth-South pole rotor voul
result in high leakage fluxes between 4orth and South poles unless very
small air gaps are used between rotor and stator. Therefore, this type Is
not as well suited to the frequency range of 50 KC to 200 KC as the hm-
polar type.
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EULiCROSVTATIC GENMiATORi

Early in the prel!rirnry phAse if tih- study program, the plasma engine
requirements of high voltage and relatively low current suggested the appli-
catioz, of an electrostatic generator for mechanical to electrical energy
conversion. The electrostatic generator is attractive for plasma engine
power due to its high efficiency and its low power to mass ratio. Figure
17 compares the specific weight (lbs'/KW) versus power output of a 90 -er
cent efficiency electromagnetic generator and a 98 per cent efficienc- elec-
trostatic generator. For the lower level of this program, (300 JW), iigure
17 indicates approximately .75 lbs/lK. Other references reviewed indicate
specific weights of .6 to .9 lbs/KW down to .2 and .4 lbs/KW.

Broadcl_ classified, the electrostatic generator falls into two cate-
gories: (1) The Van de Graaff generator, which operates on the principle
of charge transport by a moving belt, and (2) the variable capacitance tyle.
For the plasma engine only the varying capacitance t~pe appears feasible.
Varying capacitance electrostatic generators may be classified into various
types dependent upon type of excitation, AC or DC output, voltage doubling,
bridge type, etc. Three types were considered in this study and are shown
schematically in Figure 18. The Type I generator shown in Figure 18 is a
variable capacitancejline-excited type of machine with AC excitation and AC
output. A second type of electrostatic generator, the bridge type,

Sutilizes a DC excitation voltage and produces an AC output. A third type
of electrostatic generator as shown in Figure 18 is the voltage doubler or
parametric generator. This generator delivers a DC output voltage from
lower DC excitation voltage.

The efficiency of electrostatic generators approaches 100 per cent with
experimentally verified efficiencies of 98 and 99 per cent obtained. These
high efficier.cies are the result of the elimination of losses inherent to
the electromagnetic generator such as hysteresis, dielectric, eddy current,
nvinetic and windage (vacuum dielectric operation). In addition, the InH
ohmic losses are a minimum due to the low required charging currents. The
Increased efficiency is important for a number of reasons. Energy is con-
served, heat losses (which must be radia-;ed to space) are at a mtnimum
resulting in lighter weight radiators and the total system weight is reduced.

The utilization of the electrostatic generator for the particular app) I-
CPti,)n of this program would involve the solution or a number of problems,
some Inhernt to the generator and some due to program requirements.

3ome major problems requiring solution are:

1. Selection of generator type (possibly a hybrid type) which would
provide the high frequency output power.

2. Conversion equipment to provide proper output loads for the
generator. The electrostatic generator is inherently a high-
voltage, low constant-current generator and thus requires a high
impedance outpiit load. The load represented by the plasma
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angif Is low (belo 1,000 oi) and this would reoult In low
power tnnsfer and very hi& eicittIn voltag vmse saw type
of Impedance matching device is use&.

3. Bowing and seal problems Since rotor wight Is OW I# the
I- at~r finti bowring i ne Samslutioni that shoold. be investI-

~.iMofactUrlufg MAn fabrication jroblGINS Involving rotating
elements at very close spacing.

5. �c cal onversion equirment for xcitatlon power suply.
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RMYARY CVE TEM6iNIQ=F

The most common type of frequency changer or converter is a motor-
generator set. Such a device possesses the main advantages of hgh powe
per unit weight and high temperature capability. Traditional designs ar
frequency limited for this particular application because of the muber of
poles required to produce the desired frequency.

With the advent of high-strength steels from which rotors can be manu-
factured has come an increased speed capability for generators. Coupled
with this is the trend away from wound-rotor construction and toward solid-
rotor types of nmchines. By use of solid-rotor techniques and increasing
the speed of the rotor, an increased frequency output is possible from a
motor-generator type of converter. High voltage, either three-phase or
single-phase, is no problem for a motor-generator unit and is limited only
by the insulation requirements.

For the high-frequency, high-voltage requirement of this stu4y, the
motor-generator is appealing in that there is no need for a transformer to
gain the high output voltage of 10,100 volts. The motor-generator type of
device is really limited only by the number of poles which can be included
in the reriphery of the rotor.

It Is necessary in the three-phase application to consider three separ-
ate generator sections on a single rotor, each displaced by 120 electrical
degrees.
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Semral types of semiconduett devices vwere reviewed during the pro-
lleingry Investigation phase for posible aplieation In blah-frequeney
and high-voltage conversion devices. •Mse icluded:

a. Silicon controlled rectiflers (S)

b. Translators

c. Four-layer diodes

d. Tunnel dMods

Uch semiconductor device vas investigated in terms of voltage, cur-
rent and frequency cipabilities today ad in the future. Ilgure 19 Is a
cosparison of these static devices. Me first device to be investigated
was the silicon controlled rectifier (M12) because it is videV used
today in converter systems. Although SM's are capable of handli large
currents and voltages (up to 235 ampe at 60 volts) they are presently
limtthd in frequency of operation to about 35 K cps. This frequency cap-
ability Is expected to advance upward to around 70 to 100 K cps in the
next few years. Based on this expected future capability a preliminary
design of a single-phase SCR type of converter has been made and is
compared with the transistor unit in the Appendix.

Transistor devices have high voltage, high current, and high frequency
capability and app-.ar the most promising for converter use. Several types
of circuits using transistors were investigated, including power chopper,
power square wave oscillation and an rf generator technique. Of these,
the power chopper appeared the best; minly, due to the fact that this
circuit does not require a saturated-core transformer with Its resulting

large saturating current loss. In using a DC chopper technique with tran-
sistors or the silicon controUed rectifter, the DC magnetization of the
transformer resulting from the large DC current in the primary winding
must be considered. The tunnel diode Is capable of switching large
currents (1,000 amps or more) at a high frequency, but these devices are
limited in voltage capability to .2-2 volts. This voltage feature makes
tunnel diodes not too practical for use with high-voltage power sources.
The four-layer diode is limited in current and frequency (ten amperes at
20 kilocycles per second).

Of the semiconduc tor devices studied, the SCR and transistor concepts
were the most worthy of design analysis. A more detailed discussion of
these two techniques plus tunnel diodes and four-layer diodes will be
found in the section which followx.
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mila contronled Rectifier (saR) Cnerters

MM invnrter circuits are of three men types: Mhe poaer chopper vbech
prolnes a squae wave output, a sine ave inverter type-, and a 30 AC to 10
AC d1rect converter. A direct AC converter frequency charger requires no

t transfmer for its operation, but can convert 30 alternating current
directly into high frequency, high voltage, single-phase ateat current.
In order to increase the output voltage, a step-up transfrmer is requirs.

!he operation of a typical circuit for utilizing 30j, 120/208 V 3200
ape power input as show in Figure 20 i as follows. During the 124
electrical degrees that the line to neutral voltage of phase A of the supply
to the frequency changer is higher than that of the other two phases, the
two silicon controlled rectifier connected to phase A of the supply alter-
nately conduct current. Me rate at vhich these two controlled rectifiers
switch is dtrmined by the timng of the firing pulses that are sent to
thelr gate. The commutation or transfer of the load current from one recti-
fier to the other Is accomplished by the cmmtating capacitor C.

During the next 120 electrical degrees, the line to neutral" voltage of
phase B of the supply is the highest and the two-controlled rectifierg
connected to this phase take over the switching of the load current. The
allicon-controlled rectifiers connected to phase A and C are Idle during
this perlod..

The output frequency is dependent on the frequency of the controlled
rectifier firing, and this follows some reference such as an oscillator.
During the operation of a frequency changer of this type, when one silicon-
controlled rectifier is fired, the capacitor charges according to the time
constant determined by the covmutating capacitor Cl, the inductance of the
neutral choke LU, and the impedance of the load. A transformer voltage is
then reproduced since the capacitor Is in parallel with the transformer.
When the second rectifier of the pair which is cmnected to the other
half of the primary is fired, the capacitor discharges around the near
short circuit path. The discharge current passes forward throughthe -cntrollnd
rectifier turning it off. The capacitor now charges in the opposite
direction until the first rectifier is again fired. This ecrautation pro-
cess continues with the controlled rectifiers producing the high-frequency
voltage in the output transformer.

In order for this circuit to commutate, the total load must be capaci-
tive or represent a leading power factor; the ccmwtating capacitor being
considered part of the load. If an inductance is added to the load, the
capacitor value my have to be changed to keep the total power factor lead-
ing. This circuit can operate with a maximum power factor of .96, and a
minimu of zero. In other words, the circuit can operate at no load with
only the commutating capacitor. However, if the value of capacitance is
large (approaching zero power factor), high voltage will appear across the
power transformer and across the controlled rectifiers. These voltages
are much in excess of the applied supply voltage and could easily exceed
the ratings of the switching components.
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fte operating frequency of this circuit is linited by the controlled
rectifiers used. If the controlled rectifier is selected for a short
turn-off time and the transformer leakage is kept to a minimum, operating
frequencies up to 35,000 cycles per second and beyond could be realized.

we switching power capability of SCR devices is also Limited by frequency.

Dlirect Sine wave Inverter

fte operailon of the direct sine wave inverter may be described as
follows: The DC voltage is applied as shown in Figure 21A. Capacitors
Cl and C2 are kept from charging because silicon controlled rectifiers CR1
and CR2 are In their blockiri state. If a pulse is applied to both SCR
gates, only SU rill fire as CR2 is reverse biased. As CR1 starts to
conduct current, I flows in the direction indicated through the load T,
and charges capacilor C2 to twice the applied voltage B. Since the
voltage on C2 is of the polarity shown, CR1 becomes back biased and returns
to its blocking state. CR2 Is now forward biased and begins to conduct,
causing current 12 to flow through the load T, in the direction shown and
causing capacitor C2 to discharge. When capacitor C2 discharges completelyp
silicon contronled rectifier CR2 returns to Its blocking state and CR1
starts to conduct repeating the cycle at half the rate of the applied gate
pulses.

The operation of this circuit depends on the use of a gate-controlled
silicon controlled rectifier, that is, an SCR which can be turned on with a
positive pulse and turned off with a negative pulse. The circuit for the
power chopper is shown in Figure 21B. A voltage V is applied with the
polarity as shown and this causes capacitor Cl to charge through resistor
R, and output transformer T When the voltage of C1 reaches the break-
down value of diode Dj (20Ato 4OV)), a positive pulse is applied through
R3 to the gate of silicon controlled rectifier CR1 causing it to conduct
current r, through the load transformer T'. As CR1 starts to conduct,
capacitor C2 starts to charge through R . When the voltage across C2
reaches the breakdown voltage of diode 12, D2 starts to conduct a current
I as shown causing CR1 to return to its blocking state. C1 then starts
t8 2 charge causing the cycle to repeat. This circuit then is free running
compared to the sine wave inverter which has to be pulsed at a rate tvwce
the output frequency.

For this study the SCR power chopper circuit was choser. for detailed
analysis and comparison with the transistor circuit and is described in
the Appendix.

Transistor &Z Inverter - With recent developments in high power, high-
frequency transistors, it is now possible to design a DC to AC frequency
converter with outputs of several thousand watts. These power transistors
have rem•rkable frequency capabilities even into the megacycle range.

Transistor Inverters may rcughly be classified Into three types,
although all are based on rectifications of the incoming AC to DC, then
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L'egeneramng a new frequency. The first type mif•lz be called a power chopper.
In this type of system the incoming alt%-.1nating voltage is rectitied, filtered,
then switched by power switch at the desired frequency as shown in Figure 22A.
The step-up traaaformer Tl.transforms the outpxt voltage to the desi.red level.
The power switch in this case is a transistor or a group of transistors ir
parallel. The switch can be a silicon-controlled rectifier but due to the
frequency limitation of silicon-controlled rectifiers, transistors must be
used in this application with a corresponding loss in efficiency due to the
additional power loss in each transistor.

One design aspect which =At be considered in using the DC chopper tech-
nique is the DC magnetization of the transfovuer core resulting frou the large
DC current present in the primary windings. Three methods can be used to
correct this DC magnetization effect and establish a "flux reset" in the trans-
former. One technique is the use of an air gap in the transformer which pre-
vents the transformer core from satureting. Another technique is the use of
an extra transformer winding of the proper polarity to cancel the unwanted
field flux. The third technique is to use an increased amount cf iron in the
core. Any of these methods will result in a weight penalty. However, this
penalty will be small due to the small size and weight of the transformer
required at the high frequencies proposed in the inverter design. Selection
of the technique to be used can easily be made in the prototype transformer
design stage. Implementation of the "fluA. reset" technique (any one of the
three mentioned) presents no real problem 1i. the design.

The second type of transistor inverter might be called the power square
wave oscillator. In this type of circuit the input 30 alternating current
is rectified, filtered, and used as the supply voltage for a square wave
oscillator. The operation of this circuit (see Figure 22B) is as follows:
As~ume that transistor A is conducting and transistor B is off. The voltage
E is• now across winding (2) of the transformer, with the polarity as shown.
Voltages of the same polarity are induced in the other winding; this results
Ir a positive base voltage at B, and a negative base voltage at A. This main-
tains A conducting anl B at cutoff.

The voltage E across winding (2) produces an increase of flux in the core
uritL it saturates. At saturation the current in wineing (2) rapidly rises
and the reactance drops, causing the voltage in the remaining windings to
disappear. The negative base drive is removed from transistor A, so that
it is nonconducting. The current of the winding is then zero, and the. flux
drops. The flux change induces voltage in the windings opposite in polarity
to the previous condition. This causes transistor B to start conductig
with transistor A maintained off. Voltage E is now across winding (3) and
the cycle repeats itself ia the reverse direction.

6'or high power output the circuit of Figure 23 can be used. It in essen-
tially the same as Figure 22B except that it uses two transformers instead of
one. By use of two transtormers, the input transformer saturates; therefore,
the extra current necessary at saturation is small compared to the load
current. This allows the use of a smull square-core driver to dtive a much
larger power. The output transformer then works linearly to step up the
output voltage to Lhe required level. The input voltage is divided equally
azrou• the four :,eries primary, subjecting each transistor to only half of

tht- sai 1lvý, volta
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The third type of transistur inverter cold be called an U power
generator (refer to Figure 22C). The RF frequency is genexated by a low
level precision oscillator. The output of the oscillator is applied to a
pulse width modulator, which regulates the output vwAtage by .,-ntrolling the
on-off time of the driver circuit and this actuates the power utitput stage.
The duration of the square-wave voltage is controlled durirg each :alf cy le
as it is applied to the driver section. For low line and high load con-
ditions of the inverter, the square-vave voltage actuates the driver circuit
during 180& of each half cycle of the inverter frequency at high line and low
load conditions, the driver is actuated only for approximately 900 of each half
cycle. This reduces the "on" time of the power switches resulting in reduction
,f output power at constant output voltage.

Shockley Four-Layer Diode Inverter - Simple. afficieut and versatile soliU-state
Fnverters may be made using Shockley four-layer diodes . These inverters mw se
usel for the generation of alternating cuTrrent from a direct current source..
With zhe addition of a transformer and rectifier, a direct current at a high
voltage can be obtained. The alternating current is obtained by switching a
constant current firzt iato one side of a transformer and then into the other.

Two basic circuits are shown. The first is a high efficiency circuit
requiring a minimum of -omponents. The second circuit provides extra protection
against lock-on from wiie load changes, loads of varying power factor, or changes
in supply voltage. Several types of four-layer diodes are available providing a
range of current in t'Vie primary of the transformer from ma to amperes. Supply
voltages up to 80 vzLo;s may be used with a single four-layer diode in each side
of the inverter. Higher supply voltages may be employed by using several four-
layer diodes in sertes.

Figure 24A b,.a a high efficiency DC to AC power converter. The circuit
alternately switches a fixed current (supplied through L1) into the two halves
(P1 and P2) of the primary of a center-tapped transformer (T1 ). The frequency
is controlled externally by pulses received at the trigger point. A cycle is
completed for every two pulses received at the trigger point.

The circuit can be designed to operate at any frequency from a few hundred
cycles to 20 kilocycles or iore. The DC supply voltage may be from six volts
to several hundred volts. The power output is limited by the maximum current
which may be switched in the primary. The circuit efficiency is a function of
DC supply voltage, with a practical maximum of 95 percent at higher supply
vc.tages and a iunimum value of 75 percent for a six volt DC supply. For
supply voltages above 20 volts, efficiency is deterudned principally by losses
in the transfonaer (TI) and the coil (LI).

TIe circuit in Figure 24A operates as follows: When four-layer diode
4DI is conducting, current from the DC supply is passed through the loop
composed of LI, Pl, and 4DI. This current is limited by the impedance
reflected into P1 from the secondary of the transformer. Point A will be
e+ the holding voltage of 4D, and D, in series (1 to 2 volts). The center
t ~of the transformer will be at Vo, ond point B will, by transformer
"-oupling between P1 and P2 , be at a voltage of 2 Ve.
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A negative pulse of sufficient amplitude applied to the trigger point
will now switch 4D,, into its conducting state. The voltage on the commuta-
ting capacitor (CcI, which is coupled from the transformer secondary into
the two primary legs, will drive point A negative by a voltage of 2VY,
switching off 4DI. The DC supply current will thus be commutated from PI
into P2 . This current may be assumed to be constant during the switching
transient due to the presence of L,. As the current and voltage reach
their steady-state values, point B-will be at 1 to 2 volts, point A ill
be at plus 2Vo volts.

The next negative trigger pulse will switch 4D) on again, and the
commutating capacitor will, through transformer action, switch 4D2 off,
completing the cycle.

The inverter efficiency is particularly sensitive to certain design
conditions. With proper care, however, a highly efficient, trouble-free
circuit may be obtained. The switching voltage of 4D and 4D) must be at
least twice the DC supply voltage. A margin should bi alloweR to provide
protection against false firing due to noise, high temperature or other
problems peculiar to special application. The maximum primary current
should be limited to twice the DC current rating of the four-layer diodes.
Also, the inductance I must be large enough to insure constant current
during the switching transient. It must also be such that, in combination
with the reflected R and C provided by the transformer, oscillations in
the current do not occur which might turn the conducting diode off. For
max 4 mum efficiency the coil should have a high Q (low re -istanee).

The design of the transformer (TI) is most important. A unity coupl-
izn coefficient for al•. values of primary current is required. Transformer
efficiency must be high for maximum circuit efficiency. Saturation of the
transformer will cause the inverter to lock-on (see below). Poor coupling
reduces the range of load variation possible and requires a larger commuta-
ting capacitor. Poor coupling also tcnds to cause lock-on.

One of the standard problems of h4:h efficiency parallel inverters is
their tendency to lock-un; i.e., for both sides of the inverter to be
turned on and stay on. Protection a-an' this possibility may be provided
by using a normally closed relay in place of Ta and passing the DC supply
current through both the relay contacts and the actuxting coil. The relay
should be selected to operate at a current level somewhat less than twice
the no•ral circuit current. solid-state protection against lock-on in
place of the relay is discussed below.

Te solid-state inverter circuit uho'wn in Figure 24B provides unusually
reli'ble perfonnance under extreme conditions of load variation, load power
f'ctor, or supply voltage variations. The circuit is fail-safe in that
the .3urry cr:rrent dro.rs to zerr when 'he r'oa.d is shorted. When the short
is removed, normal operation is resuned. The circuit will continue normal
uece >..'j> cha:es in rupiy v>L-: ne :. p!oor 1.cud power factors. A
moflest loss of e.f'iciency - ten per cent to fifteen per cent is required
to obtaiin this protection wh,!n cmn red with the high efficiency circuit
of Figure 24A.
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The high reliability circuit uses outrigger stages which definitely
turn off the adjacent conducting legs of tWe Wi nwerter when a tri• r
pulse is received, independent of the state of the other basic Inverter
leg. The onset of conduction in a given outrigger stage will also trigger.
the previously nonconducting inverter leg into the conducting state under
normal operating conditions.

Design consideration* for the basic inverter are the same as described
above for Figure 24B. Note the absence of the commutating capacitor in the
transformer secondary. This function is provided by the outrigger stages.

A Tunnel Diode Static Inverter - A simple static inverter circuit consist-
Ing of two tunnel diodes and a transformer wound on a square-loop magnetic
core was reviewed earlier in this. program. The techniques are feasible
and are described in limited detail in this section. The circuit paovides
a practical method for stepping up voltages of the order of 0.2 volt t
practical values.

In pratice, the low voltage of a tanel diode (a fraction of a volt
per unit) constitutes a problem, since connecting many units in series to
obtain useful voltage rapidly becomes uneconomical and unreliable. Based
on this inherent problem, only a limited amount of study time was expended
on the tunnel diode technique.',

It would be highly desirable to use a single high-current unit, chop
the current, pass it through a step-up transformer, and use the output
either in its AC form or rectify it for DC applications. However. no
sta4ic device at present is capable of being used as a chopper in such a
circuit, because the saturation resistance of the high-power transistors
and silicon-controlled rectifiers, while low, would still be much too high
for efficient use in such a low-voltage circuit. Even mechanical devices
would offer formidable contact problems.

As a solution to this problem, a high-power tunnel diode static
inverter, using very high-current tunnel diodes and a square-lppo magnetic
core transformer is required. Tunnel diodes are not affected by tempera-
ture or radiation to the extent as are transistors and inasmuch as they
are used as switches in a circuit which consists entirely of static com-
ponents, the inverter should be both highly reliable and stable. The
circuit employed is sh.-wn in Figure 24C and consists of two tunnel diodes
and a square-loop magnetic core transformer. it depends for its operation
on the tunnel diode,- characteristic, as shown tn the Figure 24D.

The frequo;%2y of this circuit depends upon the size of the core, the
number of turai on the primary windings and the input voltage.

Since the input voltage is limited to approximately 0.2 volt (for
germanium) it is obvious that to obtain any x.ppreciable power, the peak
current of the tunnel diode must be very large. At the present state of
the art, tunnel diodes are made in the *1,000 arapere range, but no
theoretical peak current limit exists. Aplarently, the peak current is
only a function of cross-sectional area. IDproved fabrication techniques
should produce the large-area uniform junctions needed for teak currents
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several orders of magnitude larger than those which are capble of being
pr-ouced at present.

The efficiency obtained for this converter circuit will depend largely
upon the ultimate characteristics of the improved tunnel diodes. Using
tunnel diodes in converter citcuits in thermioni, and thermoelectric power
supplies is appealing and shouzd be the subject L. further research.

*AMD Contract AF33(9657)-8964 with RCA
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RIP MUERAM (VACMa TUBE) srs'rn COMM

Vw= tubes are used etensively as a prlme source of r-f power in
ele:ztrcaic baters. Vhacuiz tube oscillators have ft'luency capabilities
ranging frow 100 KM to 1 MC and higher, vwth power outputs from 1 to 500
KW or more. Their greatest use is in the range from 150 to 500 KC at 5
to 100 KV. With these known characteristics, an r-f generator converter
system appeared feasible for use in a converter system. A por ion of this
stoudy was centered on the dei4pn of such a system.

In terms of electronics, r-f power generating equipment is not at all
complex. Usually a power triode Is used with three related circuits -- a
;ove supply, a control circuit, and an output tank circuit. Energy from
the power supply is chaged into r-f energy by the oscillator-generator

and then applied to the load through a tank c "rcuit and matching device ae
shown in Figure 25. R-f V.ver from a system such as this is used exten-
sively for induction heating and makes use of Class C oscillator techniques.

A Typical RF System - An r-f power generation system is described I-" a
section on Stator Tube Coaverter and uses a single high power oscillator
tube with thyratron tubes for control of the output power level. Line
power, such as would be avmilable from the SNAP or S3PR system, goes to
both the plate power and filament power circuits and to the control cir-
cuit. Control of the grid cL-cuits of the thyratrcu tubes allows adjust-
ment of the plate voltage of the oscillator, which in turn varies the
power output to the load. Fquipment protection features are requiree. in
an r-f power system in addition to c.ooling for the oscillator tu'ie.

Figure 25 is a typical r-f generator system in which the source of r-f
load (work coil) power is the tcuk and oscillator tube circuit. Here the
tank circuit is simply a parallel circuit tuned to the required frequency
with the tank capacitor storing energy in the form of kilovolt-amperes and
then discherging it across the tank coil. T1he load (work coil) can be
either part or all of the tank coil, Or it car be the secondary of an r-f
transformer. Various basic tank circuits used are shown in Figure 26. The
following symbols are used:

VT a tank voltage

ZT - dynamic tank-circuit impedance

rT - tank circulating current

CT = tank capacitor, source of tank kilovolt-amperes

1v = tank-coil 1liductance, including strays

RT = tank-coil resistance, including strays

L = effective load (work coil) inductance under load0

Ro = e.ffectiv-. load (work coil) resistance under load
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I = coil or load current
0

V = coil or load voltage
0

C = coil boosting or power factor correction capacitor

Lp = transformer primary-winding inductance

Rp a transformer primary-windin resistance

M = mutual transformer inductance

L S transformer secondary-winding inductancea
PT = power into tank circuit (from tube)

T. = effective tank circuit Q with loaded work coil

R = coupled transformer secondary-winding resistanceS

The type of tank circuit used depends on range of generator applications.
Where loads of the r-f power system may vary considerably, but coupling to
the loid is very low and , values are not excessive, the coupled transformer
circuit of Figure 26D is m~st suitable. If the impedance varies considerably,
a variable coupling concept should be used., Ordinarily, the load impedance
is low with a low Q value. This means a high value of I , usually higher than
TV but it does not necessarily mean a high coil kilovol?-amperes if Q0 is
low. This type of generator output is low-impedance or low KVA. Its main
disadvantage is that transformer KVA losses vary between 75 to 85 per cent
(variable coupling) and 60 to 75 per cent (fixed coupling).

When the load impedance and Q values are high and many coil turns are
required, the split tank-coil circuit of Figure 26B can be used. It pro-
vides a higher coil KVA, in fact the load in this configuration can serve
as the complete tank coil if necessary. Current values are not so high as
in coup]r•d circuits. Figure 26C is a compromise between high and low imped-
ance circuits and has a distinct advantage where automatic impedance matching
is required.

Power losses in an r-f power system vary according to the Q of the load,
the coupling coefficient of the transformer (if used) and the stray losses.
The circuit of Figure 26D ray be between 75 to 80 per cent efficient for
q's of five to ten, dropping to 65 to 70 per cent for Q's of 15 and 20.
Circuit of Figure 26B usual]y has to work into a high Q coil resulting in a
power efficiency of 70 to 30 per cent. Coil leads are very important in
these circuits and should be kept to a minimum, length. Due to high KVA
required and the radio frequiencies enployed, the inductance of coil leads
can c~use considerable losses.
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Oeerator Tube Pbwer &Plis

2he tube plate power supply is a source of DC voltage, usually betm•
3,000 to 12,000 volts and is ca•u•la or giving a DC plate current which may
range from 200 m to 20 amperes, depending on the tube power requirements.
Most circuits include a high voltage transformer and reatifiers. For
generators with outputs greater than 3 KW, circuits of Figure 27A and 27M
are used. They present a balanced load to the supply line. The full vave
circuit of Figure 27A has less than five per cent peak ripple voltage and
requires no smoothing circult.

Oscillator tubes of the type used in this particular circuit and typi-
cal of t•iose shown in Figure 28 require liquid coolants. Liquid cooling of
the oscillator anode Is by means of a fluid coolant Jacket around the tube
in which a continuous flow of coolant is maintained. For application to a
space system, a closed-loop type of cooling system with a circulating cool-
ant would be required. The tubes supply a high impedance constaut-current.
source of power and have to match into widely varying loads in a typical
induction heating circuit. The design is usually rugged for industrial
purposes and Is based on triode principles. Filaments utilize thoriated
tungsten and have high emission and long life. Most triodes operate in a
Class C condition as oscillators at 70-80 efficiency.
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RELUErcY MguLTPL&S

Another approach to higL. frequency power is use of magnetico-ultiplier
techniques. These were invm stigated and found to be feasible only in the
lower frequency ranges (poss. ble to 20 KC). Where the qualiy of power
required is not too critical (as in the Litton accelerator), the reliability
and long life of a magnetic type of frequency multiplier is worthy of con-
sideration.

The size of magnetic multipliers in induction h.!ating power systems Is
greater than an equivalent motor-generaicor set and the efficiency tends to
be lower, but the device possesses advantages of simplicity, low maintenance
cost, ruggedness and static operation. A two-stage frequency sextupler was
one of the types analyzed during the study. (Figare 29 shows a ty•pical
magnetic multiplier). The discussion which follows gives an indication of
the simplicity and performance of typical magnetic-multiplier systems.

The major undesirable features of magnetic frequency m..ltipliers are
the low input power factor and the relatively large size of equipment.

With the development of better core materials and circuits, a great
improvement in these features has been achieved recently. Power at fre-
quencies of two to six times the input frequency may be generated with
reasonable efficiency.

Generally, in magnetic multiplier circuits, non-linear magnetic
reactors are connected in a symmetrical multiphase fashion using the cores
to produce harmonics, and using symmetrical interphase connections to
isolate desired groups of harmonics without the use of filters. The
synthesis and analysis of frequency irultipliers is complicated both by the
presence of non-linear elements and by the multiplicity of different linear
network connections which can be used in harmonic isolation. Selection of
a best circuit is related to economic and application factors; i.e.,
whether input power factor, saturating core cost, or output voltage level
is most significant.

A Two-Stage Freqaency Sextupler - Figure 29 illustrates an improved sex-
tupler circuit using a doubler cascaded with a symmetrical frequency
tripler. Here Er is the output of the tripler stage and is the supply
voltage to the doubler stage and has an almost rectangular wave shape.
The load voltage E1 Is also a near-rectangular wave shape. The doubler
stage enters a current-limited mode of operation when load R becomes less
thakn a certain critical value corresponding to a peak value of load cur-
rent equal to the DC bias Id on the doubler. Similarly, the tripler stage
cannot supply an interstage current having a peak value greater than twice
the DC bias Id on the tripler. Thus if 1,

-"d I 01

then both the doubler stape Und the trir'_er stage will become current
limited for the swre critical wilue of R, and the perforrunce of the two-
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stage circuit will be optimum. During the current limited mode in which Re
is less than critical, the circuit becomes a source of sextuple frequency
current with rectangular wave of magnitude Id provided the equation above
is satisfied. Performance data of this two-stage circuit is shown In
Figure 29. It can be shown that the load voltage regulation of a two-
stage circuit is better than that of the simple one-stage sextupler circuit.
The performance of the sextupler can be improved by using an interstage
capacitor C to correct the doubler stage power factor, but this distorts
the interstage voltage EC and gives E a saw-toothed shape.

The following conclusions can be drawn from this part of the study:

1. If phase-changing transformers are included in the circuit to pro-
vide multiphase star outputs, any number of multiplications is
possible. In practice, nine or eleven times appears to be a
reasonable limit to any one stage. The output, of course, can be
fed to another stage.

2. Upper limit in frequency is unknown (prnbably is near 20 rc).

3. At present, the size of multiplier devices in induction heating is
greater than that of the equivalent motor-generator set and the
efficie3ncy tends to be lower.

4. The inherent advantages of simplicity, low maintenance cost,
ruggedness, and static operation make these devices desirable
for frequencies which are not too high.

5. The inherently low-input power factor requires considerable
correction.

TRANSFORMERS

As a part of the investigation of converter devices, a review of trans-
former design techniques mas made. The general transformer equation can be
used to show how various parameters affect transformer size.

W 115 f FFi B>A i
r cA

where
A = area of core window

c

Ai = core cross-sectional area

W r = load volt-amperes of transformer

f = frequency in cycles per second

F = winding space factorC

Fi = core space factor



B = maximm flux density in kilolines per square inch

;a - current density in kiloamperes per square inch of
condutaor

Minim= size of transformer means using the best ratio of copper to
core mterial. If the configuration of the transformer is held constant
while other parameters are varied., then the effect of these parameters on
transformer volume can be investigated. When all other size reduction
methods iv, e been considered, an optimum configuration can then be computed
to give either minimum volume or minimum weight. To obtain an expression
for volute, the equation can be rewritten:

V<a3, Ao a2, A 2 •A2

where

V = volume and a = any linear dimension of the transformer

then v (I I)3/

or ,45 W 3/kv X' ( F r•••

A configuration coefficient can then be defined such that

V I( K ` F W )3/

We can now cee which parameters to manipulate in order to reduce transformer
size. To be considered at the same time are penalties in loss, regulation,
and heating which occur.

From the above equation it becomes evident that:

1. Transformer output (Tvr) should be kept to a minimum.

2. The transformer should be used at the highest frequency (f)
possible.

3. Size is reduced by increasing the winding space factor (F )
through improved insulations, and winding techniques (suc9 as
foil methods).
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4. Use of better core materials (higher flux density B) is necessary.

5. Current densities ( X ) shov"d be the highest possible until loss,
regulationj and heating beco=z Vmiting factors.

Reducing the saze of transformers complicates the problem of cooling
because of increased losses and the fact that the increased beating is dis-
sipated from a smaller volume. Figures 30A and 40B show how the loss and
heat density are affected as size is reduced by increasing various par&-
meters found in the dLenominator of the transformer volume equation. These
curves give the ratio of loss and heat density in the transformer of reduced
size to the loss or heat density of a standard design of the same configura-
tion. It is assumed that the loss in the coil is equal to the loss 1-a the
core.

The watts per cubic inch dissipated as heat is designated as heat
density. The temperature rise for any configuration w1ll increase as thr
heat density increases, but it will not be directly proportional to the
heat density. The heat distribution betvween core and coil will usually
change as various parameters are changed. If the heat listribution remalns
the same within the transformer, then the temperature rise for a given heat
density will be less with a small transformer than vivh a large one.
Figure 30C shows how temperature rise increases w- the t':ansformer size is
reduced. Experience has shown that transformer s:ýzeb ran be reduced to
less than one-half the size of conventional unitr If •,:e higher heat
density can be allowed in the smaller transformer.

This rise in temperature can be handled by tu techniques. One method
is to use high temperature insulation and let the transformer operate hot.
Chanz-els for heat flow to the common heat sink of the unit must be provided
to limit the ultimate operating temperatures of the transformer. The other
method for eliminating heat losses is by acceleration of heat flow by use of
thermal conductors. These thermal conductors may be metallic or a circult.-
ing type of fluid system considered in this converter study and discussed
in more detail in a later section.

Design of each of the transformers for this study has been based on
providing minimum system weight. Cooling requirements have been considered
as part of the total converter system weight in each instance. Cooling
system studies have been performed and a cooling system weight penalty per
kilowatt of loss has been established. This penalty is discussed and a
curve shown in the section on Cooling.

Design techniques for each power transformer include:

1. Ducting of coolant fluid over the core and through the coils
to reduce the temperature drop.

2. Use of tape-wound cores with an inorganic binder because of

cooling efficiency.

3. Use of advanced type of core materials.
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h. All ducts and cooling plates are electrically insulated from the
windings.

5. Assumed 100% conductivity for copper ett the temperature at which
losses are calculated.

Air core transformers eliminate the core loss problems of metallic
core transformers, but coefficients of coupling for air core units are much
less than iron core units. In a converter rystem where heat efficiencies
are stressedthe low coupling of air core transformer (0.5 to 0.75) co-
efficient prevents their being selected for use. Coupling coefficients for
transformers using cores of high permeability iron may be as high as 0.98.

Figure 30D indicates transformer weight changes as a function of
frequency.
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SECTION II

CONCEPTVAL CWETER EIQIS

OBJECTIVE D APPROACH

The objective of this part of the study program was to investigate
approaches and establish conceptual component designs for the conversion
of sim-woidal electrical power under the conditions stipulated below:

1. Conversion of 60 KW of electrical energy from 1OOl&op9,. 0,
43.6/75.8 volts to:

ao. 50 KC.C 30., 58lo/o,0 volts
50 NC, 10, 10,100 volts

b. 200 XCO 30s, 5810/l0*100 volts
200 NC, 10, 10,100 volta

o. 800 KC* 3 5810A/0,OO volta
Bo0 N# 10, 10,100 volts

Design objectives included conversion efficiency of not less than 90%
and over-all component weight of less than 300 pounds. Electrical power con-
forms basically to energy available from a SNAP 8 power supply.

2. Conversion of 300 KW electrical energy from 3200 aps, 3A,
120/208 volts to:

a. 50 IC, 30 5810/110,100 volts
50 KC, 10, 10,100 volts

b. 200 IC, 30.9 5810/10,100 volts
200 KC, 1, 10,100 volts

c. 800 KC, 30, 5810/10,lOO volts
800 KC, 10. 10,100 volts

Design objectives included efficiency of not less than 90% and over-all
component weight of less than 1000 pounds. Electrical power conforms basically
to energy available from a SPUR type olectrical generator.

Based on the preliminary investigations of converter techniques, thrco
specific converter concepts were derived which follow and are discussed in
this section. The concepts are:

1. Static transistor converter

20 Static tube converter

3. Motor-generator converter
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STATIC Tr&NSISTOR CORMTER DEI0NS

A 60 KW UNIT

The most promising of the three converter types for meeting the weight
and efficiency objectives of this study is a static transistor type of unit.
A transistorized 60 KW 10 power converter is illustrated in Figure 31 and
shown schematically in Figure 32. Parametric data is sumrarized in Table I
which follows.

As can be seen from Figure 31, the packaging concept is compact and the
volume is slightly over two cubic feet. The static transistor converter con-
cept hs detailed in this section will fulfill the 50 KC, 200 KC, and 800 KC
output frequency requirements and approaches the 90 per cent efficiency
objective. The weight and volumes are fairly constant throughout the fre-
quency range. Specific values are noted on Table 1.

Table I also sumarizes parametric data for a 30, 60 KW converter unit
shown eshematically in Figure 33. The three-phase unit is heavier than the
single •hase concept and is less efficient.

Operation of the single phase converter is based on a power chopper
technique and is explained in the section which follows. The h3.6/75.8 volt,
30, 1,000 cycle power is applied at the input terminals (Figure 32), and is
converted to a pulsating DC voltage by diodes CrP - CR6. Filter choke Li
and filter capacitors C3 and C6 smooth the rectified DC voltage. This filtered
DC is then applied through output transformer T2 to the collectors of the
power switching transistors Q3, C5, Q7, Q9, QIC, and QlI. The switching rate
of the power transistors is determined by thi precision square wave oscillator
Ql and Q2. The output from the square wave oscillator ts applied to the
impedance matching transistor Qb. The output from Qh is amplified by the
driver transistors Q6 and Q8 and is applied to the power switching transistors.
Transformer T1, filter choke L2 and filter capacitors C7 and C8 form the low-
voltage power supply whi,.h furnishes the power for the square-wave oscillator
and the driver transistors. Reference diode CR13 provides a regulated voltage
for the oscillator.

The selection of transistors for the power switching section will depend
on future current capab-lities of power transistors. Serious limitation of
present day semiccnductor devices is in operating temperature (1000C). However,
new materials, including gallium arsenide, are being developed whigh should
raise their operating terperature capability in the future to 400'C.

If the power switching circuit was designed using state-of-the-art tran-
sistors, it would consist of 100 transistors. In order to compensate for the
voltage limit of most pýwer devices, two transistors would have to be used in
series. Since mnst devices aru presently limited to 20 amperes of current,
this would require 50 pairs of transistors in parallel for the 60 KW unit.

A thrce-phase convertAr i_ shown schcnatically in Figure 33 with para-
metric data included in Table T. b3.6/75.8 volt, 30, 1,000 cps pover is applied
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0 LI1 TRANSFORMER

Figure 31. 60 KW Static Transistor Converter (Perspective)
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TABLE 1

SmizemRY OF 60 KW STATIC TRA3:SISTcR cO.-V.irm• PAR;'.':'.z2IC DATA

10 50 KC 200 CM 80o KC

WEIGHT (ibs) 168.9 161.5 1.4.1

KW RAD (Losses) 4.3 5.1 6

KW otir 55.7 54.9 53.

EFICimIcEY (M) 93.0 91.6 89.4

LENGTH (inches) 19 19 19

WIDTH (inches) 16.5 16.5 16.5

EEIGHT (inches) 12 12 12

VouM (cu. f.) 2.2 2.2 2..2

LBS/IG RAD 38.2 31.7 31-5

j LBS/KW OUT 3.02 2.91 2.87

30 50 KC 200 KC 800 Kc

WEIGHT (Tbs) 2-158 258.2 244.0

KW R.AD (Losses) 9.8 11.1 13.1

1V OUT 50.2 _8.9 46.9_ _ _ .

EFFICIENCY (%) 83.6 81. 78.2

LENGTH (inches) .,20 20 20

WIDTHY , (inches) 20 20 20 .

I.-IG-.T (inches)_ 15.5 16.4 17.2

voLu.. (c,. ft.) 3., 3.8 4.o

Lns/-,v RAD 28.5 23.1 18.61

l~s/KWv C'w 5.5 5.29 5.20

NO',2: V;.LUES DO 1.OT INCLUDE COOLII;G •'0I'..
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at the input terminal and is converted to a pulsating DC voltage by the
power diodes CR1 - CR6. This DC voltage is then filtered by filter choke
Ll and filter capacitors C1 and C2 . This filtered DC is now applied
directlr to power transistors 019 through Q60.

The switching rate of the power transistors in this concept is deter-
mined by three-phase sing wave oscillator. The Ok output from the oscillator
is applied to the impedance matching transistor Q7. The output from Q7 is
applied to a Schmitt trigger (square wave forming circuit) Q8 and Q9. The
output from Q9 is then applied to the emitter follower Q61 which feeds trans-
former T2 and powers the push-pull driver Q13 and Q14.

The output from the puh-pu3l driver is then applied through transformer
T5 to drive the power transistors. The same pattern is followed with OB and
$C. The final output is taken from three-phase output transformer T8.

Output Power Characteristics

Although the basic switching mode of the transistor power chopper gives
a square wave output and this is the input to the primary of the step-up
transformer, the output on the load side of the transformer is essentially
a sine wave. This results from the action of a transformer on the Incoming
wave shape.

4 300 KW UNIT

A transistorized power converter for delivering 300 KW of single-phase
high frequency power is shown schematically in Figure 34. Data for this
concept is summarized in Table 2. The operation of the circuit is identical
to that of the 60 KW unit and it differs from the 60 KW unit only in the
number of transistors in the chopper circuit. The 300 KW input is 120/208
volts, 30, 3,200 cps power, rather than the 43. 6 /75. 8 volt, 1,000 cps power
for the 60 KW unit. The filtered DC from the rectifier section is applied
to one side of the outpvt transformer T2. The other side of the output
transformer is connnected in series with this parallel group of power tran-
sistors which switch the DC voltage at a 50 to 800 kilocycle rate through
the primary winding of T2. The output from the secondary winding of T2 is
then stepped up to a value of 10,100 volts AC for the load.

The switching rate of the power transistors is determined by the pre-
cision square-wave oscillator,. The output from the oscillator is fed to
the driver transistors Q8 and Q1O ta )ugh the impedance matching emitter-
follower transistor Q4. The driver transistors and oscillator are powered
by the low voltage power supply.

A three-phase design for the 300 KW (input) unit is shown in Figure
35 and is almost identical to the 30, 60 KW unit. Major difference is in
the number of power transistors in the power switch section.
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OUtput Pbrer characterstics

As in the single-phase converter concept, the power chopper section of
the three-phase converter 9ives a squM wave output. The waveshape that
appears across the output of the tranformr and available to the load
devioe Is essentlaW a sine wve.

COMPCNINT CHRACTERUISTICS

?ables 3 - 6 which follow list the components of 60 and 300 W ceverter
designs for both single-phase and three-phase configurations. They are
arranged in cwnverter subsection headings and are identified on each of the
schematic drawings. Weight, size and internal loss data have been listed
and wuamarised as part of the studr effort.

These static transistor converter concepts can be packaged within an
aluminum structure for protection against radiation and space erosion. This
structure will provide minimum weight to maximum strength plus good thermal
conductance characteristics. A preliminary ckage design for a 60 MW, 1$
200 KC concept is typical of the other desigw and is shown in Figure 36.

Figure 37 shows a 60 KW, 30 converter design for a 200 KC output. This
concept is typical of a unit for 50 KC and 800 KC output. The 300 eW concept.
are detailed in Figures 38 and 39.

The internal portion may be considered to be in a tray configuration, in
which each tray holds a portion of the circuit. The trays are formed from
aluminum sheets so that coolant tubes may be imbedded in them to form a
cold-plate structure.

In order to isolate the transistors and diodes from the high power com-
ponents, such as resistors and transformers, thin insulation barriers may
be set up around the transistors. These barriers will consist of thin
aluminum foil against thin glass or asbestos cloth. This will provide a
means of controlling the temperature of the transistors and diodes which are
the most heat sensitive of the electrical components. Since the parts are,
in general, rather small in a transistor type of unit, thore is greater
flexibility in package design, and this concept can be packaged to match the
generator configuration and the electric propulsion engine configuration.
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TABLZ 2

SUMMARY OF 3-0 KW STATIC TF&;SISTOR CONVFTER PARAMETRIC DATA

10 50 KC 200 KC 800 KC

WEIGHT (11,s) 278.9 249.3 225.8

KW RAD (Losses) 10.7 11.9 14.4
KW OUT 2389.3 288.1 285.6

FICIENCY (%) 96.4 96.0 95.0

LENGTH (inches) 24. 24 24

wIDTH (inches) 19 19 19

HEIGHT (inches) 11. - 11.5 11.5

VOLUME (u. ft. 3.0 3.2 3.5I LBS/KW RAD 25.9 20.9 16.5

LBS/KW OUT .93 .86 .79

30 50 KC 200 KC 800 KC

,EIGHIT (lbs) 518.9 451.0 402.7

rW R'D (Losses) 22.3 23.8 27.2

KW ott 277.0 276.0 272.0

E__ ICn__c (% 92.3 92.0 90.7

LE?!OTH (inches) 24.5 25.5 24.

WIDTH (Inches 22.5 22.5 22.5

KEIGIrr (inches) 18 18 18

vom,,Mk (cu. ft...) 5.7 6.0 6.5

._ 13,s RAD 10.3 7.9 7.4

S LBK OU .86 .63 1.148

, g.,.2 DO 1,OT 1- LUDE COOLING SY'-"`AM ',E'IGHTS.
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CO ON LIST I

. ... 50
- OE SUPY(OW OTM-(E) (H

6 Rectifier, semiconductor 3.0 1441 Transformer., low voltage (Tl) 2.4 207
2 Capacitor, filter 1.2 1
1 Filter Choke L-2, 15.8 84
I Diode., zener reference (CR13) 0.1 2
1i Resistor 0.2 5

POWER SUPLY (IHVLAE

6 Rectifier, semiconductor 5.0 1,440
2 Capacitor, filter 3.5 1
1 Filter Choke (LI) 22.0 258

OSCILLATOR SECTIO

2 Transistor, low power (Q),Q2) .1 1
Resistor .1 2

5 Capacitor .1

WAVE SHAPER AND DRIVER

1 Transisor, power (Q8) .5 60
1 Transistor, eed power (Q61 .3 5
1 Transistor, low power (Q4e -.3 1 1
2 Resistor (10W) .4 10 C
3 Resistor, power 2.7 175

OU1TPT SECTION

6 Transistor, power 3.0 360
6 Resistor, power (2Ow) 8.4 600 2
6 Resistor, base drive 5.4 300
I Transformer, output (-2) 18.0 680 4

MISCELLANEOUS

Mounting plate and Enclosure 43.1
Cooling ducts 2.8
Controls 10.0
Wire and Hardware 20.5

TOTALS 168,9 4,336

-i - -i -- -. i i i



TAKlE 3
ST FOR A 60 KW STATIC TRAWIWSMC CO"VE (1$)

50 KC . 200 KC "KCT-- " -,S= ý••s~ •-•Ls•••
SIM___ WT LOSSESSI T LSE

S (INCHES) (rBS) (IH) (Ls)

1 X 14Xl x3 3.0 144 1 X 1 -X 3 3.0 144• • X 14 X 3
2 X 2 X 4 2.4 207 2 X 2 X 4 2.4 207 2 X 2 X4
2 1/8 Dia. X 6 1.2 1 2 1/8 Dia. X 6 1.2 1 2 1/8 Dia. X 6
k1 X 3-3/4X5-J1/8 15.8 84 4x 3 3'4x5 1/8 - .34 4- x 3 4,,4x5 1/8
3/8 Dia. X I 0.1 2 3/ 3 Dia. X 1 011 2 3/8 Dia. X 1
1/2 Dia. X 2 0.2 5 1,'2 Dia. X 2 0.2 5 1/2 Dia. X 2

1-7/8xl-7/8X4-1,/ 6 5.0 1,44o0 1-7/8Xi-7/8x4-1/16 5.0 1,440 1-7/8XI-7/6X4-1/16
24xs5X61 3.5 1 4X5X6C 3.5 1 4 X5X6
41 X 4 X 6-3/4 22.0 258 41 X 4 X 6-3/4 22.0 258 41 x 4 x 6-3/4

T05 .1 1 T05 .1 1 T05
IT MIL-R-11c .1 2 -W MU-R-11C .1 2 Lw MTL,-R-11C

MIL-C-5B .1 MIL-C-5B .1 MIL-C-5B

1 X 11 X2 .5 60 1-X1 X 2 .5 60 1- X i- X 2

T03 .3 5 T03 .3 5 T03
T03 .3 1 T03 .3 1. T03
5/16 Dia. X 1-3/ .4 10 5/16 Dia. X 1 3/4 .4 10 5/16 Dia. X 1 3/4
21 X3X7 2.7 175 2-X3x7 2.7 175 2jX3X7

1-1 X 1-1 X 2 3.0 36W 1-{ X 1;-X 2 3.0 360 1-1X1-1X 2
2 X3X7 8.4 601 2 3X7 8.4 600 2fX3X7
1; x 2-1/8 X 5½ 5.4 300 X 2-1/S x 52- 5.4 300 1f X 2-1/8 X 5'
4 X 5 X 4 13.2 1,4oo 3fx 4 x 6 7.6 2,675 2-3/4X31 X 4-3/4

40.8 38.5
3.0 3.8

10.0 10.0
20.0 19.7

161.5 5,056 154.1 6,331
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COMP01hM L= TVFR A

_______ 50 N
coo I ole rw."L WT wssis

p0W-R SPPLY (Lcwi VCiZAGE) (u3S) (WATS)

Rectifier, semiconductor 3.0 144 11 X
2 Capacitor, filter 1.2 1 2-1/1
1 Pl~ter Choke (L-2) 15.8 84 4. x
1 Diode, zener referepce .1 2 3/8 1
1 Resistor .2 5 1/21
1 Transforrer (T) 2.4 207 2 X

Pc.WR suPPLY (_(G! VorrA•E)

6 Rectifier, semiconductor 5.0 1,44o I .7/
2 Capacitor, filter 3.5 1 4 x 5
1 Filter Choke (Li) 22.0 258 41 X

001CILMAT0R SIECTION
3 Transistor

Capacitor .1 2
3 Resistor, base drive) .2 3 MV
6 Resistor )

IWAVE SHAPER AI) DRIVER

9 Transistor, low power 2.7 9 T03
12 Capacitor .4 1 i .IL.
3 Resistor (lOW) .6 15 5/16
3 Trcnsistor, med power .9 15 T03
6 Tran3istor, high power 3.0 360 I1- x ]

24 Resistor (1W) .5 12 1W Nil

G'TFUT SECTION

24 Transistor, power 12.0 2,000 it x I
24 Resistor, emitter 34.0 2,400 2& X 3

1 Troansformer, output 18.0 1,020 3-3/4
3 Transfonner, driver 7.5 90 2 X 2d

2 Resiator, base drive 21.5 1,200 x1
3 T-f'.l. former - push-pull 6.0 615 X 3

MOScELLt OUS

Mountlr4 plate and Enclosure 76.9
CoolIng Ducts 5.6
Controls 10.0
67ire %ad Htardware 22.5

27. - 9



TAME 4

OR A 60 KW STATIC T-NSISTOER ComM' (30)

_- 200 KC .... 8 K_ _. .......
SIZE i'TD LOSMl'S SIZE 'iT Lc$zZS Si(:umcr) (LBS) -(WA.I (INCHE) (115) ( DOM• • ( ) ....

Lkx 1l x 3 3.0 14I 1k X- x 3 3.0 144 11 X l& x 3
?-1/8 Dia. X 6 1.2 1 2-1/8 Dia. X 6 1.2 1 2-1/8 Dia. X 6
.4 X 3-3/4x5-1/8 15.8 84 41 X 3-3/4x5-1/8 15.8 84 14 X 3-3/4X5-1/8
/8 DMa. X i .1 2 3/8 Dia. X 1 .1 2 3 Dia. X 1
L/2Dia. X2 q 5 1/2Dia. X2 .2 5 1/2Dia. X2

X2 2.4 207 2 x2X4 2.4 207 2X2x4

oT/8n-7/8x4-1/1 5.0 1,44o 1-7/8x1-7/8x4-1/.6 5.0 i, 44o .- 7/8X1-7/8x4-l/16
•x5X61x 3.5 1 4x5x6f 3.5 1 4X5 x
ý x J x6-3/4 22.0 258 4 X x6-3/ 22.0 258 41 X'. X 6-3/1

05 .2 2 TO5 .2 2 IT05
n;L-c-5B .1 MIL-C-5B .1 MIL-C-5B

W M-L-R-UC .2 3 jW MIL-R-11C .2 3 41XL-R-11C

S2.7 9 T03 2.? 9 T03
IL-C-25 .4 1 MIL-C-25 .4 1 MIL-C-25
116 Dia. X 1-3/4 .6 15 5/16 Dia. X 1-3/1 .6 15 5/16 Dia. X 1-314
23 .9 15 T03 .9 15 T03
" X 1- X 2 3.0 360 1i X 1- X 2 3.0 360 1- X 11 X 2
1 MIL-R-U1C .5 12 1W MIL-R-11C .5 12 1W MIL-R-11C

L X11 X2 12.0 2,000 1.1Xl 12.0 2,000 J.XlIX2
•X 734.o 2,400 21 3 X 7 34.0 2'400 21 x 3x7

.3/4 x 5 x 6 13.2 40,700 3 X 5 x 6 7.8 2,920 3 X 3½ x 4½

X2,x 4 5.5 152 2 X 2 X3 3.3 262 A X2X3
x 2-1/3 X 51 21.5 1,200 •'x2•-X1/8 X 51 21.5 1,200 1½ x 2-1/8 X 51
x3k X 4-5/8 4.o 1,050 2X 3-X 3X 2 2.4 1,800 2X x 3

68.1 62.0
6.1 7.5

10.0 10.0
22.0 21.7

258.2 iio6i 244.0. 13P14.
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- M- IV;-- -S M

NO. __:___s _I_ 1 MsMS

PO, MSUPLY (WIC VOLTAGE) (L) (WATS

6 Rectifier, semiconductor 3.0 344
1 Transformer, low voltage (Ti) 3.4 430
2 Capacitor, filter 1.2 1
1 Filter Choke (L-2) 19.0 200
1 Diode, zener reference (CR13) .1 2
1 Resistor (R9) .3 6

•o: sun (•I~ voIIAG)

6 Rectifier, semiconductor 5.0 2,004
2 Capacitor, filter 3.5 1
1 Filter Choke (Li) 25.0 650

OSCITIUaTOR SECTION

2 Transistor, low power (Q1,Q2) .1 1
7 Resistor .1 2
5 Capacitor .1

WAVE SHAPER AND DRIVER

2 Tramsistor, power (r.8) (Qlo) 1.0 120
1 Transistor, mred power (Q6.3 5
1 Transistor, low power -3 1
2 Rasistor (low) .4 10

Resistor, power 5.0 325

OUTPLT SECTION

10 Transistor, power 5.0 600
10 Resistor, power (200w) 14.0 1,000
10 EI3istor, base drive(i00W) 9.0 500

1 Trasiforuer, output (T2) 90.0 4,472

MSCELL,10FUS

1,:witing plate and Enclosure 51.4
Cooling ducts 4.7
Controls 12.0
Wire maxd Hardware 25.0

TOTALS 278.9 10,674



ThIST FOR A 300 KW STATIC M2kI•ISTORi CONVERTER (P)

5o -- -... . 200 KC Kc .. ...
1sss sZ1 ILSLES STzE W T LOSS: " SIZEIA T) ( INCHES) .... .(• SMATS) (I NC HES) 34 11 X (rii Xw• (i3

3 14 1JX l X 3 3.0 314 1~- 1 X . 1 1  1 X34 11
430 4X 2-LX 41 3.4 430 2X 2,LX 4 3.4 40 42X~

1 2-1/8 Dia. X 6 1.2 1 2-1 /8 Dia. X 6 1.2 1 2-1/8 Dia. X 6

200 5x5X6 19.c 200 4X5x 6 19.0 200 4 x5x6
2 3/8 Dia. X 1 .1 2 3/8 Dia. X 1 .1 2 3/8 Dia. X 1
6 1/2 Dia. X 2 .3 6 1/2 Dia. X 2 .3 6 1/2 Dia. X 2

o004 1-7/8Xl-7/8x4-1/1; 5.0 2,004 1-7/8xl-7/8X4-1/ 6 5.0 2,004 1-7/8xi-7/8x4-•-/16

1 4 x x 5X 3.5 1 4 x 5 6 3.5 1 4xX 56X
650 7x4x 25.0 650 7X x6X 25.0 650 7x x64

1 T05 .1 1 T05 .1 1 T05
2 1/2W MIL-R-11C .1 2 1/2W MIL-R-11C .1 2 1/2W MIL-R-11C

MIL-C-5B .1 MIL-C-5B .1 MIL-C-5B

120 i 1 X x2 1.0 120 -1 X 11 X 2 1.0 120 1 X 1 X 2

5 T03 .3 5 T03 .3 5 T03
I T03 .3 1 T03 .3 1 T03

10 5/16 Dia. X 1-3/4 .4 10 5/16 Dia. X 1-3/ .4 10 5/1.6 Dia. X 1-3/4

325 2 X3X7 5.0 325 21X3X7 5.0 325 21X3X7

600 3.1X• l X x 2 5.0 600 1- X l)xX 2 5.0 11 ,X 3l Xx2

000 2X 3 X 7 14.0 1,000 2t X 3X7 14.o 1,000 2 3X7

500 12 X 2-1/8 X 51 9.0 500 1- X 2-1/8 x 51 9.0 500 1; x 2-1/8 X 51
472 6 X 8 X i1½ 63.5 5,710 6 x 7 X 9½ 42.0 8,225 5 X 6 X 81

48.5 46.0
5.0 6.0

12.0 12.0
24.5 24.0

574 249.3 11,912 225.8 14,42'T
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COI4POIT LIST Ix

io CU . .."~sI LOSSES

6 Rectifier, semiconductor 3.0 34 1
2 Capacitor, filter 1.2 1
1 Filter Choke (L-2) 19.0 200 4
1 Diode, zener reference .1 2 3)
1 Resistor .3 6 1)
1 Transformer 3.4 1430 2

PVT-R s'rG'LIIH V0 WAGE

6 Rectifier, semicod-uctor 5.0 2,004 1.
2 C:pacitor, filter 3.5 1 4
i Filter Cho'ke ([1) 25.0 650 7

OSCILTAToR SECTON

3 Trarxistor .2 2 IX
3 Capacitor .1 14
3 Resistor, base drive ).2 3 1
6 Resistor )

W'AVE S!•APER AI•D DRIVER

9 Tr!iistor, low power 2.7 9 TC
12 Capacitor .4 1 W
3 Resistor (low) .6 15 5/
3 Tr. nsirtor, med power .9 15 TO

6 Trc.lsistor, high power 3.0 360 1.
24 11esistor (1w) 5 12 A

CtTUTLTSECTION

42 Tr:nsistor, power 21.0 4,000 I
42 Resistor, emitter 59.0 14,200 2-

1 Trm.nsformer, output 90.0 6,300 6
3 Trcnrfozrer; drIver 37.4 450 3t

42 Resistor, base drive 37.8 * 2,100 1i
3 Transformer - push-pull 20.0 1,165 3

MSCELLAIMM

Mz:unting plate and Inelosure 134.0
Cooling Ducts 9.6
Controls 12.0
Wire and Hardware 29.0

TOT_5ALS 518.9 .2270



TANE 6

T FOR A 300 K STATIC T.M'lSISMF` CoIlM-R (3p)

io m 2 _00 . .... 8 '
SU pr k-GSiS SIZE 16-2 -snIZS (DICHE) (I.MS) (WATTS) (Dw ) (u3s),'m- " (IRCM)

lj x is x 3 3.0 314-4 kI 11 x 3 3.0 3) It x lk•X 3
2-1/8 Dia. x 6 1.2 1 2-1/8 ma. x 6 1.2 1 2-1/8 Dia. I 64 X5x6 19.0 2o0 4X 5 x6 19.0 200 4x 5 x6
3/8Dia. X 1 .1 2 3/8 Dia.X1 .1 2 3/8 Dia. X 1
1/2 Dia. X 2 .3 6 1/2Dia.X2 -3 6 1/2Dia.X2

kX 2-, x4 3.14 430 12j x. x 2i 3.4 430 2.X2jZX44

1-7/8X1-7/8X4-1/11 5.0 2,oo4 1-7/8X1-7/Bxie-1/ 5.0 2,004 1-7y/ /8x14-i/-l
14x x5 3.5 1 14X 5. 3.5 1 4 5 5 6X

25.0 650 45.0 650 7rXx64

T5.2 2 T05 .2 2 T05MNIL-C-5B .1 MIL-C-5• .I NIL-.-5B
11/2W IL-R-11C .2 3 112W MIL-R-1c .2 3 1/2W HIL-R-11C

T03 2.7 9 T03 2.7 9 T03MIL-C-25 .14 1 MIL-C-25 .14 1 IL-C-25
5/16 Dia. X 1-3/4 .6 15 5/16 Dia. 1-3/14 .6 15 5/16 Dia. 1-3/4
T03 .9 15 T03 .9 15 T031 X 11 X 2 3.0 360 1kX1- X x2 3.0 360 X X lX 21W MIL-R-UC .5 12 IW MIL-R-UC .5 12 1W MIL-R-1IC

3iX 1-1X 2 21.0 4,000 11X'LX221.0 14,000 11O lj lX 22 X.,,7590,ooo21X'L
x 3 x7 59.0 14,200 ;x 3 X 7 59.0 4,200o 2X

16X8xll 63.5 7,400 6 X 7 X 9 M4.0 , 6X8ft3~X14kxL k 26.3 700 o 3o X3-3/4X4-5 17.8 1,48o X 3kX4f
1 X 2-1/8 X 5i 37.8 2,100 1 X 2-1/8 X 51 37.8 2,100 1X X 2-1/8 x 51X 5 X 7-k 15.0 1,370 31 X 41 X 6 9.0 1,780 4 X 3-7/8 X 6

109.0 95.9
10.3 12.1
12.0 12.0
28.0 27.0

451.0 23,825 402.7 27,215
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THEPAL flOIWI

For the purposes of a cooling analysis, it has been assumed that all
transistors are mounted on a heat sink Material which is part of the best
exchanger or cold plate. In the thermal analysis, thermal drop through
electrical insulation, allowable junction temperatures of the transistor$
and internal heat flow from each device to the heat exchanger were con-
sidered. System cooling v;as approached by treating the shelves as a heat
source. Each shelf has a certain number of computable heat losses by which
the total shelf losses were derived. The 60 KW, 1$ transistor converter
has been packaged so that the magnetic components (transformers and coils)
are in one area of the package and the non-magnetic components (transistors,
diodes, capacitors, and resistors) are basically together in the remaining
area of the package.

In this particular converter the heat losses of the magnetic and the
non-magnetic components were approximately equal. Using the cold plate
cooling technique, three cold plates were set up in parallel to cool tb.
non-magnetic components, and the coolant tubes converge to a common tube
and then flow to the magnetic components for further heat transfer. This
allows a greater overall coolant temperature rise ( A T).

Flow rate is determined by using the following equation: W a AV a
form of the continuity equation where A is the conduit area in s&uare feet
and V is the fluid velocity in feet/second. Knowing the flow rate required
per shelf, the different area requirements can be obtained, giving us a
total inlet coolant tube area requirement. This can be done by using values
of A and V which will insure turbulent flow. By keeping the overall coolant
tube area constant we can assune & p to be zero; the only overall &• p is due
to friction losses.

Figure 40 shows the system flow schematics for the single phase, 20
Kc, 60 KW units and is typical of the 50 and 800 KC designs. A Z T of
approximately 24 0 C has been allowed across the non-magnetic components and
approAmately 260 C has been allowed across the magnetic components. It is
now clear that a greater overall & T can be obtained witb a snaller flow
rate which is dependent upon the temperature range allowable, primarily by
the semiconductor components. Figure 4l is the 300 KW analy is. ' .

In the single phase systems, the output sections consist of several
transistors in parallel. Since all the collectors are attached to a common
lead, these transistors can be mounted directly to the cold plate without
ery insulating washers. This increases the thermal conductance and allow
the transistors to dissipate more heat.

Knowing the heat losss present per shelf, Figure 83 was used to
determine the coolant flow rate (W•f) required for each heat flow (q). A
coolant temperature rise ( AT) of 1t00 C was assurnod for this design based
on the probability that transistors will be available to operate at a high
enough temperature to allow such a range.

Figure L2 shows the total "bs/'W out for toth single and three-phase
converter outputs at 50 KC, 20C KC and BOO KC. The curves show the trend
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of ystem weight with tempersture. Since present transistors are lited
In t.pe a-twe to about 3O'70 this is the governing factor in determining
the system operating point. From these curves, the optliwm operating point
from a weight basis in higher than the maxim transistor operating temp-
erature (300F). Lighter weight Wsstems are possible onl7 as tranmdatoteueatur oapa1ilties are Icesd

58j



WI - 23.8 L1B/VIN
COOLANT • p ov-- s
b T1

Q a 5100 Q a 5833 Q 3640
WATTS WATTS WATTS

COLD PLATE NO. I MOL PLATE NO. 2 COLD PLATE NO. 3

Wf , 8.4 Wf v 9.4 Wf - 6
Ls/urN LB/MIlE LB/Mw
AT - 40'C AT - 4o"C AT - 4O*C

COOLJANT
OUT

Nor
T2- TI - 40" Wf -23.8 T2

(A) 6oKW, 30, 2ooKC UNIT

COOLANT V.'-- 13.3 uwI
IN- TI

Q - 592
Q - 857 Q = 1190 Q = 3134 WATTS
W kTTS WATTS WATTS CL

COL PLTE O.I CLD LAE N 01 PATENO.31LI AND L2 OUT
TI AND T2

T3

Wf 2.2 Wf z 2.9 WI 8.2
LB/MIN LB/MIN LB/MIN Wf - 13.3

A T 25°CT AT = 25°C ATu 250C LB/MIN
A T - 26*C

T2 N

ZA T • (T2-TI) + (T3-T2) a 50"C

(B) 60 KW, 10, 200KC UNIT

Figure IO. Thermal Flow Diacram for 60 10 Static Trarsistor
Conrverter Unit



WI = 42 L],/Nf
COOLANT .4w
IN TI

Q 9 9030 WATTS Q z 7930 WATTS Q 6540 WATTS Q z 2542 WATTS

COLD PLATE NO. I COLD PLATE NO. 2 COLD PLATE NO. 3 COLD PLATE N+O. 4

Wf 14.5 LB/MIN Wf - 13.6 LB/MNI Wf 10.5 IB/MIN Wf =4.1 LB/MIW

AT - 40"C AT * 40C AT - 40C AT a 40"C

go I"T2
AT= T2- TI s 40"C COOLANT

OUT
(A) 300KW, 30, 200KC UNIT

COOLANT
IN WI 19.7 L/MD

TI

QQ Q Q
1200 WATTS 4648 WATTS 1130 WATTS 6102 WATTS

COLDP COL PLATE NO. 2ATE N.3 LI AND L2 TS

OUT

Wi Wf -W Wf - 19.7 LB/MIN
13 LB/MIN 63.2 LB/MIN 3.2 LB/MIN

AT = 23C AT = 23°C AT • 23°C AT " 25°C

: ,T x +(TZ.TI)+(T3-iT2) * 50°C

(B) 300 KW, 10, 200 KC UNIT

Figure bl. Thermal Flow Diagram for 300 KW Static Transistor
Converter Unit
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A 60 31f UM1

One design concept for a 60 KW (input) high-frequency static converter
unit Involves use of a vauum tube type of r-f generator. A particular
single-phase concept is shown in Figure 43. The system Is fairly simple
and involves use of a ceramic type power oscillator tube operating In Class
C mode. Power in the 50 to 800 KC frequency range is generated in a
resonant tank circuit. Transfer of high-frequency, high-voltage power to
the single-phase load can be accomplished through a matching transformer.
Weights, volumes, and efficiencies are shown in Table 7 for a single-phase
concept. Figure 44 shows a schematic of this concept.

The high-voltage plate power for the oscillator tube is furnished by a
typical series three-phase (quadrature operation) power supply composed of
a high-voltage plate transformer, three thyratrons and three diodes. The
DC output from the power supply is filtered and applied to the oscllator
tube plate through two r-f isolators. Control of the grid circuit of the
gas thyratrons (TI, T2, and T3) is provided by a phase-shifter technique
vhich allows adjustment of the plate voltage and current to the oscillator.
The net result Is a means of varying the power output to the load.

A three-phase concept Is shown in Figure 4&5. As can be seen from the
figure, the three-phase concept involves a phase shifting of the output
from a typical single-phase output into a composite three-phase output.
This is done by a capacitive and resistive network.

Phase A of the output waveform is derived directly from the inverted
waveform + 1800 of the transformer secondary. Phase B it shifted -600
electrically, and Phase C is shifted + 600 electrically. The three outputs
then form a composite three-phase voltage for use In the load. Power con-
sumed in the phase-shifting capacitors and resistances Is fairly low because
of the low-current, high-voltage output requirement.

Weights, volumes, and efficiencies for a three-phase converter are
summarized in Tble 7. To be noted is the fact that weights and volumes
for the three-phase unit are not much greater than those for the single-
ph4se unit.

The desipn of a sln~le-phase 300 KW (input) static tube converter unit
is txsed on the same schedtLe (Figure 44) as the 60 V unit with a higher
paver tnput level being the mJor difference. Power input to this con-
veiter unit io also at a ditferent voltage and frequency - 120/208 volts
(3,200 cps) rather than the 43.6/75.3 volts (1,000 ops) of the 60 KW unit.
4elbhts, volumes, and efficiencies for S 300 IM unit are sumarised in
Txble 8,.

A three-phase concert is shown in Figure 45. This concept also involves
use of the single-phase concept with the addition of a phaae-shifting network
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coupomd of resistors and capacitors. Tiis pbase-shiftng network appears
fesible for the 300 W level because of. the fact that the power is at a
hlh-v+., l, ..ow-urrmt level and 121 losses win not be too great.

Output to the load In froa a tbree-phase transforme. Control of the
o, At Power • s through the Irliviual grid circuits of each of the
thjzratsns of the power supply section where voltage and plate current to
the oscillator oau be raised or lowered. Components of a 300 KV, three-
phase system plus weights, voltums,, and efficiencies are suummrized in
Thble 8 fow eah of three frequencies.

Input characteristics to the power supply part of this converter are
not too critical for this unit, since it is capable of handling fairly
large transients. Wkes are most reliable when filament voltages are
constant, so it is imw.tant that fluctuations in filament voltages be
held to low level In order to achieve long tube life. Tube manufacturers
state that filament voltages should be within one per cent either side of
the naqinal value for mercury-vapor rectifiers. Voltage-regulated trans-
formers of the self-saturating type, with tuned primary windings can be
used when needed to provide the constant filament voltage input. 1hitial
oscillator tube filament current must be limited to a maximum value of
approximately 1.5 times rated hot value. This is necessary since the cold
filament resistance is usually as low as one-tenth its hot value, and the
surge currents at switching could damage the filament.

The generator is designed with an isolating magnetic switch to isolate
the power supply from the power source. The filament transformers must be
isolated from the power source by a separate switch in order that filaments
may be allowed to warm up before plate power is turned on. A protective
device to prevent plate power turn on before coolant fluid flow has
started is also a part of the design.

Several methods for control of power from an r-f generator are avail-
able such as: (1) Variable-coupling r-f output transformer, (2) saturable-
reactor system in high voltage system, (3) saturable-reactor system in
supply line, and (4) thyratron control. Variable coupling transformers
are not attractive for this lightweight, high efficiency converter applica-
tion, and the saturable reactor techniques are much too heavy to be con-
sIldered. A thyratron technique has been used in this system. The main
characteristic of the thyratron is that it will not conduct unless the grid
voltage is at some vAlue less negative than the critical grid voltage. If
a constant DC bias is applied to the grid and an AC voltage superimposed on
this, the thyratron will conduct at the point where the AC voltage exceeds
the critical wiltage. Once the tube has fired, it will continue to con-
duct even whenr the AC grid voltage fails below the critical voltage, and
will stop conducting only when the plate voltage is less than the cathode
voltige. If this AC grid voltage is made to alter its phase angle with
respect to the plate voltage by a phasing network, the firing or conduction
angle will be increased. This results in retarding the plate current and



voltage conducting point, as shown in Figure 46& fhe resulting DC plate
voltage along with the DC plate current Is reduced and the total DC
voltage to the oscillator tube plate in reduced. The r-f output of the
generator is thereby reduced. 'fSe thyratron is stable and does not drift
with time, but these tubes are sensitive to line voltage variations, which
change the critical grid voltage. Figure 46B shows a typical x•mftg
circuit, the output across x and y is connected across the grid and
cathode with a bias voltage in series with the thyratron.

Componetharctristics - 1Tbles 9.and 10 lii' individual components for
60 K single--phase and three-phase converters aud Tables 11 and 12 for 300
KW single-phase and three-phase converters. Components listed are also
shown in the high voltage power supply, oscillator and output sections of
the schematic diagrams (Figure 4J& and 45). Weight, volume, and loss para-
metric data is li3ted for comparison with other converter techniques.

The thyratron and diode types considered for the high voltage power
supply section are based on conventional units presently available for
power supply use. Operating characteristics are typical of conventional
units. Only the volume of the oscillator tube has been reduced somewhat
to take advantage of expected improvements in state of the art for power
tubes. The other tube dimensions used for packaging are realistic state
of the art. The oscillator tube characteristics are similar to those of
the RCA 5671 (9C22) for the 60 KW unit and the RCA 69 49 for the 300 KW
unit. As discussed in the section on Cooling, use of a coolant other than
water and one compatible with liquid cooled tubes has been a basic design
assumption.

Transformer and choke units are based on conventional designs using
low-loss magnetic corea with fluid coolant circulating between core and
winding to remove excess heat. Heat loss data for each of the transformers
is based on loss data extrapolated from available lose curves and test data
derived during the experimental part of this study program.

Resistor and capacitor components are conventionsl designs with low-
loss characteristics. Each has high temperature capabilities and is
derated to achieve long life expectancy. Remaining parts of the unit
include mounting structure, wire and hardware, and cooling ducts and
these are listed so that a total weight can be calculated.

MECHANICAL DESIGN

The static tube converter unit can be packaged in in aluminum con-
tainer for 'partial protection from a radiation envirornent, for mechanical
support, and for limited protection from meteroid damage.. The container
can be designed to serve as a heat sink. Typical structural design for a
60. KW, single-phase, 200 KC unit is shown in Figure )47, and is based on
maximum system reliability, minimum weight, and minir,"m volume. Weight,
dimensions and volume data is shown in Tibles 7 and 8.

Each tube will be mounted on its own filament transformer for com-
pctness and to make use of the -. nsfc'rner 4s a ixrtial heat sink. Tube
cooling w1ll be by int,?.ral coo.1n. lucts for the cocillators and coolina
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P3WLW 0o0 LIST FOR

500~
__ _ _ _ _ _ _ _ _ _ _ _ _ _ _~ ... L. ..... Z o xSc

M=ow mjy (K VOLT= (IMP) (WAITS) (M3

I H Voltage Transformer (Xl ) ]640 i&d126

I Nagnetic Switch 10 100 5x3xA
3 Fitent Transformers (x,, X2 9)6 2"x32/

& X3)
3 F1iament Trensformers (Xkg X5 8 12 544x33/f

& 26)1
3 21wratrons (TI,, T2,9 & T3) 3 1800 10 17/32
3 Diodes (7T, T5 & 26) 3 378 14 7/Y6x5

S OSCILLTR SIC e'TON

I Oscllator Tube 0T) 5 $2w 25x8 32 1
80% x56 xv

1 Filament Transformer (X9) 5 105 5xtixJ
1 Phase Shifter 15 100 5x5 13A162
I. Filter CIoke(L1 &L2) 9 3200
1 Filter capacitor (Cl) 3 -Q 6 1/2x5x
2 Coupling Capacitors (C2 & C3) 320M 6 3A2x5x*
2 Neutralizing Capacitors (Cli C5, 1 4*0 6 I

1Tank Coil Capacitor (Ct) 2 60 6/16x3,
5 Resistors (Rl, R2, R3, R4) 2 2 9/16x3/!
1 Tank Coll 2 100x

1 NatchIng Transformer (x8) 17 1030)

MISCEIANE0U

- Mounting structure 80
C Cooling ducts 5-Controls L11" Wire and Hardware 10

TOTALS 35 :6,~53

.35 1



TAUS)r

)B &60 IN~AMC ~0WERzff :TM. (20)

___ 200 KC ___ __

(LU) (A , (nv=cH(L) (WA!¶') (nz)

.26 214OR 183dx146m60

10 100 5x3z0&W 5oo
3/6 x3 r6 9 6 2 5/8 x3 /16xVIA61 9 6 2 5/8 x3 1fLW3(1f6

4

3/8 8 12 5x5x3 " a 12 5xx3NO

12x2 Y! Dia 3 .18C0 10 17/2x3W ,,Dia 3 1800 10 3W Vzj~8DMa
6x5 VU la 3 378 14 7/16x5 1/8 Dia 3 378 A4 T/i6x5 2/8Dia

~Dia 45 11, 200 25X812/2 Dia 4&5 11,*200 25xB 2A DJla

5 105 5 105 11
/16x 1316 15 100 5x5 13/16x4 11/16 15 100 5X5 1316x i• 116

9 3200 9 3200
30 -- m" --

A ~ 4 12ý0 61/2x5x4 4 120 6V32 z5&
01 -- 6 x5x4 1 -- 61px5A

k42 60 6 /2x5x4 2 60 6 1/2x5.*
/16 Dia 2 2 9/16x3/16 Dia 2 2 9/1613/16 Dia

3 1009 3 100,3

3 -8x3x3 7x3x3

6 1650) 4 0

80 -- 80
5 5 -

10 -- 10 -

10 -- 10 -

347 19,9473 345 19,,953

n9



TABJZ

PULD EARYLIST FoR A 6o j

1 Nh Voltage Transformer (X7) , n1 • 0 64o 8 xAx 6

I ) .etle SwItch 10 100 X 3 X
3 Filament Transformer (11# 12 & X3) 9 6 2-5/8 X 3-1/16 X 3-3/1
3 Filament Transformer (XJIX3& X8 8 12 5 X 5X3-3/8
3ratrn (TI, T2 &M.) 3 1,800 10-1/2 X 2-3/8 dia.
3 Dioaes (T2, T5 & T6) 3 380 14-7/16 x 5-1/8- dia.

OSCIIUATOR SBCTUE

I Oscillator Tu~be (W) 80$%X56 KW 45 11.,200 25 x8-1/2 dia.
1 MomilaentTransformer (M) 5 100 5 4 X 4
1 Phase Shifter 15 100 5 X 5-13/16 x 4-3/8
2 Filter Choke (Li. & 12) 9 3,200 5./2 X 5-1/2 X 4-1/2
1, Filter Capacitor (Cl) 3 - 6-1/2 X 5 X 4
2 CouplIing Capacitors (C2& C3) 4 120 611/2X 5X 4
2 Neutralizing Capacitors (C4 & Cs)D 1 6-1/2 X 5 X 4
1 hnkCoil Capacitor(CT) 1 X611X2 X5X4
5 Resistors 2 - 6-1/2X5X4
1 Tank Coil 3 100 10X7X3

OUT SECT=c

1 Mtbtohig Transformer 17 907 10 X 7 X 3
2 Resistors 1 20 X 1/2 dia.
2 Capacitors 4 25 6-1/2X 5X 4

MISCELLANEOUS

MounDlting Structure 80
Cooling Ducts 5
Controls 10 -

Wire and hrdwvre 10 -

T-TALS 3_3 18_770
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60 IcI STArMI TMf COOMM~ (30)

Cr) I (W~m) (33 ntýs) (LB) (wA.M) Cmumm)

10 100 5X3•1X4 1 0 1 8X 3X6
ý-3116 9 6 2-5/8 X 3-1/16 X 3-3/16 9 6 2-5/8 x 3-1/16 X 3-3/16

8 12 5 x 5 X 3-3/8
*3 1,.800 10-1/2 X 2-3/8 dia. 3 1,.800 10-1/2 X 2-3/8 du..

3 380 14-7/16 X 5-1/8 3 380 14-7/16 X 5-1/8 dia.

45 11, 200 25 X 8-1,/2 dia. 45 11,9200 25 X 8-1/2 dia.
5 100 5X4 X4 5 100 5X4 X 4

3 15 100 5 X 5-13/16 X 4-3/8 15 100 5 X 5-13/16 X 4-3/8
L/2 9 3,200 5-1/2 X 5-1/2 X 4-1/2 9 3,200 5-1/2 X 5-1/2 X 4-1/2

3 - 6-1/2 X5 4 3 6-16/2x , x4
14 120 6-1/2 X5 X 4 4 120 6-1t/2 X5 X4
1 -- 6-i/e x 5x4 1 - 6-1/2 x5 x 4
1 - (6-1/2 X5 x 4 1 - 6-1'/2 5x 4
2 - 6-1/2 x 5 x 4 1 - 6-1/2- 5 x ,
3 100 8X4X3 3 100 7X3X3

7 2,,180 8X4.X3 3 3,920 TX3X3
1 5 9/16 X 3/16 dia. 1 1.5 3/8 X 5/32
4 25 6-1/2x5x4 4 25 6-1/2X5X4

80 - 8o -
5 - 5 -

10 - 10 -
10 - 10 -

353 19,968 349 21,767
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PRELIILRY ONP0NE•lT LIST FO

- ____________________-_ .... 0. "K€
0(IFOREM NTS LAOS= 5 E)

POWE SUKL (NIGH V.. TAG, N() N

3. Plate frusmer XT 3.2 Im 99 83M 1i3x
A, 3W =

3 Flaiwnt 65 !495 14r3 Filment orr 12 16 3A

iode19X

OSC21LAM SHM

1 Oscillat-r Tube 80% x 290 XW 140 58,000 134x10
1 Filamet ransformer 12 240 ix5,
1 ?hawe hifter 15 200 5x5 V!
2 Filter Chok 35 7100
1 Filter Capacitor 1 612x5
2 Coup.ing Co aitor 1 600 6 ]/2z5
2 Nfeutralizing Capacitor 2 - 6 1tx5
1 Tank Coil Capacitor 2 300 6 _V2*
4 Resistors 2 2 9/16x3
1 Tank Coal 10 250•

1 :tc' Tr ormer (XB) 36 1377,

MIS~LA~

- 1ounting Strueturme --
- Cooling Duc• 21
- Controls 10
- Wire and Hardwe. 20 ..

~TOT= 577 91,9180

_ _ _ _ _ _,,__t - ,- -



r FO' A 300 Kw sTATic .flJB, 00U-5,vmR (20)

200 ______ 800 NC
_____W_ __ _ SSEM LO___ SSES 1(:M) (WM IU S Foi (WTS (33 • •m -mI

zxU 99 8350 1Y5x1U 99 8350 13x5x1

5z5 30 200 656x5 30 200 64x5
t5x4 15 48 A~X 15 48 4x5A
Alkz 12 18 3AXY 12 13 3xAA
`X5 Dia 12 14000 l4x5 Dia 12 14,00 l4x5 Dia
W bDia 6 I95 19x•Dia 6 495 19x7 Dia

xl0 Dia 140 58,000 34x10 Dia 140 58,000 34x10 Dla
5A4 12 240 4x5xit 12 240 4x5Ad
5 78A 3A 15 200 5x5 7/8x4A,4 15 200 5x5 718x4 Wi1 1 35 7100 35 7100

I.5 4 -. 6 12x5x4 4 60 112 x5x4
ltaX4 4 6-o 6 2 x5x• 4 600 6 1p x5A
iAN5X426IAxx261/ 5

2 A 2 300 6 2x5x2 24 30 6 V2 x5x
L6x3/16 Di. 2 2 9/16x3/16 Dia 2 2 9/16x3/16 Dia

LOk~x5 1025 0x4x3. 5 _0_208x4x3.5

14 27961 8.6 16381

90 -- 90
20 .- 20 -

10 -- 10
20 -- 20

555 92,,599 549 1 91,531
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TABLE 12

PRELIMINARY COMPONENT LIST FOR A 300 KW STATIC .T'B= CON

-- -50 K _.._ 20 O
11o- .OMPONENTS ___ LOSSES 'sin_ __ LOS.JES

POWER SUPPLY (HI5Hu VOLTAGE) TL3 (WATTS) (IxCffES) jLBF (WAITIS)

1 Plate Voltage Transformer 99 8350 12xl9x5 99 8350
1 Magnetic Svitch 30 200 6x5x5 30 200
3 Filament Transformer 15 48 4x5x4 15 48
3 Filament Transformer 12 18 4x31xA 12 18
3 Thyratrons 12 L4,000 2Wx7 Dia. 12 14,000
3 Diodes 6 95 1Ix3 Dia. 6 495

OSCILLATOR SECTION

1 Oscillator Tube 140 58,000 36x10 Dia. 140 8,000
1 Filament Transformer 12 240 4x5x4 12 240
1 Phase Shifter 15 200 5 3/4 x5x5 15 200
2 Filter Choke 70.5 7,100 4 3/4 x5x57/8 70.5 7,100
1 Filter Capacitor 4 4x5x 4 --
2 Coupling Capacitor 4 600 4 x40 4 600
2 Neutralizing Capacitor 2 lix~x6 2 --
I Tank Coil Capacitor 2 300 4x~x6i 2 300

Resistors 2 20 Ic• Dia. 2 20
1 Tank Coil 10 250 1x4 10 250

OUTPUT SECTION

1 Matching Transformer 45 1460 iOx4 Dia. 4o 424o
2 Resistors 4 240 lcx2 lex5i 2 60
2 Capacitors 4 120 4x5x 4 120

ISCELUANEOUS

Mounting Structure 90 -- 90 --
- Cooling Ducts 21 -- 21
- Controls 15 -- 15
- Wire and Hardware 20 -- 20 --

TOTALS 634.5 91,781 627.5. 94, 281
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-rLIST FOR A 300 KW STATIC TuBs. COEVRTER (30)

0Kc200 Ct0.C
-- SZE T L0~,E ~ .SIZE:, WTV LSE IET IYciEs) (L~F Tw-ATTs), (ImCLE-T-s TfL (WTTS (INCHS

2xM99 8350 12x19x5' 99 8350 12x19x5,
6-5530 200 6x5x5 30 200 6 x5x5

4x3~d4 15 48 14x35x 15 48 44~x144xA121 x35412 18 )Jx3.5xli2bx7 Die.. 12 14,0o0 21x7 Die.. 12 14,.000 21x7 Dia..14X3 Die.. 6 495 14x3 Die.. 6 495 14x3 Die..

36x10 Dig.. 140 58,000 36x10 Die.. 3140 58,000 36x10 Dia.4x5x4 12 240 I4x5x4 12 240 4x5x14
5 3/24x5x57/ 15 200 5 3,4 x5x5 15 200 5 3/4x5x54 ~57870.5 7, 100 4 3/x5x5 TA 70.5 7,100 14 3A4x5x5 7/84xx6 14 -- lix5x6 k 4x5xjI4xx6 4 600 14x5x& 14 600 14x5x~4 x5x LI -- l4x5x6 2 ft- 4 x5x&4x5x3 2 300 4x5xj 2 300 4x5xE'lijx Die.. 2 20 1.xf Die.. 2 20 IJ4 Diet..4x~ixi 10 250 4x 10 250 4xAx1

10Ak Die.. 4o 1124o 10x3 Die.. 26.6 3920 10x3 Dia..1-ix21,8x5i 2 60 1jx21]A x5ý .5 17 14x5x6 4 120 14x5x4 14 120 2

90 -- 90 --
21 -- 21 -

15 -- 15 -
20 -- 20 -

627.5, 94,281 61o.6 93P9614
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flui4 Jackets for the diodes and thyratrons. Optimns cooling for each of
the transfore vin be gained by mountin' then back to back on a comon
cold plate with coolant ducts carrying f--.i Qrough each transformer.

Rokgig for this concept Is nol too flexible because of the tube
volumes and shapes. TUbe outlines used in tUe design layout are of con-
ventional vaits and ae expected to become sm&Uer in the future as
advances are made in the state of art. Unit packaging Is dependent to a
great dgos on the generator configuration and also the load configuration.
Oly a prelinar coce t can be considered until more information is
avai•able on these parts of' the total system. Components in a tube system
are not as susceptible to rAdiatlon damge as semiconductor components and
shielding is not too much of a problem.

Design of a 60 DI, three-phase, 200 KC converter is shown in Fipu*r %8.
300 DI convertersjboth single-phase and three-phase, are sbown in Figures
49 and 50

TEWMAL DMD•N

Most triode tubes operating in Class C mode are up to 80 per cent effi-
cier"ý and such efficiency is assumed in this converter unit. Ceramic-type
tubee 71th exev'ptionally low driving power are being developed and some
have capabilit~ies up to 400O'F mximum.

Figure 51 shows the total lbs/diI out for both single-phase and three-
phase converters with outputs of 60 KW and 300 KW at 50 KC, 200 KC, and
80 KC frequency levels. The plotted curve indicates the system weight
incurred at various temperature levels. Since the tube system is limited
by temperature, the system operating point, as far as system weight is
concerned, is assumed to be at the maximum tube operating temperature

Design of the cooling s ,tem considers internal cooling duct* for
each tube (or coolant Jacket) and use of rugged ceramic tube types. Cold-
plate shelving for cooling all the other components is also considered In
addition to internal cooling ducts for each of the transformers. The
possibility of using a liquid bath cooling technique, enclosing all the
gas tubes and maintaining a common operating temperature has been con-
sidered, but has been rejected in favor of the ducted coolant system.

The tube cooling system, in general, must consist of a source of
coolant, a feed-pipe system which carries the coolant through coolant
pipes to the outlets of the oscillator tube and a radiator for heat dis-
sipation to space. For check-out purposes, a provision for interlocking
the coolant flow through each of the cooled elements with the power supply
must be made. When the plate -at high potential above ground, the feed-
pipe system should have good iLsulating qualities and proper design to
reduce leakage current to a negligible val.•. The coolant system analysis
will need to consider reaction of the coolant with the piping system in
order thAt contamination of the coolant can be held to a minimum. Proper
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function of the coolant system is absolutely necessary in the static tube
converter system. Tbe beat of the tube filament wi lead to tube de-

i In a short time If coolant Is not flowing. A method of prevent.
Ing tube operation until coolant flow has started must be provided.

System cooling for the tube circuit converters was apjsched by
em izS the heat losses per component on each shelf. lh the 60 KW can-

uert the heat losses were concentrated roughly as 50 per cent of total
losses In the oscillator (T0) and 50 per cent are distributed In three
shelves. See Pliwu 5L

Ass ag a coolant te ratre rise (&T) of 500C, pxallel coolng
can be applied to the shelves as one unit and the oscillator tube as
another uaLt. ft. oscillator tube has a coolant Jacket around It so that
heat transfer Is dependent upon the coolant flow rave and the coolant
temperature rise (AT). The shelf on which the other units are mounted
can be cooled by cold-plate techniques except where the tbyratrons and
diodes are mounted. A coolazi7 Jacket is planned for both the thyrattons
and diodes with coolant flow and through the tube bases. Bere again
paallel cooling is used. The coolant flow (Wf) is controlled by using a
form of the continuity equation

WraVA

where A is the area In square feet and V is the velocity in feet/second.
Wf Is now in terms of cubic feet per second and can be converted into
weight/second. By Inserting values for the coolant flow (WJf) required,
using a velocity high enough to Insure turbulent dTlov, the coolant tube
area can be computed. The inlet coolant tube area is then determined by
finding the sum of the individmal areas. By keeping the sum of the areas
constant,* & P can be assumed to be equal to zero. The only A P encountered
would be due to friction losses.

The 300 KW converter system thermal analysis is performed in the same
manner exept that the oscillator tube losses represent over 60 per cent
of the total losses. A coolant flow diagram Is shown in Figure 53.
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WI - 25.3 WHI/Mi

.COOLANT NP
•'M TI

Q w 11,200 WATTS

S•~ OSCUIATOR MT)

mA O Wf 14 IB/MIN

Q 2530 WATTS AT u WC

COLD PLATE NO. I COLD PLATS NO.

SY a 3.3 LB/KIN Q 2325 WATT$
ATa0TC Q 3685 WATTS OUT - 20" I

CATLD PLT NOW 1A - 509CL/M

WW - 5.21 4L9/M/
AT - 50-C

T2
__• •COOLANT

(A) 00KW, 30, 2009C UNIT AF.50"C

wf ,,24.9 LB/MIN

COOLANT W-.
IN TI

Q 1. II3(X WATTS

I i ilOSCILLTOR (T

WI a 14 LB/Mm
Q 2400 WATTS AT - 50C

L=CL LTE N.ICOLD PLATE NO. 3

WM 3.2 LB/MIN Q a 2500 WATTS
AT 5 Q 3400 WATTS Wf - 3.3 LB/MDN

AT w 50.C
COLD PLATE=N. J3
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Figure £2. Thermal Flow Diagram for 60 KW Static Tube

Converter Unit

log



TI

Q - 5,000 WATTS

WI * L/Mo
AT 50V

Q 3 16,010WATTO Q - 1,000WATTSr

I RATN

AT -2406 WAT"TS AT GOV

.WIW , 26 .$/MN
AT SOO

so C 2i T2 OMT

COOLANT Wt 21.3OOIA/f?

IN

TI

Q I 58,000WATTSr

E •LIA•TOR (T7)

W1 " 6 LB/MWIN
At • 50"C

Q * 15,000 WATTS Q - 18,000 WATTS

C W) PAT NO.SU W1CLDPATNO 31L/I

AT 500C IQ IO0WATTS AT - 500

COLD PLATS NO. 21

WE a1*3 B/MN____COOLANT(8) 3001M, 10, 300TC UNIT 2-TI - S°C WI - 121.32187.MIl- T2 OUTT T 50"V

FiGure 53.. Thermal Flow Diagram of 300K1 Static Tube Converter

fl0



)laOR W DESI COMM

A 60 101 am

The design of a motor-generator type of 60 KW converter has been based
on:

input - 60 xW, i KC, 43.6/75.8 volts, three-phaa
Output 1 10,100 volts, 50 to 200 KC, 10 and 30

Figure 54 Illustrates a particular converter concept in which a solid-
rotor type of generator is used to generate high-frequency (50 KC to 200 KC),
high-voltage power. 7he input frequency of 1 KC for the 60 KW converter

requirement gives an operating speed of 30,000 rpm for a four-pole motor to
drive the generator. This speed has been selected for the design speed.

SParametric data on weight, volume, losses, and efficiency for both 10
and 30, 60 KW., converter designs for several frequencies are tabulated in
Table 13. Parametric data has been derived on single-phase 50, 100, and
200 KC designs, and on a 50 KC aad 200 KC three-phase design. Due to the
number of poles required in an 800 KC generator design, the motor-generator
concept has not been considered for the 800 KC converter requirement.

Since a three-phase generator requires three times as many stator slots
as does a single-phase generator, a large size stator is required for the
three-phase generator in order to accommodate the number uf slots. In order
.o limit the rotor stress to the design value of 60,000 psi, it is necessary
to construct the three-phase generator using a common shaft with three rotor
sections on it. There are three separate stators in the design, and the
poles of the rotor sections are displaced from each other by 120 electrical
degrees. In effect, the three-phase output is achieved by installing three
single-phase generators in a common frame with their voltage outputs in
parallel, and their phase displacement such as to achieve three-phase power
at the output terminals.

A 300 KW LtJN'Z

Design details of a motor-generator type of converter unit to meet the
300 KW power conversion requirements of the Work State.,ent are similar to
those of the 60 KW unit as shown in Figure 54. The basic difference other
than power handling level is in a different input which is listed as
follows:

Input - 300 KWO , 3,200 cps, 120/1208 V, 30
Output - 50 to 200 KC, 10,100 V, 10 and 30

As in the case of the 60 KW design, a motor-genermtor unit was not considered
for the 800 KC requirement because of the extreme number of poles required
for such a unit.

The motor for driving each of the generators is a 120 volt, 3,200 cps,
three-phase synchronous solid-rotor type, turning at 24,000 rrp. Parametric
data for a 300 KW converter (10 and 30) is suximarized in Table 14.
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Table 2

Swmwmy Of 60 IN Y~to.Gr-8trto Peraswtrio DIU

SM (1b..) 150 204o 32

KW RAD (wSSM) 10.1 11.5 13.5

____ Mr.,_____ ____ 18.5 1.6.5

E"Mcm~r MF -~ 81.8 77.5

LENG (Inches) ]U.5 13.5 17.8

DIAKR (Inches) 10 10.3 12.5

VOLUME (cu. ft.) .52 .62 1.3

RLIS/IC 13.9 1 6.8 23.7

Bs/W 0 .0 ..... 4.0 6.8

30 50KC 200 KC 800 No

IEMwn (lS.) 176 350

Kw RAD (wssss) 10.1 13.8 -

KW OUZ4. 46.2-

EFFICINCY () 83.2 77 -

LENGTH (Inches) 15.8 22

DIAMETER (Inches) 9.8 12 -

VOI•M (cu. ft.) .65 1.4

U131K0J RAD 17.4 25.4 -

LBS/KW oUt 3.5 7.6_
NOTE: Values do not include cooling system weights.
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Smiry o.f 3W SW Ytor-Onator Pr.atI .alw- Dt,

WE [I (bs.) S.s 6I5 __,___

KV RAD (LOSES) 49.5 51.0 52.8

XV (XOW - 250.5 g2.0 24.2

XM9 (P zc1,!3.5 36.o 35.6

-L U= (Inches) 16.o 16.0 17.8

vorm (cu. t.} 1.6 . .8 2.3
/m 16. 12.7 28A_

T OUsKU o• 2.2 2.6 6.0

30 o G, 200 KC 800 No

WME (z•,,.) 801 2,..o0-

Kw Rm (ws•s) 48.6 6o -

KW OUT 251.4 240-

EFFICICY (%) 83.8 80 -

UmGTH (Inches) 26.5 70 -

DIAMETER (Inches) U. 14

VOLUME (cu. ft.) 1.5 6.2 -

-LBS/K OUr 3.2 8.3

NOTE: Values do not include cooling systemn weights,.

Im m i lm h ill mmNil l IN • ii i ii IW l l ii• w m i m



Mechanical details of 50 KC and 200 K%, single-phase converters are
shown in the section which follows with a three-phase, 50 KC unit In whih

three separate generator sections are mounted on a comon shaft. The
three rotor and stator sections are displaced. from each other by 120
electrical degrees to produce a three-phase voltage output.

GENERATO0R DETAILS

Stator-Rotor Relatlonshlp

Figure 55 shows the relationship between rotor poles and stator slots
for the proposed generator. The south poles of the rotor are displaced

axially from the rotor north poles. The stator slots are so chosen that

adjacent stator slots are located one for avery three poles of the rotor
(counting both 13orth and south poles). . stator slot mhy have a maxim
width of a pole pitch, the distance from the center of a north pole to the
center of a South pole. This places the slots so that the induced voltages
are in opposite directions in adjacent slots. Figure 55 shows cross sections
through the generator.

Rotor - The rotor is made of a high-strength, solid magnetic material and
the outer circumference is slotted to form poles similar to gear teeth.
The teeth in one section are displaced 180 electrical degrees from the
teeth in the other axially displaced section as shown in Figure 55. The
depth of slot depends on the i r gap between stator and rotor teeth and
must be sufficient to reduce the flux from the space between poles to the
stator to a low percentage of the flux from the teeth to the stator. The
two sections of the rotor are spaced by a nonmagnetic material to minimize
flux leakage between the north and south section.

The flux in the rotor is a DC flux and produces no loss during steady-
state operation. A ripple flux in the pole tips will produce some losses;
this loss may be reduced by reducing the stator slot opening to less than
the width of a rotor tooth to prevent the flux from changing in the teeth.

S tator Iron Configuration - The stator iron is subjected to a pulsating
flux of the generating frequency of a single polarity in each stator
section. The flux also rotates in the yoke section of this lamination at
a rate the same as the rotor speed (ru) and is pulsating at the generating
frequency. This material must be of low-loss magnetic material and of very
thin laminations to minimize iron losses at high frequencies. The flux
density must also he at reduced values to minimize losses it high frequencies.
Ferrites are usable for this core, but limit the operatfng temperature to
lower values than with nickel-iron alloys. Powdered metal cores made in thin
laminations may also possibly be used for this core. The notches located
in the outer periphery of this lamination is to provide for coolant fluid
flow and are located at the source of heat generation.

Outer Yoke ConfiLguration - The outer ycke carries the flux from the north
stator section to the south stator section. The flux rotates in the outer
yoke at the s•xe speed (rpm) as the rotor is turning. It is an unchanging

U5~
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or DC flux for an load condition. The outer yoke is shown as a tape woun
cores, and very little loss Is generated as th ope e t r e lminted anu,
sthe loss Is reerated by a constant sptno-ng f0L. 01 outer yoke e -

dtion my be from a thicker and higher loss mlteraal than the stater iron
r tand be operated at hegh flux densities.n i

SStatore A tr Cp - dhe aotor &is gap, clearnoue betseen rotor and s~tare
could be reduced to .a01 cnch and result in a more efficient electrical
design and wfrcaentl o large field r to compensate for temotfzingtw.

, rottor W at 200 XC. 7he g~ap has been increased4 to 0.010 Inch In oan-

sTdepoteon of practical madufacstedi toleranbes. Redacung tiis gap woeit
result In a t e to one-and-c-half per cent Increase in. effdc trcth.

y tver lrive b eth

the electric drive motor is a synchronous, solid-rotor NAYN typeo
A solid-rotor type was chosen because its f wndstatc ane Its
efficiency and power factor are higher than an induction type of motor.
The power factor mpy be adjusted to unity by adjusting the DC exsitnton
power to the motor field coils. Its rotor speed is not l.mited other than
by the limitations imposed by the strength of the steel used in the rotor
construction. Solid-rotor NADN type motors have been built and tesede

and are identical te si l arrangem ypes of NAr Ynd generators.

At 1ai00 cps input the motor is desighed with four poles for fOlO00
rpm. Motor design speeds of 60,000 rpm with two poles and 20,000 rpm with
six poles are other possible combinations. (he 60,000 rpm design would
result in the minimum motor weight.

A detailed perspective drawing of the NADc synchronous motor (Figure
5o) shows the physical arrangement of ort or and manetic flux criuit.

MCAIA DETIL OF60,K ONW

Details of the 60 KW converter are shown in the filgures whch follow
for these configurations and design data is included in Tbles 1a and 1t.

1. 6oj.,1.,5oKc (Fgr5T

2. 60 KV., 10p 100 KC (Figure 58)

4 6o W.30,, 50 KC (Fiure 60)

As indicated in a previous section, this concept is not feasilbe for the
800 KC design because of the inability to get the required number of poles
on the periphery of the rotor and stator. Rotor and stator configurations
are to the dimensions shown on the drawings. Additional details are dis-
cussed in the section on Generator Details. The motor is a thrvee-phase,

30,000 rpm, 1,000 cps unit and has a voltage rating to match the output of
the SNAP 8 power system (43.6/75.8 volts AC). The sarre motor is used for
each of the three frequency concepts.
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TABIZ 15

60 KW MOMR-GEMATOR 10 DESIGN NA

COnFIGURATION 50 C1 100 K 200 w

0PERATI SPEED 30,000 RPM 30,000 M

WRn( (LBS)
Motor 60 60 60
Generator 70 124 240
Controls 10 10 10
Cooling (structure) 5 5 5
Bcarigs ) 5 I

Toe Pud)150- 320

STATOR L NATI)ONS (.ooo5") YMU 80 HM 80 oM 80

GKI-RATOR wsMSz (WAITS)
Stator Iron 1480 1602 1610
Stator I2R 760 2197- 920
Field A2 t 940 165 3920
Windage (2PSI:A) 145 350 1310
-Stray Load 1%606060
Total (Watts) 3925 4914 8560

GENERlATOR EFICIENCY % 94 92.4 87.5

MOTOR LWICIN~rCY % 88.5 88.-5 88.5

COI•ERTER EFFICIENCY % 83.1 81.8 77.5

!TýtEF DATA
Avg. Stator Tooth Flux Density

In Kllolines/Sq.Inch, 29.8 10. 15.8
In Geass 4610 1550 2440

Stator Conductor Current Density
In Amperes/Square Inch 6400 6400 6400

Field Conductor Current Density
In Amperes/Square Inch 3500 3500 3500

Conductors 26 NI-Clad 28 Ni-Clad
Cu. Cu.

Curie Temperature *F b6OOF 060oF 8600?



TAKZ 16

COoUMITCoN 50 KC 30 200 =C 30

OP&RATIO EVI MP 30,*000 RPM 30,.000 RMD

lotor to 60
Omrtor96 270

con•r'ols 10 10
Co0110 (Struetw*) 5 5
BPe mds) -- I .

176 350

STATOR IAMINTRE0?MM (.Oo ) uMV 0 w 80

GEI~RATR L0SMS (WATS) 9Stato 595 1975
= 4 R 435 1600
Fie. , I'R 658 3900
Windage (2PSXA) 265 1700
Stray Load 1% 600 600
Total (watts) 35 75

GEMMTOR MFTICIE1WY % 94.1 83.0

IMOTR FICIE•NCY % 88.5 88.5

Co0•MW.T EFFICIENCY 5 83.2 77.O

OTKER DATA
Avg. Stator Tooth Flux Density 21.5 15.8

In Kilolines/Sq. Inch
In Gauss 3330 2440

Stator Conductor Current Density
In Ampere/Square Inch. 200 64t00

Field Conductor Current Density
In Ampere/Square Inch 3500 3500

Conductors 28 Ni-Clad Cu. 28 Nti-Clad Cu.
Curie Temperature OF %600  b0oF
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KýCHAMIAL MUMAIL 0F 300 ICW CONVMTM

The 300 KW motor-generator design is similar to the 60 KV uit. DesIgn
details appear in the figures which follow for these confIgurations and prm-
metric data Is shown in Tables 17 and 18.

1. 300K1410,501C (iigure61)

2. 300 XII, 10., 100 ICC (PIgure 6e)

3. 300 KWl000C (Figure 63)
i~. 30KW,30s, 50OKC (igwe)

The inability to design a rotor and stator to contain the required nmber of
poles makes the motor-generator concept not feasible for the 800 KC concept.
Dimensions of the converters are shown on the face of the drawings and dis-
cussed in a previous section. The motor is a three-phase solid-rotor concept
operating from the 120/208 volts AC output of the SPR type of power system.
The design is the same 214,000 rpm, 3,200 cps machine for each of the 300 KW
converter units.

TMML ANALYSIS

The cooling system of the motor-generator unit is made up of thin
parallel tubing located in the stator yoke. The parallel tubes then con-
verge into a collection ring at each end. Due to the short length of .ool-
ant tubing, multiple coolant passes may be required in order to achieve a
reasonable value of A T without resorting to unrealistically small tubing.
Heat is removed from the stator to the coolant fluiid by means of conduction.
High-frequency generator units are capable of operating at temperatures in
the 5000F to 800OF range. Figure 63 shows the effect of system operating
temperature on generator system weight. Calculated electrical losses for a
50 KC, 100 KC, and 200 KC unit and other thermal design data including
efficiencies for HMU 80 materials are shown in Tables 15 through 18.
Figure 66 is a coolant flow analysis for this system. Coolant flow rates
and coolant temperature rise will vary from design to design of a given
size of motor-generator. The iron losses are a function of flux density,
iron volume, frequency, and material used in the laminations. Substitution
of 48 alloy for the HYMU 80 reflected in the 200 KC, single-phase, 300 KW
generator, Tble 17', would increase the losses more than 3 KW. This would
require increased coolant flow to maintain the same coolant 4T.

Efficiency - Efficiency of the generator is reduced as the temperature of
the generator iron increases. Figure 67 shows how the efficiency changes
as a function of temperature for a 60 K"U, 50 KC design. HYMU 80 material
in .0005 inch laminations can be used to nearly 550OF stator iron surface
temperatures with a calculated efficiency of 94 per cent (Table 15).
Alloy 48 is shown on the efficiency versus temperature curve at a lower
efficiency and has been considered for use because of its lower weight.
If higher operating temperatures are required, the silicon irons will have

325



TABu 17

300 KW MMOIU,,GNK 'OR DESIGN DATA (10)

ScoAZGURATWX 50 10 - 100 KC 2OO Mx1

0PMWAM $PME 21,00C ;U% 211,000 RPM 24.9000 RNM

-m= (sM)
186OMS' 175 175 175
Generator 340 1115 1300
cnrl 1.1 A 11-
Coo111% (Str"Vtra) 7 7 7

Tota (P~nds)1500

S:4=oU MNO•S (.0003") M__ 8D HM 80 _M_ 80

GEWPATOR LOSSES (wAMS)
Sttor 109o0 o10,#50 5600
Stator •R 9870 41, 8o0 &30

Fltl 1285 200 361.0
Windage (2PSA) 633 1,700 '650
Stray a 3000 3,00
Tot-1. (watts) 1618 20,250 23320

GEM M EFICIRNCY % 94.4 93.8 93.2

MM1'R W-?ICIEMC $5 88.5 88.5 88.5

CONVERMTR EMcINcr % 88.5 83.0 82.li

0'1¶R DATA
"---v Stator Tooth Flux Density 29.8 15.5 15.8

In Kilolines/Square Inch
In Gauss 41.,460 2,360 2t0

Stator Conductor Current Density 6,94O 6,400 6,.90
In Amperes/Square Inch

Field Conductor Current Density 3,P500 500 3,500
In Amperes/Square inch

Conductors 28 NL-Clad 28 Ni-Clad
CU. Cu.

Curie Temperature O 860 860

U.i6



TABLZ 18

300 1CW MOTOR..GEIERATOR DESIGN DATA (30)

COIGRTIN50 KC30 2001030

PA1G24p 000 RPMI 24.0 000 RPK

WEIGHT~ (LBS)
motor- 175 175
Generator 601 1800
Controls 11 11
cooing (Structure) 7 7
Bearns
To~talPounds)

ST=TR aamINToNS G.oo5") HMI4 80 YMU 80

GENERATOR LOSSES (WATTS)
StatorIron !4m 12655
Stator T'l 6520 6800
Field I'R 120 120
Winage 129 129
Stray Load 1% 0030
Total (Watts) 25000

GENERATOR EFFICIEC 5 94.6 91.6

MOTOR EFICIENCY % 88.5 88.5

COWRER EFFICINCY % 83.8 80

OTHER DATA
Avg. Stator Tooth Flux Density 21.21 15.8

In Kilolines/Sq. Inch
In Gauss 3300 210

Stator Conductor Current
Density in Amperes/Sq.Inch 6400 640

Field Conductor Current Density
In Amperes/Square Inch 3500

Conductors 28 Ni-Clad Cu. 28 Ni-Uiad Cu.
Curie Temperature OF 660 860oOF
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to be used with resulting lover efficiencies. The efficiency versus veiht
curves for different magnetic materials (shown in section s 300 E design)
emphasizes the fact that there exists a mxizm efficiency at a given fre-
quency for each material. For any given material, veight may be varied for
an increase in efficiency up to a maxiium efficiency.

Stator Iron Losses - The iron losses at high frequencies (50 KC to 800 W)
become very important in the design of generators since they affect the
temperature of the parts and the efficiency of the generator. The effect
of frequency on. iron losses, magnetic materials, and various lamination
thicknesses are reviewed in a later seption on materials. Only a limited
amount of information exists on losses at the 50 to 200 IC level at elevated
temperatures. Tests have been conducted as part of this program to deter-
mine the magnitude of these losses. Data is included in the experimental
data section concerning this portion of the program and the magnitude of
losses which can be expected at the higher frequencies.

Copper Losses - The conductor I2R losses vary directly as a function of
resistivity and the square of current density and indirectly with temperature.
All the copper losses have been calculated for the same material resistivity
and current density (see Table 15). in the stator winding and a lower current
density in the field coils. These losses may be reduced by additional con-
ductor material and veight. The increase in this loss due to increase in
conductor resistance as a function of frequency (skin effect) can be mini-
mized by using small diameter conductors in purallel.

1



A portion of the program effort was devotei to investigation of con-
ceptual deslgn for the generaticn of high frequency electrical power by
rota61 elsett cbnieal mahine and conversion techniques. (The high
fr•euecay term used in the discussion refers to a frequency higher than
cmvWtiomal power frequency and In the range of 50 KC to b e).

echanical sha-ft power available for use in this generator design was 500
hp at 9kc000 rim. Me electrical power requiremen, was for 50 XC, 100 U,
and 200 =, single-phase, 10,100 volts. Design objectives included effl-
ciency of not less than 85 per cent and overall weight of 1,500 pounds.
The shaft temperature was considered to be 1,000oF and the generator life
eetay objective was 10,000 hours.

BASMC DESI APPMOAE

This generator design is similar to the generator design considered
for use in the 300 IN motor-generator converter concept and is to be
driven directly from a turbine. Figure 68 illustrates the basic generator
concept considered for this 50 KG to 200 KC generator concept. The
generator is a solld-rotor hasoplar, inductor type operating at the
specified 2k,00 rpm. Note that the field windings are static and located
on the stator. This particular type of machine was selected for this
application after preliminary Investigation of the various types of machines
available for use. Analysis curves of frequency versus power output and
ixst1ated weight for this machine crneept (Configuration B) are found in
the section on Electromagnetic Generators. This type of soli&-rotor
generator possesses high rpm and high temperature capabilities, and Is
capable of operation above the 90 per cent efficiency level.

in comparIng the weight of the generator in the converter system with
this generator, the turbine driven generator system weight should be less
than the weiht of the motor-generator concept by the anount of motor
veight required by the converter system. To be considered, a. so is the
fact that this generator design is based on a 500 hp ir.put from the turbine
which is really is 373 W input. Performance and loss data for this design
concept are sumarized in Table 19 and 20 which follow for a 50 XC, 100 KC,
and 200 KC high-frequency generator design. This data is based on inputs
and outputs as shown in the block diagram which fellows.

Specific details of a tur'ine driven generator to produce a > KC
single-phase 10,100 Yolt output are showm in Figure 69. Figures 70 and 71
show perW.inent details of the 100 KC and 200 KC designs, A thermal analysis
follows the section on Mechanical Details.
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TANA 29

SMOM O BlaHFRBM= MNERC DATA

20O50 _I__im IC 20D W

VIXEN (me) 425 5___.52

KW RAD (loones) 13.7 22.3 23.3

KV(IJT 300 3W0 300

M'c~ % 95o6 93.3 9218

LKIPR (Imches) 10.7 21 28

MIAX=T (inch..) 15.8 16 17.9

towig (cu. ft.) 1.2 1.3 4.1

LaS/lW lA 31 214,6 67,2

LPS/lW OUT 1.43183 5006

NOTE Volue do tot inolude cooling system weights
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TAB 20

!IIGW PREWI GElRMAT(at DESIGN DiA?

WelM (bs)50 xC 10 1o 0 1E 20D IM 2

,weigt ,(lbs.)

Generator ho 523 205
Controls U1 11 11
Cooling (structur) 7 7
Bearings 7 7 7

Total (b.) ]425 5148 1525

Hm, 8o h8 ALWY Umu80oW iv80 148 ALwY
lIordnation Materials

Thickness .oooSo .00005 .ooo5l .0o05" .ooo5"

Lose Watts)

Stator Iron 59o0 nl300 12178 5600 8l45o
Stator VR 3240 3600 5yA3 61W30 8700
Field I1R 527 586 200 360 3800
Windage 1019 1019 1870 o 650 1,650
Stray Load 3000 3000 3000 3000 3000

Total (Watts) 13686 19505 22,296 23,320 26,600
Generator EfficiencL (%) 95.6 93.1 93.3 92.8 92.0

Other Data

Aug. Stator Tooth Flux
Density in Kilolines/
Square Inch in Grausses 22.8 22.8 15.5 15.8 15.8

Stator Conductor Current
Density in Amperes/
Square Inch 35140 3540 2360 2400 21400

Field Conductor Current
Density Amperes/Square
Inch 6400 61400 600 6400 6400
Conductor 28 NI Clad Cu.,

Curie Temperature OF M6OO 920 8 6 00 j 86C3 932'
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500 EP, ,000 rpm Generator 10
(from turbine) 050 KC, 100 KC, & 20010C

Coolant In LL Coolant Out

GENMATOR DETAILS

Stator Rotor Relationship

Figure 71 shows the relationship between rotor poles and stator slots
for the proposed generator. The Pouth poles of the rotor are displaced
axially from the rotor horth poles. The stator slots are so chosen that
adjacent stator slots are located one for every three poles of the rotor
(counting both north and south poles). A stator slot may have a maximum
width of a pole pitch, the distance from the center of a north pole to the
center of a South pole. This places the slots so that the induced voltages
are in opposite directions in adjacent slots. A viev of Figure 71 shows
cross sections through the generator.

Rotor - The rotor is made of a high-strength, solid magnetic material and
the outer circumference is slotted to form poles similar to Sear teeth.
The teeth in one section are displaced 180 electrical degrees from the teeth
in the other axially displaced section as shown in Figure 71. The depth of
a rotor slot depends on the air gap between stator and rotor teeth. The
slot depth must be sufficient to reduce the flux from the slot to one stator
to a low percentage of the flux from the teeth to the stator. The two
sections of the rotor are spaced by a nonmagnetic material to minimize flux
leakage between the north and south section.

The flux in the rotor is a DC flux and produces no loss during steady-
state operation. A ripple flux in the pole tips vill produce some losses;
this loss may be reduced by reducing the stator slot opening to less than
ýihe width of a rotor tooth to prevent the flux from chaunging in the teeth.

Outer Yoke - The outer yoke carries the flux from the north stator section
to the South stator section. The flux rotates in the outer yoke at the
same speed (rpm) as the rotor ia turlning. It is an unchanging flux for
any load condition. The outer yoke as shown in a taie wound core and very
little loss is generated by a constant splnning flux. The outer yoke

1J45



lamdnation may be from a thicker and higher loss wterial than the statar
iron, and could be operated at higher flux densities.

Stator Zron - the stator iron is s.ibjected to a y1sating flux of the
generating frequency of a single polarity in each stator section. The
flux rotates in tte yoke section of this lamination at a rate the samw
as the rotor speed (rpim) and is pulsating at the -enerati frequency.

bIs material must be of a 1ow-loss magnetic material and of very thin
a tions to minimize Iron losses at high frequencies. laminations of
.001 inches and .0005 inch thickness have been considired In this design.
Me flux density nmst a. so be at reduced values to minimi losses at high
frequencies. Verrites are usable for this core, but limit the operating
temrerature to lower values than are achievable with nickel-iron alloy
laminated cores.

0Tn• mrWAIS

The most difficult area of generator manufacture is in the assembly of
the AC stator section jarts. 4s the use of thin laminations (.0005 to .001
in.) Is desirable, methods for assembly of the laminations would have to be
developed. One colution is to fabricate the laminations from .001 inch
laminations which have been built up frcin bonded layers of thin lamiuation
material in the sheet form. IV this were done, then fabrication :r= easily
be accomplished as if .010" thick laminattons were being used. Other manu-
facturing operations may be accompl ished using techniques which have been
developed for manufacture of generators and motors for other applications.

The mounting and coupling of generator to turbine may be accomplished
by presently d&veloped methods and requires coordination with the turbine
i'anufacturer.

IIS2MK4 ANUTLSIS

Cooling - 7he cooling system of the high-frei'ency generator unit is made
up of thin parallel tubing located in the stator yoke. The parallel tubes
converge into a collection ring at each end. Due to the short length of
coolant tubing, multiple coolant passes may be required in order to achieve
a reasonable value of 4 T without resoAting to unrealistically small tubing.
Heat is removed from the stator to the coolant fluid by means of conduction.
High-frequency generator units are capable of operating at temperatures
above l,0000 F, but designs considered here are based on coolant temperatures
in the 500OF to 300oF range. As part of the generator syatem thermal
amnlysls, data was plotted in Figure 72 to show the effect of system operat-
ing temperature on generator system weight. Calculated electrical losses
for a 50 KC and 200 KC unit and other thermal design data, in-luding effi-
ciencies for 48 Alloy and HYMU 80 materials, are shown in Tables 19 and 20.
Figure 73 is included to show coolant flow requirements for a typical 50 KC
design. Coolant flow rates and coolant temperature rise will vary from
design to design of a given size of generator. Since iron losses are a
function of flux density. iron volume, frequency, and material used in the
laminations, various magnetic mterials must be considered in the design.
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Substitution of 48 alloy for the M 80 in the 200 KC., single-phase,, 30 El

generator as r hon in Table 20, would Increase the total losses by more than
three KW. Such an increase would require increased coolant flow to maintain
the same coolant & T.

Efftc2y - Efficiency of the generator is reduced as the temperature of
the generator iron increases. Figure 74 indicates the manner in vhieh the
efficiency changes as a function of temperature for a 300 K(1 200 KC design.
RM 80 material in .0005 inch laminations can be itsed to nearly 800OF
stator ircn surface temperatures with a calculated efficiency of 93-.: per
cent (Table 20). Alloy 48 is shown on the efficierrcy versus temperature
curve at a lover effl.ciency and has been considered f1.r use beeau&t of Its
lower weight. If higher operating temperatures are required, the sý Micof
irons vill have to be used with resulting lover generator effielZne les.
Before a generator dervign can be finalized, effort must be expe=-ed to give
an indication of eff'iency versus weight trade-off potentials.

Efficiency Versus Weight - 7he i-cula.ed values of efficiency versus
generator weight are plotted on Figure 75. These curves were obtained by
varying magnetic flux densities. It can be seen that for a given frequency
there exists a maximum value of efficiency which is also a function of
magnetic material employed in the design. The highest efficiency can be
achieved by using RMD 80 in laminations of .0005 inch thickness.

At higher temperatures where materials like HYV 80 lose their magnetic
properties silicon steels are employed. The higher unit volume loss results
in lover efficiencies for the generator.

Stator Iron Losses - The iron losses, at high frequencies become very import-
ant in the design of generato,°• as they affect the temperature of the parts
and the efficiency of the generator. The effect of frequency on iron losses,
magnetic materials, and various lamination thicknesses are reviewed In a
later section on Materials. Only a limited amount of information exists on
losses at the 50 to 200 RV ".evel at elevated temperatlires. Tests have been
conducted as part of this program to determine the magnitute of these losses.
Data is included in the erperimental data section concerning this portion
of the program and magritude of losses -which can be expected at the higher
frequencies.

Cop2er Losses - The conductor I2R losses vary as a function of temperature,
resistivity, and the square of current density. All the copper losses have
been calculated for the same material resistivity and current density (see
Table 20) in the stator winding and a lower current density in the field
coils. These losses may be reduced by additional conductor material and
weight. The increase in this loss due to increase in conductor resistance
as a function of frequency (skin effect) can be minimized by using smwall
diameter conductors in parallel.

Weight Versus Temperature - The curves of weight versus temperature show
that the higher the opoorating temperature, the larger the generator. The
increase in size or weight with temperature results from ;an increase in
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magnetic material as a result of reduction in permiosible operating flux
density as temperature is increased for any given magnetic material.
Lower weights can be obtaiied at the higher temperatures by changing to
the use of higher loss materials which have higher allowable flux densities
and Curie temperatures. As a resulti the weight versus temperature has
se-i..ral slopes; one for each material considered, and can remain constant
over a temperature range for high flux density material which is being
utilized at a low value to minimize losses. Specific weight versus tempera-
ture curves for MW 80 and silicon steel are shown in Figures 76 and 77.
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Section IT

REU STUDIS

Sis section is included in the report as additional inforation affect-
In the design of the converter and generator conceptual designs resulting
frcm the study. This infar- tu supplements the information In the opening
section C genemation and conversiceu techniques and informaticn contained In
each of the copeeptual design sec•,ons.

Specific Information is divided into the following areas and a dis-
cussion of each is found In the section vhich follows:

1. Eivirameunt

2. Approach to system cooling

3. Analsis of materials

.. Radiation resistance of converter components

5. Reliability

ENVIRO~WW

Analvtlc studies have touched mainly on problems of temperature, radia-
tion, corrosion, and vacuum. Others considered are listed below and involve
prelaunch, natural and induced environmental conditions.

Pre-taunch Enviramnent

Corrosion
Extreme Temperature

Natural Environmenet Induced Etivironment

Ambient Temperature Mechanical Vibration

High Vacuum Acoustic Vibration

Solar Radiation, Acceleration

Ionized & Dissociated Gases Temperaturs

Van Allen Radiation Shock

Nuclear Radiatlon

le54



Ambient Temperature - S-.mrees of heat which influence the ambient tm.perature
in a majcr way are thermal radiation from direct sunlght, and heat generated
vithin the equipment itself. The solar constant is 2.0 calories/sq. cum-in.
at the earth's mean distance from the sun. Since heating and. cooling of
equipment in space Is by radiation only, the problem of controllIng ambient
temperature is a maJor one.

The effects af increased ambient temperature in pouer conversion
cLuipment are:

1. Loss of ma integrity.

2. leakIge of sealed units, particularly at the union of dissImilar
metals.

3- Mateilal expansicn, metal creep, and fatigue.

4. Material sublimation.

Design countermeasures involve use of absorptive and vefective sur-
faces, separation of equipment into temperature range categories, and use of
radiation and conduction heat transfer cooling techniques. A standard con-
sideration is the use of heat-resistant materials wherever possible.

High Vacuum - At 10 to 120 miles above the earth, atmospheric pressures
represent partial space equivalent. Beyond 120 miles pressures are frw 1.5
X lo-6 mm of Ng to an estimated 1.5 X 10-12 for outer space in the solar
system.

Arc-over and corona discharge are to be considered in space in addi-
tion to boiling of liquids at lower temperatures, vibration problems due
to lack of air for damping, explosive decompression of hermetically sealed
units and sublimation and evaporation of inorganic materials. In sealed
units that are not vacuum-tight, more volatile materials may evaporate from
hotter pa.ts and condense on colder ones as thin films. Outgassing can have
corrosive, plating, and chemical effe~ts. It is known that certain nylon,
polyesters, and epoxies lose up to ten per cent of their weight per year in
a vacuum at slightly above room temperatures.

Materials for use In a power conversion system must have low sublima-
tion rates. Insulating materials must adequately provide protection from
arc-over and corona discharge, as well as resist sublimation and also ha-e
high temperature capabilities.

Solar 1adtation - For equiinuent that may undergo long exposure periods tV
solar radiation, extra shielding of semiconductor devices is required. The
most significant effect of solar radiation appears to be on organic materials
in the ultra-violet band below 2. 400A. Rubbers and polyesters are sus-
ceptible to damage.
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Iont1xd and Dissociated Gases - These gases form at altitule as solar radia-
tin bMscela activity of normal gases. 4ypersoi flIght can also
idce rtm etremesvitih avehicle vhich can produce dissociation
and Ionalition of gases. In altered or excited state, dissociated gases y
bave h;e4 aesnelerated oxi4ation rates. These gases ca= do actual damge
to equpmnt, e*;g. monstoic oxgen reacts very readily and rapi•ly (famaig
oxide) with materials like Fe, Fe oxides and alloys, Cn, Ag, avd mWr
organic aterials.

Design techniques to offset this enviromental limitation nelude pro-
tective coatings for susceptible Iarts and sealing of compart3ent after all
the air has been eacuated from both the compartment and Individual packages.

Van AUllen PMLaation - i i damage to semiconductors can be expected In
magnetic and semiconductor devices only after prolonged exposure. For pro-
longed exposure times, shielding of this type of component is required.
Figure 78 indicates the electron and proton intensity to be eacountered In
typical earth orbits.

Nuclear Radiation - Natural space radiation and neutremp alpha, beta and
gamma rays from primary and secondary power plants must be considered in
pmwer conversion un•. design if resistors and semicondetors are used.
Resistances decrease with releases of new current crthiers or my Lncream
with production of new scattering centers.

Shielding an selection of radiation - resistant components are measures
to be used to offset the effects of nuclear radiation. Semiconductors must
be protected from radiation. Recoomended components to be used include;
ceramic and subminiature tubes; ceramic, glass and mica capacitors; wire-
wound resistors, cerapic and other organic insulators and glass-bonded
mica connectors.

Mechanical Vibration - Power conversion units designed for space vehicles with
boost glide, low orbit flight profile, or restart capabilities may be sub-
Jected to frictional or combustion vibration problems. Otherwise, except for
the launch environment no serious electrical cr mechanical design problems
are contemplated.

Methods which will aid in overcoming mechanical vibration include speci-
fying the use of module type of packaging, particularly the solid or potted
types, selection of equipment with high mass-area and high stiffness-mats
ratios, requiring all free space in packages be filled with foam or denser
materials, and requiring that all suspension mounts be of the isoelastic
type.

Acoustic Vibration - Fluctuating sound pressure fields generated by rocket
engint-s during the launch boost phase are of primary concern to designers
of electronic components and other equipment for space vehicles. Of
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seeealary l rtance is boundary-layer turbulence. Acoustic stresses, which
would occur only In very exeeptional cases in spee, never approach the
Intmesity of those in the bocst #Mse.

Some of the average sound levels comonly associated with space vehicle
laumees are:

1. Payload and nose-cone electronics of ballistic xisslles and
boosters, 155 db.

2. Booster - and pods at sides of booster, 165 db.

Generally the same design methods used to dampen mechanIcil vibration
apply as countermeasures for eliminating acoustil vibration.

Acceleration - A potent threat to suspended unibs and elements during the
launch and boost period are forces resulting from acceleration. M•jor
sources of sustained acceleration for these converter uudts is booster
propulsion during launch.

Predicted sustained launch and boost accelerations for space vehicles
are 8 to 100 g's.

Here again measures taken to alleviate vibration problems will provide
good solutions for acceleration problems. In general, substitution of solid
devices and components for those in vhich dynamic balance or orientation is
critIcal will solve the problem.

Temperatur - The main induced thermal stresses affectilng components in
space vehicles are self-generated heat, frictional heating, and internal
gradients. Damage to components and materials can also occur due to thermal
shock at temperatures lover than the 800)F limited to the best items nov
available. Another formidable problem is posed by the internal heat expected
from vehicles with nuclear engines. Design will involve considerable effort
on radiation and conduction heat sinks since they are the most practical
methods of heat transfer in space.

Shock - The problem posed here, similar to that noted previously for mechani-
cal ind acoustic vibration, is one of severe stresses which occurs only
during the launch and boost phase. The difference between shock and vibra-
tion is one of degree. Shock cttn occur as abrupt chan--e in magnitude or
direction of velocity or in previously steady i-plied force. Levels at
which it will occur depend on the type of vehicle flight profile and condi-
tion and methods of packaging. Shock level of 25 to 50 g's can be expected
with booster separation ralsinz this to 200 g's for one to two milliseconds.
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APPROACM TO SYS= COOLI

THOUM WSAISM

adiation cooling of individual components has been e tedfr
consideration for prary cooling because of the hig ratio of area
necessary to dissipate the heat directly to the total exposed surface area.
Natural convection Is automatically eliminated from consideration due to
the zero-g-environent.

Conductive cooling Is considered for each of the converter and genera-
tor units and the mechanical designs have proceeded with this in mind. The
basic conducticm equstlon

L
indicates the prerequisites of efficient heat transfer (large l'). 7ese
prerequisites are:

1. Selection of material with high thermal conductivity, K.

2. Adequate cross-sectional area of heat flow., A.

3. Minimum heat transfer path, L.

The choice of material Is limited to a few of the better conductors
that have reasonable weights. The cross-sectional area is directly pro-,
portional to the weight of the conductor and this helps in determining this
limitation. The heat transfer path length, L, that the heat must travel
thus becomes a critical parameter in evaluating the success of conduction
as the predominant mode of heat transfer. Emphasis will be placed on high-
density packaging within the limits of electrical separation and component
replaceabi.ity while maintaining full flexibility and reliatility.

Figure 79 is part of the thermal analysis work accomplished during the
study and shows the weight of the cooling system (radiator, fluid, pumps
and piping). in lbsiKW of heat radiated to maintain different system opera-
ting temperatures.

Figure 80 shows a typical cooling system used for space applications
and is representative of the system considered for each of the converter
systems plus the high-frequency generator concept. It consists of pumps,
piping, cooling fluid, and a radiator. The major weight producing component
of the cooling system is the space radiator. In considering the design of
a minimum weight radiator, simultaneous consideration of many factors is
required. These include a variety of heat transfer problems, meteoroid
protection, and radiator geometry effects. Figure a1 shows some aspects
of the radiator desigzn considered in arriving at a total system weight for
the converter concepts and the high-frequency generAtor. Some of the basic
assumptions are listed. A copper coating was assumed to be used to dis-
tribute the heat evenly between the tubes. The odd shape of the meteorite
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&raw proteetitc affords a constant thickness of beat exchanger mterisi as
protec•ton for the tubes containing the coolant, regardless of the direction
of an eaterim meteorite varttele.

be mJr factor In 4eteum the sizes and therefore, weight of a

space radiator Is the ecoant outlet teaperature. Figure 82 shaos hbo the
radiator area per 1W of beat radiated varies with coolant outlet tespera-
tue. By vsing the fact that radiator weight is directly proportional to
its size and then addlz the weight of fluid, pumpe, and piping, the curmv
in Figure 79 was obtaineL It sbove the variation in total cooling system
weight with changes in coolant outlet teperature. 2his particular curve
is based c the use of OS-124 (Pol ther) as the cooling fluid. A
second curvz vas added to show the cooling system weight when a lightweight,
minium meteorite protection radiator was used. The weight of the heavier
cooling system has been used in all the analyses of this study because of
a desire to be very realistic as far as the cooling system weight penalty
is concerned. The trends in each case are the same.

By taking converter system weight and dividing it by the converter
system losses, a welght/KlW figure is obtained. The cooling system
weight/W rVa from Figure 79 and the converter system weight/lW r are
added and then multiplied by

Mi out where I t is the converter system efficiency at each temperature.
This gives the total system weight as a function of temperature. The weight/
W rd and weight/KW Lt figures are computed so that a transistor system

operating at 3 00OF ;a& motor-generator system operating at 800"F can be
compared on an equal lasis. System weirht versus tempe•ature re-ults for
the three converter systems are compare4 in the Stmury Section at the
beginning of the report. Curves showing the total system veight/W out as
a function of temperature for each frequency are included individual
section.

ANALYSIS OF P0SSI=t COOLANTS

Coolants have beer. considered for several temperature razges - 0o to
2000 C, 2000 C to 5000 C, an4 over 5000 C. A comparison of coolant properties
was made in these three temperature ranges and in shown in the tables
which follow.

Table 21 lists coolants considered in this study, along with some of
their general properties. Studies were limited to liquid coolants since
gaseous coolants for large paver systems require bulky transport systems
with resulting greater system weight. Among organic coolants the Coolanols,
Aroclors, 3ydrauls, and Pydrauls were rejected because of their poor radia-,
tion resistance. FC-75 (fluoro-chemical), water, and a water-ethylene
glycol solution were rejected because of their low boiling points. These
coolants would require a high pressure system : temperatures near 2000C.
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1~ter 0-20 Poor Corroalve, Lai
Boiuid Podat

Water-Eftumln 02180 0-M0 Poor Corrosive, Lo
Bdoi1Ig Poit*

7Cr75** 0- Godow Boilfrg Pt

I&MW0-2w0 Poor

Aroalcr 0I-20 Poor
Colawos 0-M0 Poor

Bin N -370Moo Good Hiuh Miltinw
Point

Moodo~olBipbetIy 0-200 Good Good Re '9=0endw

Dii~r l BIphenyl 0420 Good Good Recomnuded
OS-200-500 -Godd Good Recausended

Holton Salts 200-500 Nowe Good
Liquid Sodlum 200-500 None Good
Liquid Potassium 200-500 None Good
Sodium Pot~asim

Eutoetio Solution 200-500 None Good
Liquld Sodium 500 Noe Good Recomwxieed
Liquid Pot~asum 500 None Good Low Speciflg

Beat
Sodiw Pot~assum

Luteotic Solution 500 none Good Recotmiendea'
OS..124~* 500 ljzstablo

* Registered Trade Mark Nw*insetnto Chemical Company

M*Registered. Trade I-ark 1- Minnesota '1iriing & "aufacturing Company
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Polypbenyls, thus far, have shown the best radiation resistance of organic
coolants. Only monoisoprophyl biphenyl (XIP) and dilsopropyl biphenyl
(DIM) have sufficiently low melting points to be fluid in the OOC to 00Wft
range. XIS was chosen as a typical coolant for further consideration In
this tewperamt- range.

In the 2000 C to 500 0 C temperature range only 0S-124, among the organic
coolants considered, has sufficient thermal stability and a sufficiently
high boiling point for use to 5000 C without undue pressurization. OS-12
is a iixed-iscaueric rolyphenyl ether with the best thermal stability and
widest fluid temperature range of any organic coolant. The li•uid metal
eutectic solution of sodium and potassium (NaK) was also considered for
use in this temperature range.

Above 5000 C the only coolant given serious consideration was eutectle
NaK. It is possible to use 0-12k at temperatures near 600ft for short
periods of time but NaK is a better candidate as a coolant for tempera-
tures above 5006C. Liquid sodium has much better cooling properties than
eutectic NaK, but the eutectic has a wider fluid temperature range.

Other organic coolants are being developed which will have better pro-
perties than MIEB or 03-12k, but information is limited and mostly unavail-
able. Organic coolant characteristics are shown in obie 22 with oher
inorganic coolants shown in Table 23.

Table 22 shows a variation in specific heat oi wo to one for the
organic coolants over the temperature range of 00 to 1,0000F. Inorganic
coolants have considerably less variation as shown in • 23. For
analysis purposes, the following specific heats are uisd In tnls study:

NIP! 0.464 BT4/IB - F at ' W~

0S-124 0.5 BTL/LB - F et 5WYF

Eutectic NaK 0.21 BTU/I - F PA.I 7500?

Each is assumed constant so that charts showing the development of fluid
flow rate versus temperature rise for the coolants may be developed.
These curves are formulated from the basic heat flow equation:

V,= A Tf
I ;i. fT

where
Qwe heat absorbed by a fluid

Wf = fluid flow rate

Cp = specific heat of fluid

ATf = temperature rise of fluid
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PWPfLO?=TE OF OXAZ4IC 000LkIU8

DL'i3ITY CJI ON~A1 7APH PIMMU- n
EB DIPB DS..-ig IXzPB D..•, XM,•]2 DIS M-OS.f2

0 1.015 0.990 - 0.371 o 33- - - -
80 w 1.2C& - - -
100 0. 0.9n 1.187 0,418 o.,•3 0,.8 - - -
200 0.932 0.908 1.143 0.4•o 0.476 @.hO 0.55 0.21 -
210 go.])i1 - - - - -

300 o.89o o.867 1.0oo 0.512 0.522 0.432 9.5 3.9
4wo 0.81&9 0.825 1.057 0.557 0.568 0.1.65 75 32 40

500 o.8o8 6.785 3.. o 1 *6oI. 0.6o14 o.496 370 170 0o 7
60o 0.765 0.743 0.971 0.649 0.660 0.528 1300 610 %.3
l00 0.725 0.703 0.926 0.697 0.7o5 0.560 5.3at 1850 26
800 0.680 0.660 0.880 0.742 0.750 0.5933.2at 16.6at 103
900 - - 0.833* - - o.6 - 330
1000 - - 0.783* - 0.660 - - 900*

* Extrapolatlow* 6&F at - Atmospheres

___, _ DM. MWPB DI:M 02412

4-felting Point (16) -s -4
Boiling Point Of) (760 = of Hg) %3-572 o.0>6 92
Flash Point OF) 315 340 550
Fire point M~ 340 365 660
Thezrma Stability (OF) Isoteniscope 8 8 &3
Autoignition Temperature M(80i50)3

Thermal Conductivity (BTU/Hz-FtPF) .070o .68 .oX68
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TABLZ 23

PROPERTESS OF INOI•GNIC COOLANTS

DENSITY HEAT 01 wm
TMATUE per cu. ft.) (BTU/#:F) (_/_ .F.:)

_ _.... ..... .. . . .. .... .P t. iV )
"C OF _ A __- NA , aK NA Nl

0 32 m0.238
10 212 5T.9 52.9 0.3305 4;9.71 1;
10k 21;- aaa

170 3* - - - - - -
200 392 - - 0.0 o.217 7.10 -
250 482 55.6 50.6 - a a

572 a a a 13.76 a

4eo 752 53.3 48.1 0.3055 0.210. 11.15 15.4
932 1 a 38.61 -

550 1022 51.0 16.1 a - a -
600 - 0.2998 o.209 1 a

700 1292 ;8.7 1&3.9 -' a a

800 1472 - - 0.3030 0.213

OTR DATA NA NOX

Melting Point 20) 12
Boiling Point at 760 ma of Hg. 1621 i443

*•1a- Eutectic Solution (22% NAs, 7%K)

Data from Reactor Handbook, Vo.ume ?-Engineering; Chater 2-2. Table 2.2.1,
Pages 256 and 257; declassified edition published by Technical Informatlon
Service of United States, AEC, May, 1955.
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AnssIM the heat flow and specific heat constant, the variation of
temperatwre rise with fluid flow may be plotted as a logarithmic curve or
"as a sltag line curve on log-log paper. Figure 83 is a fluid-flow-rate
versus fluld-temperature-rise for various values of heat fl.ov for OS-.04.
From this curve, when the required heat rejection of sny component is known,

the embinatlons of possible coolant flow and temperature rise may be
quickly and easily datermIned.

On convection temperature drop across the bouniary layer film between
a heated surface and the coolant is also important. Expressions for this
drop are derived from a similar heat flow expression.

where
h - convection film coefficientC

As = convective surface area

AT w temperature drop through convection film

defining Q = A, the above equation becomes

If nonboiling, turbulent forced-convection of organic li uid coolants In a
cylindrical conduit is assumed, th3 film coefficient (he) may be det ned
from the expression:

NPA4- 0.023 8 Pr
h D

where N. = Nusselts' number =
k

Reynolds' number a DO

P = Prandtl number = C/
k

he w film heat trinsfer coefficient

D = conduit diameter

k a fluid thermal conductivity

0 fluid mass velocity Wf/ (ir D2/I4 )

P a fluid viscosity (absolute)

C a fluid specific heat

im ra s m mmmemp
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Figure 83. Fluid Flow Rate vs. Fluid Temperature Hise of OS-12b
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SubstItuting the relationship for N

D

Frm Reynolds' number and the definition 0, the diameter (D) is:
I•vf

D0 -Re

Substituting for D in the equation of h gives

.o0181k (R1).8Pr).

The terms k,./4 , and Pr are properties of the cooling fluid and are constant
for a given type of fluid and temperature. Defining - as a constant which
includes k,,. * Pr, and the numerical values of the equation, the above equa-
tion becomes:

If the same conditions are imposed on the liquid metal coolants as Imposed on
the organic coolantsp Nusselts' number for the liquid metals can likewise be
obtained. In a similar fashion, the film heat transfer coefficient can be
obtained.

JRMSFOU4 COOLXl

Because the numerous variables in transformer design are dependent on a
particular design and/or application, only generalized cooling requirements
have been considered. Transformer weight usually runs about .1 pound per cubic
inch and convective heat dissipation from cooling surfaces gill normally vary
from 2.5 to 3.5 vatts/sq. in. Where cooling is available from external sur-
faces only, the overall A T between transformer hot spots and coolant tempera-
tures is normally about 200°F. 7his mxy be reduced to 700-800 when the coolant
is ducted between vindings and directly along the core surfaces. For the
larger units internal cooling ducts have been considered.

Figure 84 represents a cooling concept for each of the large trans-
formers considered in this study. Coolant ducts rise upward through the
windings and connect a lower cold-plate reservoir to the upper cold-plate
reservoir. The coolant fluid is circulated in one side and out the other
side to remove the excess heat resulting from losses in the transformer core
material and Its I2R losses in the conductors. Heat sink material of both
metal and conductive epoxy can be used to conduct the heat to basic structure
and away from the transformer. In the case of transformer cooling, maximum use
of the mounting shelf can be obtained by using the shelf as a heat sink.

The need may arise for isolating the transformer from the other system
components, if it operates at a hi(ner tempertture than the other components.
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2hi iaolatioan can be a.4eved by bonding an insulating sheet of mvyar or
glas fiber to the inside of the transformer case to serve as a beat shield.

?zuas/stors Junction temperatures must be kept within certain lits
to preveat failure and thermal runaway. In a space environment the only
mcd of heat transfer is radiation., either directly from the transistor or
from a beat sink to which the transistor is thermally coupled. lhe surgae
an& of a transistor is fairly small and can onry provide a few md"lwatta
of direct radiative power whereas most high power transistors must dis-
sipate over oe hiunred watts. Therefore, the problem resolves itself Into
an Investigation of the thermal path between the transistor Junction and
the beat sink and makin the thermal conductance as high as possible.

For yvrposes of a cooling analysis, it is assumed that all transistors
will be mounted on a heat sink material which is part of a heat exchanger
(cold-plate). Thermal design will consider thermal drop through electrical
inm1atilou, allowable Juncticn temperatures of the transistors, and internal
beat flow from each device -o the heat exchanger. Figure 85 shows how a
Weal power transistoe will be mounted in a heat sink. Two thermal paths

are avalbnle: One from the case, through the top washer, to the hear sink
and the other from the case through thb. stud and nut, through the bottm
waser to the heat sink. Botn paths are essentially in parallel.

The net thermal resistance desirably should be as low as possible.
However, it Is often necessary that the transistor be electrically insulated
from the sink. This means that some sort of device, such as a washer,
mst be used to provide good thermal conductivity while serving as an
electrical Insulator. Further, if washers are to be used, they must have
good mechanical properties to resist cranking when the nut on the transistor
Is tightened during mounting. Materials satisfying these specifications, to
A greater or lesser degree, are beryllium oxide, mica, and aluminum oxide.

Figure 86 illustrates the increase in thermal resistance between the
traasistor case and the heat sink in a vacuum as compared with the resistance
in air. In a vacuum the only mode of heat flow between the surfaces is con-
duction through the few discrete contatc pol,.cs; in air there is also the
possibility of heat convection between the surfaces of heat conduction across
the narrow air layer. The presence of a vacuum thus tends to amplify the
cooling problem.

The increase in thermal resistance is due to the fact that surfaces
are not perfectly smooth, and actually touch at only a limited number of
points. The remainder of the space is nonconducting vacuum. Variables
affecting the contact resistance include the pressure between the two sur-
faces, the smoothness of the surfaces, the materials themselves, and the
possible addition of greases, solders, or some soft materials to fill the
empty regions between the surfaces. Figure 86 illustrates the effect of
surface pressure on contact resistance. The thermal resistance decreases
linearly with surface pressure. The limiting factor in this case is the
amount of pressure that the washer can withstand before cracking.

1.72
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Figure 86 Illustrates the effect of using foils along the interfaces of
the BeO rashers In a vacuu environment to fill the void between the heat-
conduction materials. In each case, a foil washer with the same surface
dimensions as the BeO vasher was placed between the transistor case and the
top washer, between the top rasher and the heat sink. and between the bottom
washer and the heat sink. The graph shows that the use of aw of the three
Interface materials lowered the thermal resistance from case to heat sink.
Th•iwui foil, however, proved most effective and lowered the thermal resist-
ance to 0.61 °C/vatt, approximately 1/8 of its value without interface
material. Another method of reducing thermal contact resistance is to
solder the surfaces together.

Generator Cooling - *any variables also enter into the thermal design pro-
blem for the rotary generator and converter concepts. Liquid coolant is
considered in the cooling system design at temperatures between 500 and
1,1000F. Stator cooling will be provided by ducts in the outer periphery.
'"his system places the cooling fluid adjacent to the Iron hot spots. Mhe
iron surface temperature referred to in the data tables is the temperature
of the iron adjacent to the cooling fluid. Te cooling fluid temperature
will be less than the surface iron t -:mperature by an amount depending on
the coolant used in the system and the fluid flow rate in the ducts.
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Ike frqmuaeis consdlered for this study were 50 to 200 K for the hih
usey merator and 50 to 80O = for the frequency converter vnits.

Ave*re coolant tempertures used in the design studies were in the 200 to
1,10007 zane. Jor determinants in the selection of magnetic materials for
these colditions are the core and other losses at the design frequency and
operatiag temperature, usable flux density at the design temperatures, and
Curie point. Aspects of these determinants will be discussed in the section
which follows with specific materials to be discussed later in this section.

Mw size of an electromagnetic device is directly related to the allow-
able flux density of its magnetic material. A masetic material may have
sma]] core losses, but due to its low saturation flux density, a very large
volume of material may be required to generate appreciable voltages. On the
other hanbd, a magnetic material may have a very high saturation flux density,
but its core losses may be prohibitively high. As an example, molypermalloy
powdered cores have low core losses, but can carry only about: 4,000 gauss of
flux while oriented silicon steel laminations have much higher core losses,
but can carry about 18,000 gauss without reaching saturation. It can,
therefore, be seen that reducing the flux density in a design in order to
reduce the core loss or to make possible the use of a material having lower
losses my result in significant weight increases for a given power level
and frequency. The wide range of maximu flux densities for various magnetic
materiels Is shown on Figure 87.

At power frequencies the designer would ordinarily choose that material
Vhich provides the highest flux density, since less iron and copper are
required and light velght can be achieved at high efficiencies. Me effici-
encies are high at power frequencies because the core losses are small'
compared with the total power output of the device.

A survey was made of the maximum flux density of various low-loss
magnetic materials over the 100 to 8000 c range. The results of this survey
are shown In Figure 87. As can be seen in this figure, there is a de-
creasing maximum flux density in going to high temperature operation.
Oriented-silicon steels are best for flux capability with low-loss ferrites
being extremely temperature limited.

Losses In Ferrmagnetic Materials

The core loss In a magnetic core is commonly divided into the eddy
current loss, the hysteresis loss, and the residual loss. Eddy current
losses are induced by varyinr ma.gnetic fields in ferromagnetic materials
(which are generally good conductors). On the other hand, hysteresis
losses are due to the fact that all of the er.ergy stored in a magnetic
material ic not returned to the circuit when the field is collapsed. Part
of this energy is converted into heit in the rocess of aligning the domains
in the ferromagnetic material. L-' 4he r#r.etizttt:on is carried through a
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complete cycle of a maenetomotive - trce, -no hysteresis loss is proportional
to the area enclosed by the familiar B-H loop. Comparative B-H loops for
Ortboml, 48 Alloy, and BWJ 80 are shown in Figure 85. It can be seen from
a ecmulion of the areas covered by the loops of these materials that RD
80 has the lowest DC hysteresis loss. MYU ýO retains this advantage at
hih frequneies VUl.

All ferroMgnetic material losses that canrot be attributed to either
eddy current or hysteresis losses are classified as residual losses. The
origin of these residual losses is not completely Jmown, but they are
assoclated with such phenomena as dora.aIn "wall relaxation and domain wall
resoemce.

Even at low flux density applicasions, the residual losses contribute
a large portion of the total core losses in ferrite mnaerials. The rapid
Increase of residual losses with frequency as the ferro-Inetic resonance
is approached, results In an effective upper frequency imit, for any given
ferrite Material.

The calculated power loss in ferromagnetic care subject to an alter-
nativg magnetizing force is the sum of the hysteresis and the eddy current
losses. This power loss c&n be written:

Pc = hysteresis loss + eddy current loss

X K2 ft2B2 M4x
= K-lhfBa Jr

_ax r

where h = hysteresis loss coefficient

f - frequency in cycles per second
BBmax a maximui flux density in gausses

X - hysteresis loss exponent

t - thickness of core laminations in mile

r = resistivity in rcrohm-centimeters

It can be seen from this equation that the eddy current loss can be
reauced by reducing the thickness of the material or by going to a mAterial
having a higher resistivity. Figure 89 shows the effect of increasing the
silicon content of electric steels on core loss, resiszivity, and coercive
force. The reduction in core loss is seen to be Froportional to the silicon
content. The hysteresis loss which is proportional to the coercive force,
is also reduced by the increased silicon content.

As shown in the first term of Pc' ,te hysteresis Ic ;s should not vary
with thickness, but actually this loss does vary to sore extent due to
differences in processing treatments. Also, the eddy current losses for a
given grade do not vary exactly as the square of t- hickness in the
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thinner gages, but better agreement with the eddy current term above Is bad
in the thicker gages. The effect of grain size and boundary conditions em
minor thickness variations as vell as slight differences in sil•cc content
are among the major factors causing this discrepancy.

The hysteresis loss is shown by the first term to increase linearly
with frequency while the eddy current loss increases as the square of the
frequency. As a result, although the hysteresis and eddy current losses
are of the same order of magnitude at 60 cycles per second, the eddy cur-
rents at high frequencies are the major factor in determining the core loss.
It is interesting to note that increasing temperature results in a small
reduction in hysteresis loss. This is due to the fact that the saturation
flux density and the coercive force are reduced as the temperature goes up.
In the audio frequency range (500 to 15,000 cps) both the hysteresis and
eddy current components of core loss become important and moderate magnetic
flux density is required to reduce losses.

Above the audio frequency range, however., the eddy current component
of the core loss becomes of primary importance not only to reduce core
losses, but also to reduce the skin effect produced by eddy current shield-
ing. Since the flux density in the ferromagnetic material is usually re-
latively large, and since the resistivity of ordinary electric steels is
not extremely high, the induced eddy currents may become appreciable if
means to minimize them are not taken. The eddy current loss in this case
is of considerable importance in determining the efficiency, the temperature
rise, and hence the rating of the electromagnetic device.

In addition to creating heat losses in the magnetic material, eddy
currents screen or shield the individual sheets of magnetic material frcm
the magnetic flux, and bring about a higher flux density near the center
of the lamination than at the surface. The total flux tends to be crouied
toward•s the center of the laminations, and the effective cross-sectional
area of the magnetic material is reduced.

Core Loss Versus Frequency

The effect of operating frequency on core loss is shown in Figure 90.
It can be seen here that the use of conventioaa) oriented silicon steel
material would result in comp,.ratively high losses at 200 KC unless
extremely thin laminations are used. The superiority of HYIMI 30 is evident
in these figures with respect to other low-1oss .mterials. If thin steel
laminations were used, the core losses could be reduced to levels approach-
ing that of the ferrites without their disidvantage of a low operating
temperature and flux density (see also Figure 91).

Hysteresis loss

The hysteresis loss can be made snill by the use of a .nterial which
has a hysteresis loop of smill ,a.rea. "tnou h these loops would broaden
out at higher frequaencies, the relaive adv'ntiý;e of HYMU 30 (and super-
tralloy) would continue to exist over m,-re conventional materials such as
48 Alloy.
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imr DM A- Air . -1

COeI lss 40At for high, teprt s sandlow femn Ieis aw4.ablexe
but not mbh InfrmtIon ti a'miable an expected coe losses is high•.

temeraurP big-frOPMOsn &eVUSS- FIVIS the report Of A reVIous etuly
it Is Indloetel tWh eor losses at 5OC ara reanced to about 60 per, "nt
of room tep tu m s for various laminted cowe sh•s. dhis -ria-
tia did not epmx to be a funetion of flx deinsity.

-go core oss verss flx density and core loss versu tmerature
urves at the low frequencies and high tebupwtwes are shn :in Figures 924

and 993. TW effect Of tGmPTrtW* on total ;,are lose (Including both *W
current and hysteresis 1oss) at 1I fCItRequncy Is shown IS Flaw*e 93A.. Za
generals the cone loss for both BDM 80 van suapermallay drops off steadily
with increasing temeraure The significant reduction in care loss in
going from MW 80 to Is obvious from this data, but as shos
in 1gm 93A supemal Is both temperature and flux density Im ited.
Figure 933 Indicates that ainfcn loss reductions are achieved by goinig
frm two mil to Moe .l materials and that even greater reductian sould be
achieved by usn 1/9 ill or less lUinatios•s

Owe vill have to be estibited to insure that operating temperatures of
both t9a n srmers and generators will not eceed the Carle point of the
imgnetic materials, The flux d4nsity value at vhich magnetic materials
becoam saturated dcreases until at the Curio temperaturoe approximately
7,00C for sillcon, steel, It Is totaly nonmagnetic.

e, range of maxivm flux density for various getic materials an&
the corresponding Orle points for those materials ar sho In Figum 87.
The boundarles of these Intersections point up the fatt that lreasifng
flux density Is accompanied by generally higher Owrie pointas

he Iron loss data used in the various generator designs covered in
this study Is ohm on Fig0e 9k. These curves represent the best esti-
mated from data available for the vaterials considered at the time the
design calculations were Pertormsed

It can be sen from this limited data tat the use of ,onventioal
oriented silicon steel material would result In oo ratively high lassos
at 2W0 I0 unless extremely thin laminations are useds T'he supouiostty df
ZT)M1 80 over other materials is evident In these fI•wtes with respect to
other lov.loss materials. If thin laminations are used, the eoae lossos
can be reduced to levels appoaching that of the tfrrites.

Loss calculations in this study have bean bas•d on iAta tfrom these
curves@ Bofors deta led conver•er and .enertaro deotgns f'or the high.
frequency rangve specified in this study cAn be completed, It will be
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to perfam additionls experiments to determine the um itude of
acti er ms es • to be enontrd

Belecti of mpetic cen material for the finil ta o r and
Genertor desin will be based an standard design citeriov with the addi-
tiom1al suent o stability of the magnetic properties in the specified
euwi~mBt. aned on Clrlie temperstares, cobalt alloys mist be used If
the Mprae eomcnents are to operate at the maxm tmperatre of 1,.5000.
3b a l,#000Yangp the choice is between Niperco 27 or l1perao 35 with
iperoo 27 bet favored. If the m=xzi. temperature of transformer opera-

tion Is United to 1#0000F, oriente-sil- on-Irn Is recomndaded as the best
material. Silico 1-irt ban been used In the tnsfrmr desig
calulatIons with MW 80 belng considered for the high-frequeney output

GFMMATOR XATMUIIA

Nousif-lo carbon steel

Stator - MW 80 or Alloy 48

Rotor - Nickel-maragi•g steel

Windings - Nickel clad copper, or ceramic coated copper
for high temperatures.

Insulation - Ceramic slot liners or mica sheets backed
with glass cloth.

TRADISFVRM MATERIALS

Cores - Silicon-iron (low frequency)

MW 80 (high frequency)

Windings - Nickel plated copper

Insulation - SynthaIica asbestos compound

ROTOR MAGMEIC ."ATF2RIAI8

Mechanical strength, as well as high saturation flux density, is an
important consideration in the choice of manetic materials for the generator
rotor. Mechanical strength is of special importance since the centrifugal
force at a design speed of 24.,000 rpm is very high, and the use of material
with a high yield strength at the design temperitures is essential. The
wide range of saturation flux densities 3nd yield •rengths for various
magnetic steels is shown on Figure j9. As a general rule, the harder and
stronger the steel,, te higher its coercive force and the lower its
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saturation flux density. It should be nozei, however, that the 18 nickel-
maraging steels (recent de-elom-ent) have very high saturation flux do'tnety
despite their higher yield strengths.

Since the magnetizing force is essentially constant unde constant
generator load, solid steel rotors are reccmaended for use in this desIgn.
2he matter of low eddy current and hysteresis loss is of secondary con-
sideration in the rotor. For this reason, a survey was made of ccmmercial.
available materials having reawnAbly high yield strengths and naturatiM
flux densities. Mhe survey of materials is shown in Figure 95. In general,

"it can be said the materials having a high saturation flux density have &
relatively low yield strength, and materials having a high yield streqgh
have a low saturation flux density. Miterials having both a high yield
stregth and a high saturation flux density are limited.

The Eiperco's and the Permendurs were eliminated from consideration in
this study because of their long half-life when exposed to nuclear radlation.

Both AISI 14130 and 4340 are low-carbon, lov-silicmn steels that have
found considerable use in the past for rotors. Of these two alloys, 4340
has somewhat higher yield strength at a slightly lower saturation flux
density than 14130.

The one per cent Chromium low-carbon steel looks like an especially
promisinj rotor material since its yield strength even in the annealed
condition .i high, and its yield strength in the hardened condition is
almost double that of the ordinary steels used for high speed rotors.

Effect of Ambient Temverature on Yield Strer!"th - In evaluating magnetic
materials on the basis of their yield strength, the effect of ambient tem-
perature on yield strength must be taken into consideration. As indicated
on Figure 96, the 18 per cent nickel-maraging steels have a very high yield
strength, but are useful over a smaller temperature range then either the
low-carbon steels or Westinghouse Nivco-lO. The corresponding usable tem-
perature-yield strength range for other high strength materials is also
shown on Figure 96.

WINDING MATERIALS

Conductors and conductor insulation for the transformer and generator
windings at three perforT.ncc levels, 5000F, 1,CCOOF, and 1, 5COF were con-
sidered. Several insulations are arailable at ,he lcwer levels, but the
choice is extremely limited at the !,530 0°F level.

500"? Insulatee Conductor System - Copper and 'It.ntm conductors are
available for use in transformer and generators. i(r equal current-
carrying capacity, the voluxne of copper is less than -hat of aluminum.
Aluminum electrical Joints are fabricated more easily now t!an pre-
viously, and aluminum can nvw be hndled quite easily.
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1000? o nsrulated Conductor System - At the higher temperatures, copper
onmdatos mist be protected by a coating of oxidation resistant metal

swh as nickel. CladdIng has the disadvantage of reducing the ean-
&-stivity of' copper, especially at the higher frequencies. Inorgate
Insuetions ust be considered at this temperature with special atten-
t:ilc given to assembly of conductors and Insulation.

1 S C- Stainless steel cladding or plating
over copper appears to be the most suitable conductor design for 1,5000?.
Refractory oxides appear to be the only insulations available for use.
Fabrics and papers will probably be used as inter-layer material and as
wrppings.

M Wire,- Mkgnet wires intended for use at elevated temperatures (as high
&5-6 )-and in intense nuclear radiation have been the subject of much
industry.research. The discussion which follows concerns several of the most
available magnet wires.

In order to maintain reasonable conductivity, It is necessary to employ
copper or silver. However, these metals must be protected from the oxidizing
effects of the atmosphere. This has been done by the use of nickel cladding
over the copper or silver. This technique works well up to about 400C for
copper. At higher temperatures, nickel can co-diffuse into the copper re-
sulting in loss of conductivity. By comparison, solver and nickel do not
exhibit harmful co-diffusion even at temperatures approaching the melting
point of the silver. Stainless steel has also been used as a cladding over
copper, and is useful up to 50000. 7he size of the wire needs consideration
Sn the choice of the conductor construction since diffusion proceeds in equal
thicknesses of layers. Thus, fine wires exhibit marked loss of conductivity
while large wires change slowly. Pure copper suffers from severe oxidation
when expcz~ed during high temperature insulation cure cycles and when exposed
to chlorinated silicone coolant fluids.

Nickel MM, Nickel Plated, and Stainless Steel Clad Aires - Nickel clad wire
is a very acceptable material for use in stator windings operating up to about
9O&?Y. However, there are problems associated with the use of nickel plated
wires. The diffusion of the nickel and copper can cause a permanent change
in the reeictance of the material, particularly above 5000C. Coating elonga-
tion can also cause problems; for example, winding under excessive tension
can produace a break in the coatine and expose the conductor. Nickel plated
wire offers little protection %minst oxidation.

Stainleam clad copper or nickel clad copper with a ceramic-silicone
coating is potentially useful where the operating temreratures do not exceed
750 to 840O1. Stainless steel clad copper wire shows unusual DC resistance
stabil•ty even after exposure for 1,0OW hours at 1,1000F. Unfortunately,
electrical properties of this type of wire deteriorate rapidly at this
ambient temperature.

Silver Cd COjer and Silver 'dire - Silver clad copper wire is unsatisfactory
for high tempernture use since silver will migrate into the copper at elevated
temperatures. Silver wire Is more exoensive than other forms of wire, but has
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the advantage of good electrical conductivity at high temperatures, is ductile,
and Is readily Joined by welding.

Ceramic Coated Copper Wire - Phelps Dodge manufactures a high temperature

magnetic wire known as ceramic-eze, which is available in round sizes from
18 AWG through 36 AVG. This is a flexible, windable, abrasion resistant
wire for use at temperatures up to 6500C. The total film buildup is on the
order of 0.3 to 0.7 mils on all sizes of wire. The standard product is a
72 per cent copper, 28 per cent nickel clad conductor having a 72 per cent
conductivity. For applications about 1,O000 F, Phelps Dodge can furnish a
20 per cent nickel-clad silver conductor with their standard ceramic-eze
coating. Ceramic-eze magnet wire has excellent chemical resistance. Acids
and alkalies have no appreciable effect.

This insulation is also completely insoluable in water. Because the
insulation is not completely vitreous, water will be absorbed on the surface
and tenaciously held. For this reason it is recommended that the stator
encapsulation system have a completely vitreous surface.

Glass-Served Copper Wire - Glass-served magnet wire employs a serving of
glass fiber impregnated with inorganic binders and fillers. The Insulation
system consists of nickel plated copper wire covered with two layers of
glass fiber. The composite is passed through a suspension of powdered mica
and a phosphate solution and fired at 4800 F. When suitably formulated, the
insulations resistance is equivalent to that of glass-served organic-coated
wire.

Another glass-served system suitable for use at 930°F consists of two
layers of glass impregnated with silicone resin. The silicone provides
strength for winding and is subsequently volatilized by heating four hours
at 9300F. This tends to make the glass somewhat fragile; however, if it is
properly supported in the stator coil, it can remain undisturbed during
mechanical stress. The glass serving adds about eight mils to the conductor
diameter, and is compatible with most base conductor materials.

Mignet Wire Insulated with -G!3s Fib'er %-nA.? Or--,anic Eonding A-ent with Dis-
persed Ceramic Filler - The insulation consizts of' )rne or more servings
bonded with a varnish in which ceramic or zlass powder is ;horoughly dis-
persed. The conductor is copper-core with an oxidation rrotective cladd-
ing. The varnish is completely furitive when heated suffl•ieatly. The
ceramic or glass filler can then be fused or sintered to inn,'rove the mechan-
ical and electrical characteristics of the insulation. This type of wire
has a thermal rating of 650°C, and is available in round sizes 12 to 30 AWG
with single or double servings.

INSULATION MATFMIALS

Transformer and generator insulation is required to insulate electrical
circuits from each other, from mechanicl2 structure, tnd from the magnetic
circuits. Two types of insulation %re considered: A major insulation to
provide electrical insul-tion, ind i :iinor insulation whose function is
mainly to add mechanical strem:.h to the component.
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the advantage of good electrical conductivity at high temperatures, Is ductile,
and is readily Joined by welding.

Ceramic Coated Copper Wire - Phelps Dodge manufactures a high temperature
magnetic wire known as ceramic-eze, which is available in round sizes from
18 AWM through 36 AVG. This is a flexible, windable, abrasion resistant
wire for use at temperatures up to 6500C. The total film buildup is on the
order of 0.3 to 0.7 mils on all sizes of wire. The standard product is a
72 per cent copper, 28 per cent nickel clad conductor having a 72 per cent
conductivity. For applications about 1,O000°F, Phelps Dodge can furnish a
20 per cent nickel-clad silver conductor with their standard ceramIc-eze
coating. Ceramic-eze magnet wire has excellent chemical resistance. Acids
and alkalies have no appreciable effect.

This insulation is also completely insoluable in water. Because the
insulation is not completely vitreous, water will be absorbed on the surface
and tenaciously held. For this reason it is recommended that the stator
encapsulation system have a completely vitreous surface.

Glass-Served Copper Wire - Glass-served ragnet wire employs a serving of
glass fiber impregnated with inorganic binders and fillers. The Insulation
system consists of nickel plated copper wire covered with two layers of
glass fiber. The composite is passed through a suspension of powdered mica
and a phosphate solution and fired at 4800F. When suitably formulated, the
insulations resistance is equivalent to that of glass-served organic-coated
wire.

Another glass-served system suitable for use at 930°F consists of two
layers of glass impregnated with silicone resin. The silicone provides
strength for winding and is subsequently volatilized by heating four hours
at 930°F. This tends to make the glass somewhat fragile; however, if it is
properly supported in the stator coil, it can remain undisturbed during
mechanical stress. The glass serving adds about eight mils to the conductor
diameter, and is compatible with most base conductor materials.

Magnet Wire Insulated wlth Gl.ss Fiber a.nd 0-, anic Bonding A-ent with Die-
persed.Ceramic Filler - The insulation consizts of' one or inore servings
bonded with a varnish in which cerunmic or glass powder is ,.horoughly dis-
persed. The conductor is copper-core with an oxidation I"rotective cladd-
ing. The varnish is completely fu~itive when heated sufff,!rieatly. The
ceramic or glass filler can then be fused or sLntered to •m• rove the mechan-
ical and electrical characteristics of the insulation. This type of wire
has a thermal rating of 650 0C, and is available in round sizes 12 to 30 AWG
with single or double servings.

INSULATION MAMMALS

Transformer and generator insulation is required to insulate electrical
circuits from each other, from mechanic., structure, Lnd from the magnetic
circuits. Two types of insulation ire considered: A mijor insulation to
provide electrical insul-tion, mnd A rninor insulation whose function is
mainly to add mechanical strer4;twh to the component.
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rpersul 2200 F Tipersul 2200 F Silicone Silicate 2000?7
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Synthaames, 1550 F 3111co Ceramic-.
Silicic Acld 2000 F
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Oxide Nuteetic 1000?7

ca1000 F Steatite at High
volt 1000 F

"kphnos 1000 F

4ca..Flakes- Silicone Micarta 500 F Silicone 500?r
Silicone Bonded 500 F
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-Durg the processing of the core steel, a m s 3111cate is

e4 an the s l suface. h of the steel has an additional phshte
type eostUig formed on it for greater insulation strength. These coatings,
althouih very thin$ are of high resistance, and are bard and abrasion resas-
tant. Mhey have the further advantage of extreme heat resistae and
stability, and a smooth surface for handling ease.

hkture. Oxide Finish - The low loss magnetic materials, such as supe oy,
no M7, and Alloy 49 are composed of high content nickel alloys, and inter-
laimntion Insv2ation can be achieved in the ordinary processing of these
materials in the form of a natural oxide finish. A thin coating of Sterling
5.678 red core plate would provide additional protective material and reduce
the effect of aging on core loss and excitation current.

Bonin of Stator Stack Laminations

Adhesives can be used to bond the ultra-thin stator laminations together,
but they are too thin for any other type of fastening. Thermo-setting resin
compounds are available which cure without the application of pressures, and.
which provide a strong bond between the surfaces while at the same time form-
ing a dielectric layer between the parts they bond. A good example is
Colhbia Technical Corporations AC-523 adhesive which is rated for up to
3500 C application. This material can be applied to the laminations over the
oxide or varnish coating which provide the primary insulating coating.

Another type of material for bonding is an inorganic coating-cement
composed essentially of ceramic fiber bonded with an air settirg temperature
resistant binder. It can be applied as a paste or by spray, dip or brush.
The material has excellent thermal shock and has a rated use temperature of2,3000.,.

Enca~sulation of Stator

The stator of a high-frequency generator will probably consist of low-
loss high permeability laminations of from one to two mile thickness. Dis-
tortion is undesirable physically, but more important, it ruins the magnetic
properties of the core. Slot windings must be rigidly supported in order to
prevent conductor abrasion. For this reason the stator must be properly
potted and encapsulated in the housing.

Pott i i and .meddira ComPaun~d

Several air drying cements can be used for potting snd embedding the
stator at temperatures well over 930 0 F. ?'hny of these materials were ori-
ginally developed as high temperature thermal insulations for furnaces and
thermocouples, but they can be u5ed to electrically insulate and protect
stator windings at high temperatures. Air (Lying cements are quite porous
and tend to absorb moisture, but this would not be a great problem in a
generator that is continuously operated ut high temperature. The problem
can be minimized with a suitable glaze or cement.
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Pision-Bonded Insulation Sygtem

The stator can be protected against the high operating temperature by
costing or bonding the coils with an inorganic material which is sintered

{ or bonded into place. The bond obtained with fusion bonded inorganic
materials is better than that obtained with other high temperature materials
and is most nearly similar to that obtained with the lower temperature
plastics.

A process developed by Westinghouse Electric consists of the following
steps:

1. Coating and/or potting the components with a porous material con-
taing reactive components. This material is applied to the
stator during winding as an interlayer coating and/or impregnated
into the winding from a slurry, or solution.

2. Vacuum impregnating the stator assembly with certain glass com-
positions at high temperature. The best impregnants evaluated
to date are a lead oxide-boric oxide eutectic (88PbO - 12 Bi 2 0 )
which reaches sufficient fluidity for vacuum impregnation at
about 1,1600F, and a lead oxide - bismuth trioxide eutectic
(72 FbO - 28 Bi 2 03 ) which reaches sufficient fluidity at about
1,2500F.

3. Heat treating the assembly until the impregnant reacts with the
potting compound and the internal inorganic insulation. During
heating, the composition of the impregnant changes so as to
improve the physical and electrical properties of the insulation
system.

Phelps Dodge has developed a synthetic mica-aluminum phosphate encap-
sulation system that has performed satisfactorily at temperatures up to
112000F. This system requires a vitreous coating to be applied to the en-
capsulant in order to provide an overglazed surface.

RADIATION RESISTANCE OF CONVERTER COMPONENTS

The radiation tolerance of generating system materials and subcomponents
has been investigated in previous studies. The investigation was conducted
through a literature survey of reported radiation effects on generating
system type of materials. This study was hampered by the fact that most of
the radiation testing of electrical components has utilized standard, off-
the-shelf, low temperature equipment. Available data for high temperature
equipment is limited.

A portion of the radiation resistant material was derived in connection
with development of the HOTELEC generating system. A general summary of
this information is presented graphically in Figure 97, and an expanded dis-
cussion on specific materials and components is presented in the sections
which foflov.
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7he results of these studies lead to the evident conclusion that ercre
high temperature capabilities and radiation resistance are generally qn=W-
mours. As a class, the organic or covalent compounds are less resistant than
the Inorganic and Ionic compounds to the damaging effects of these two
environmental conditions. The high temperature requirements of the poew
conversion system will eliminate most organic compounds from consideration
as candidate materials, without the added factor of radiation induced damage.
The single class of organic materials which will be considered is that of
fluids for lubrication and heat transfer.

Structural Metals - Experimental evidence to date indicates that structural
metals are quite resistant to nuclear radiation, although not all the useful
or potential alloys suitable for nuclear-powered-air vehicle construction
have been adequately investigated. On the basis of out-of-pile tests, fast
neutrons in integrated flux levels above 1019 n/cm2 represent the only reactor
radiation that can significantly affect the properties of nonfissionable
metals. This is considerably above the levels anticipated and thus no great
problem is anticipated for structural metals.

Neutron effects in metals have been studied at integrated fluxes between
1015 and l10 n/cm2 (fast) at temperatures between 30 and 4000 C. Such Investi-
gations have included carbon steels, stainless steels, aluminum alloys, nickel
alloys, cobalt alloys, magnesium alloys, titanium, zirconium, molybdenum,
tungsten, tantalum, copper and beryllium. Radiation effects in metals are
analogous to those of cold work, but are less severe and by different mechan-
isms.

Electrical Insulatin Mterials - The failure of conventional electrical in-
sulation in nuclear radiation environments is primarily due to the mechanical
and physical deterioration of the materials rather than to gross changes in
their dielectric properties. The ionizing effects of radiation In organic
insulators lead to a series of complex chemical reactions which drastically
alter the nature of the material. Elevated temperature, a common adjunct of
a nuclear radiation environment, tends to advance the deterioration of organic
materials.

Inorganic materials are, in general, much more resistant to radiation
damage than are organic materials. This is due to the type of damsge which
occurs in the materials. Atomic displacements, which constitute only a small
part of the damage in organic polyers, account for nearly all of the permanent
damage in inorganic Insulators. Ionization and excitation of atoms lead to
no new bond formations so that the irradiation of inorganic substances leaves
the material unaltered chemically. Since most inorganic insulators are stable
ceramic oxides, radiation promotes no chemical reaction of the 1nsulation vith
its environment.

There is, however, a strong photoconductive effect accomp.:nying the ir-
radiation of most inorgnic ceramics. A lirge part of the energy of incident
radiation is absorbed by electronic excitation and ionization. Although
this excitation does not lead to bond breakage or formation, it does produce
quasi-free electrons which are free to move under the influence of an electri-
cal field. Since the mobility of charge carriers in inorganic compounds is
higher than that in organic polymers, Lnere is a corresponding difference In
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the magnitwUe of the radiation induced photocurrent. 7his effect,, however,
Is not expected to seriously imnpar the usefulness of Inorganic isltr
In a iMUUMUUa field.

Atomic displacements; lead to permanent cha~nges in inorganic insulators
vhich are manifested as changes in the lattice parameters, density, strmngth,,
an&i electrical properties. For crystalline bodies (crystalline quartz,,

M1,IgO,. etc.) radiation bombardment results in lattice expansion andi a
co~ponduzng decrease In density. Bowever,, the flux levels for this phenom.

meaare considerably above the levels anticipated by this program.

the best experience indicates that most ceramic insulators,, with the
notable exception of glass, are satisfactory up to integrated fast fluxes
of 1022 n/cm'. Since the damage in inorganic insulators is due primarily
to atomic displacements,. gamma rays are not expected to offer much of a
problem. It Is true that the Com~pton electrons produced by gaiam ray
scattering will. cause some atomic displacements,. but experience with seai-
conductors indicates. that this damage is small in comparison with that
caused by fast neutros.

In A&4ition. to the comparative radiat-ion resistance of inorganic insula-
tors, they possess much greater temperature stability than do organic
materials. In fact., operation at elevated temperatures alflows thermal
annealing to take place., which lessens the amount of darna.:Ze suffered by the
inorganic materials.

Effects of Nuclear Radiation on lb~nnetic Ma~terials - fte magnetic properties
of materias have been measured in many nuclear irradiation exper!!nezts.
ftey have,, however., been used primarily for following solid-state reactions
and not for examining the effects of radiation on the properties of magnetic
materials. Although little information Is available concerning the basic
mechanisms of radiation damage in magnetic materials,# some inimight may be
gained frLm Investigations of radiation effects in metals,. alloys., and semi-
conductors. It would be expected that those properties of a ferromagnetic
material that are structure sensitive,, such as permeability,, remanence, andi
coe~rcive force,, would be aff~ected by radiation., while such nonstructure
sensitive properties as the saturation magnetization would not be affected.
M~uch of the available experimental information confirms the above statements
and adds to the precent understanding of radiation effects on materials In
general*

The U. S. Naval Ordnance laboratory has studied tthe effects of reactor
Irradiation on a number of magnetic materials including the~ following
classes: High-nickel-iron alloys, 30 nickel-iron alloys, silicon Irons,
aluminum ironsj, and 2V Permendur * These materials were exposed to reactor
flux levels, up, to iol7 n,,cm2 (fast). ~'he associated gammia i~atensity
(1 to 2 )4ev) was approximately 3 X io7' rads., and the Otemperature was
approximately 600C. The following magnetic properties of the laminated
and, tapewound cores were measured before irradiation, during irradiation and
after irradiation: (1) Normal DC induction curve and hyst6eresis loopj,
permeabilities, coercive force., remanence,. and m.-,xir"m induction at a field
of 30 oersteds., and (2) AC induction curves and dynamic loops at 69 cycles
and 4,00 cycles. Loss measurements at hi~her trecjuer. 1es were made on the
powder and ferrite cores before and after irradiation.
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The high nickel-iron alloys, which have the higher permeabilities MA
the lowest coercive forces, changed the most upon irradiation. Their high
permeabilities vere drastically lowered and their low coerelve forces were
correspondingly raised. The properties of the 50 nickel-iron allosy chaWg
markedly, but not so much as those of the high nickel-irons. Silicon irons.
aluminuM irons, and 2V Permendur cores proved to be radiation resistant to
the neutron and ganm exposures used, their changes in properties bein smal
or negligible. The results of these experiments are suurized In Uble 25.

Effects of Nuclear Radiation on Capacitors - The feasibility of using various
types of capacitors in a radiation environment can be estimated from available
information of a general nature. Figure 98A indicates the approocate mount
of radiation that various capacitor types will withstand and still be opera-
tional. ThiU information is not design data, but only an indication of the
suitability of a particular type of capacitor.

The important and most obvious factor to consider in choosing a capaci.
tor for use in a radiation environment Is the choice of an inherently
radiation-resistant material. Inorganic materials, such as mica, glass,
and ceramics, exhibit the greatest resistance to radiation induced damage.
Capacitors using these dielectrics have sho " negligible damage after being
expgsed tg integrated fluxes as great as nllt n/cm2 (fast) and greater than
110 n/cm' (total).

Aluminum is the usual plate material for capacitors and causes little
trouble because It is not subject to radiation damage at exposures usually
encountered and irs small neutron cross-section results in low residual
activity. Several government spowsored programs are now under way for the
development of high-temperature radiation-resistant capacitors to operate
in a radiation environment and at temperatures as high as 5000C. The
approach to this problem is to use new dielectric materials. Aluminum
oxide, magnesium oxide and boron nitride are under consideration as dielectric
materials with boron nitride presently receiving the most attention.

It is necessary to consider the total environment under which the unit
must operate, that is, the intensity of and exposure time to radiation#
temperature, humidity, and mechanical stresses. It must be known, at least
approximately, how much variation in capacitor usually is exhibited in three
ways: (1) Change in capacitance, (2) increase in dissipation factor, and
( decrease in leakage resistance. The change in these characteristics at
the peak radiation levels shown in Figure 98A may be sufficient to cause im-
proper functiouing of the unit. For example, an increase in leakage current
usually accompanies exposure to gamma radiation as the result of gamma-
induced ionization in air paths and in the dielectric material.

Effects of Nuclear Radiation on Resistive Components - It has been pointed
out that nuclear radiation affects all components and materials in some way.
The type and extent of damage observed in resistors depends upon the
materials used, the interaction between materials, and the application of
the resistors. Since some resistor applications are more critical than
others, the proper selection of radiation-resistant resistors is an
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important initial step toward good design of sytems that will function
reLlably when exposed to intense nuclear fields.

Presently available data provides a rough estimate of the relative
stabilty of various types of resistors under nuclear radiation, but does
not provi4e sq basis for estiastfrg damage thresholds. 2he relative radi.t-
ticu resistance of various types of fixed resistors in order of increasing
sensItiVity to radiation is as follows:

1. Wire wound.
2. Metal fils..
3. Mrytalline carbon fibs.
4. Carbon composition.
5. Dorocarbon film.

Ig and low-texperatlee, precislon-vire-vounA resistors amd pomer-type
vreU-ound resistors have bjen exposed.to radiation up to approximately

1 X 1019 (nYo)t and 5 X ll0 fast n/cm . The effects of radiation on the
electrical praeters of all types of fixed vire-wound resistors are
negliible. Regardless of manufacturer and of resistance value, the mean
deviation in resistance attributable to radiation are approximately 0.05
per cent. Attempts to examine the transient effects have been unsuccessful
because the changes during irradiation are less than the accuracy of the
Instr•uent used for measurement. Bar charts illustrating the comparative
effects of reactor radiation on various types of resistors are shown in
Figure 93

204



MELIABIL=TY

A preliminary study of converter and generator reliability has been cmn-
ducted mainly to indicate relative reliability of the conceptual designs azd
indicate areas for future research. As part of the prototype unit design and
prior to construction of a breadboard unit, converter reliability require-
ments will have to be determined and mean-time-to-failure (MV?) figures for
each individual component of the converter established. A systematic listig
of each component must be made as part of a conceivable failure analysis. In
analyzing conceivable failures, all possibilities are considered and liste,
both degenerative and catastrophic. The mission profile and envin t co
materials and components are listed for quick reference in determining
failures Induced by environmental stresses. Failure mechanisms-the "thlng
which causes a failure-must also be listed if reliability of design is to be
achieved. Oftentimes it is the most remote of failure mechanisms which leads
to unit failure.

Consequence of fa-lure on overall mission must be considered-especially
performance which becomes degraded with the passage of time. Where failure
of any type cannot be tolerated, alternate components operating in parallel
or redundancy must be considered in the original designs. *ethods of
eliminating failures and reducing the effect of failures are other items to
be considered as the basic design is formulated. All the above analysis
must consider state-of-the-art components and known MIF figures. Where MIF
figures are not known, testing to determine failure rates will be required.

Figure 99 gives an indication of the MIF required for a 10,000 hour
mission and shows how the NTF increases greatly as the required reliability
increases and also as mission time is increased.

Techniques which can be applied to achievement of reliability In con-
version systems are:

1. Simplicity of design.
2. Use of perferred components with component derating and control

of ambient environment.
3. Reduction of failure effects by redundancy and alternate modes.

Reliability of Static Transistor Converters

The reliability of a static transistor converter is directly dependent
upon the life of the individual transistors. Simplicity of design is a
necessity for long life along with control of ambient environment for the
transistors. Derating of each of the transistors and use of redundant cir-
cuitry is planned in order to achieve a reasonable converter life. Shield-
ing of the transistors from the radiation environment must be accepted as
a firm requirement when SNAP 8 and SPUR type power sources are considered
since all semiconductor devices are weak in radiation re34tance.

Most life tests of power transistors relate reliability to temperature.
It has been found that failure mechanism s other than tempnerature exist and
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one of these is called "secondary breakdown" of the collector, or a collector-
to-emitter short. This breakdown is a characteristic of collector current and
voltage wherein the current is concentrated at a point in the base, and the
resulting temperature rise melts the base. Failures occur If energy per uniwt
volume within the base becomes excessive. M=Imm allovable energy Is a
function of both current and voltage in this instance. In actual use, the
collector current and voltage have excursions which are functions of time,
supply voltage, input signals, loads and other variables.

In design of the power chopper device, consideration must be given to
these excursions, or transient surges, as vell as the steady-state powee
dissipation for safe operation of the power transistor. The aximu steady-
state power dissipation of the power transistor may be safely exceeded if
the excursion time in short. "Safe-operating graphs" are prepared by tran-
sistor manufacturers and these my be used in obtaining good reliable
transistor design.

Adequate cooling must be available at all times for each pover transistor.
Long converter life then is dependent also on design of the cooling system
which circulates fluid through the heat sink mounting plate.

Reliability of Static T.abe Converters

The basic components in the static tube converter fall into the following
categories:

1. Tubes.
2. Transformers.
3- Controls.
4. Resistors and capacitors.
5. Wiring.
6. Coolant system.
7. Structure.

The most vulnerable components in this type of converter unit are the
tubes. Design has been based on use of the latest in ceramic-type tubes
operating in a derated mode to give maximum life. These ceramic tubes are
rugged in design with greater life expectancies than conventional glass or
metal types. Long life is dependent upon proper cooling at all times,
protection against conditions of overvoltage and vibration, and proper
warm-up and operating conditions. Input and output transformers can be very
reliable if operated in a lerated mode and with proper cooling. The same
techniques apply to resistor and capacitor components and good reliability
can be expected. Wire-wound resistors and capacitors using inorganic
materials are best. Controls must be simple in order to be reliable.
Redundant circuits can be considered in this particular design especially
in the phase shifter portion of the circuit. Wiring and connections are
important components of the converter, although not usually considered in
a reliability analysis. Extreme environments of temperature, radiation,
and vibration must be considered when selection of conductors is made.
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Section T

MEASDRDNT or CORB S

In designing the converter system it was found that a substantial
portion of the losses within each system occurred in the comonents contain.
ing magnetic materialsq such as transformers and chokes, and the magnetic
portions of the generators. This is lmeply a result of the high frequeOncies
involved. Low frequency core loss curve were developed from knosm data and
extrapolated to the higher frequencis. These are shown in the section on
Materials under the core loss versus frequency discussions. These emrs
were used as a basis for eah of the converter designs at 50 KC, 100 KC,
200 KC and the 800 KC level.

Several important results and observations were obtained from the
experiments conducted in this portion of the program.

1. Numrous core loss assumptions made in preliminary designs
were verified.

2. A flux density of 2300 gauss for high frequency core designs
is feasible and this level was demonstrated at 500 KCO 100 1C
and 200 C levels.

3. Ferrite materials are temperature limited for this application,
and even though they have very low loss characteristics, they
can not be considered in high frequency transformer designs.

4. Core losses decrease with a decrease in lamination thickness.

This test program was conducted with the objectives of verifying the
original assumed loss data for transformer and generator designs. At the
same time, an evaluation of various magnetic materials at each of the high
frequencies could be made. Both wound cores and molded cores were tested
and a toroidal configuration was used for all these tests. The materials
that ware tested are listed as follows:

Number Tweight Cross Lamin
?'aterial of Cores OD 0(In.) ID(Ir.) Section Thick,

Sileotron 2 .231 3.0 2,5 .5 x .25 1 mil

Supermenoy 2 .24 3.0 2.5 .5 x .25 1 nil

L-79 Mo-Permalloy 2 .238 3.0 2.5 .5 x .25 1 nil

Deltarax 2 AM21 340 2.5 .5 x .25 1 nil

W-07 Ferrite 2 .LO 3.0 2.5 .5 x .2 ---
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Mwue WSWgh Crosn Leoin
~ate~alof Cores Eg..) I ID(I. Seation Th1*

W-03 Fenwite 1 e16 2*375 1.62Z *375X*3?% -

M4o0 rrit@ 2 .1o 2.0 1.i2 .375i25 -

Carpenter16a5%Alleg I .60 3.0 205 .% X S, 2.Ni1

A amu tion of core loss magnitudes for the vaions materials tested at
frequenies between 50 XC and 800 IC is found in igures 100 and 01 Ts
data has been taken from Tables 26 and 27 which are derived data fron the
core loss tests. Core losses were measured in the 2000 to 3000 gauss flux
density range for each of the samples at the 50 NC, 100 KC and 200 KC levels.
A limited output of the oscillator at the 800 XC level prevented achieving
more than a 00 to 1200 gauss flux density in measuring core losses at the
80 XC freqaue.

1VATERIMI MM~E

Spec•Uia cores tested during the program, as listed in a previous tablep,
were of various materials generaly used In transformer core designs. Each
material is discussed In the section which follows.

Silectron - Silectron cores are manufactured from a highly grain-oriented,
co rUMeoed grade of 3% Silicon Steel. It has a high saturation flux density
and lower core losses end exciting volt-amperes than regular silicon steels.
The high degree of orientation obtained in Silectron permits operation of
the core material at higher induction levels and can result In reduced coa-
ponent weight and size. The cores tested were tape-wound torolds of I =11
Sileotron material and each was enclosed in a rvlon case and impregnated with
grease.

No unusual results were obtained from the 50 KC tests. Both samples
showed fairly low losses at this frequency and at 2330 gauss were below the
saturation level of the material. At 100 KC, the core losses increased con-
siderably, but distortion was not noticed at the 2330 gauss level* At 200 KC
the losses doubled in magnitude and the output waveforms began to show dis-
tortion at the 2000 gauss level as seen in Figure 102A. The loss at 800 KC
was less because the flux density was lower (the oscillator not being able
to furnish sufficient power to produce more than approximately 600 gauss).

Supermalloy is closely related to L-79 Mo-Permalloy in composition and
is one of the latest developments in high permeability nickel-iron alloys.
It exhibits an extremely low tVsteresis loss. Tape-wound cores are used In
ridar pulse transformers and for low-level magnetic amplifiers. The Super-
malloy cores tested were tape-wound toroids of 1 rail laminations. They were
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PARAMEM DAMA ON CN ?F t8

SaMple JI er 12

Frequency (ac) 50 100 200 800 50 100 200 800
Core ToAS (Watt/lb) 83.6 623 963 918 79.2 505 1150 1000
Flux Density (Gauss) 2180 2660 2000 625 2055 2130 180 587

MATERIU,-SUPMAWYV

Sample Nhuber 1 2
Frequency (a) 5o 100 20o 800 5o 1oo 20o 80 0
Core loss (Watts/lb) 84.2 627 10100 962 86.3 575 958 965
Flux Density (Gauss) 210 2240 3360 945 2300 2130 3400 1010

Sample Number 1 2
Frequency (KC) 50 100 200 800 50 100 200 800
Core Loss (Watts/lb) 72.6 723 713 608 98.2 735 786 698
Flux Density (Gauss) 2147 3480 2810 705 2340 31425 3260 920

Sample Number 1 2
Frequency (KC) 50 100 200 800 50 100 200 800
Core Loss (Watts/lbs) 82.7 617 1060 1000 80.6 578 804 975
Flux Density (Gauss) 2210 3080 3520 1060 2432 3220 3400 1100
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E-AL1112jITjI DATA. ON CORE TEST,$
MMAI!RIALMN-60 MuRrm (KUARMcT)

Sa~le lumber 1 2
requency (KC) 50 loo 200 8oo .50 oo 200 8wo

Core Lose (Watts/lb) 6&.2 422 T. 150 78.7 550 730 1230
Fl= Demity (auss) 2160 3695 271o 837 2025 3620 2(8o 785

Sa•Zpe Number 12

Frequency (Kel) 50 100 200 800 50 100 200 8o0
Core Loss (Watts/ilb) 27.2 219 425 655 31.6 137 325 413
Flux Density (Gwass) -11io 3680 2910 1280 2265 3495 2784 1120

14MRIALW-03 I ITE, (AMS -. RDLIg

Sample NMber 1

Frequency (0) 50 1oo 8oo
Core Loss (WattB/ib) 36.4 2T4 325 477

luw, Density (Gauis) 2050 3860 2940 887

SaPle Number 1

Frequency (KC) 50 100 200 80o
Core Loss (Watts/lb) 2615 159 198 200

Flux Density .240 2620 2340 1100
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A SILECThoN 200 KC B SUPERMALLOY 200KC
2000 GAUSS 3360 GAUSS

C NO-PERMALIDY 200 KC D DELTAYIAX 200 KC
3520 GAUSS 2810 GAUSS

Figure 102, Tr~nsformar Core Chitput Voltage Waveforms for Various Materi.als



YWlon cased and impregnated with grea se.

These samples at 50 KC had apprcaimately the saM losses at comparable
flux densities as the Silectron cores and howed no sign of saturation at
50 KC. At 100 KC, the output waveshap began to show signs of core satura-
tion. Inoreased distortion was evident in the output at the 200 KC level
as shown in Figure 102B. No distortion -as noticed in the output at approxi-
mat44 1000 gsuss and 800 KC, but this was due to operation at a point much
below rze saturation level for this frequency.

4-79 M?.-Permalloy is a b% molybdenum, 79% nickel - and iron alloy. The
material is not grain-oriented and is available in tapes of various thick-
nesses. Specific applications include cores for current transformers, pulse
transformers, and wide-band comuuication transformers of many types. The
cores tested were tape-wound toroida of 1 mil laminated material and were
rylon encased and grease impregnated.

The 50 KC core loss tests indicated low losses for this material and
no saturation in the 2200 to above 2400 gauss range. At 100 KC, the output
waveshape was distorted, but the material was operating much above the 2330
gauss design level. (See Figure 102C). The same was true of operation at
200 KC where the flux density level was over 3500 gauss, and the losses were
correspondingly heavier than at the 100 KC level. The response of the 4-79
Mo-Permalloy cores were quite similar to the Supermalloy cores.

Deltamax

Deltamax is a grain-oriented 50% nickel-iron alloy having a rectangular
hysteresis loop and is used in saturable core reactors and particularly in
magnetic amplifiers. It is available only in thin strip form and wound-core
construction is generally used. Little AC data has been published on this
material. The cores tested in this study were also tape-wound toroids of
I mil material and were nylon encased and grease impregnated.

The core losses in Deltamax material followed the same trends as in the
4-79 Mo-Permalloy material. The major difference was in the output wave-
shapes (Figure 102D). Here the material demonstrates a much higher maximum
flux density characteristic and no distortion was noticeable at 2810 gauss
flux level (200 KC).

Carpnter 45-5 Alloy

Carpenter 45-5 is a nickel-chromium-iron alloy developed to match the
thermal expansion of certain glasses. This core sample was one available
for testing from our own materials laboratory and was tried along with the
other samples. The material was a toroid also, but was rolled of 2 mil
material. The sample had the lowest loss of any of the cores and this fact
is attributed to the high resistivity of the 45-5 alloy material. The
sp~rple performed well at flux densities of over 2700 gauss at 50 KC and over
2300 gauss at 200 KC. At 200 KC, there appeared to be only slight distortion
at the 2300 gauss level.
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This is seen in Figure I13A. As Li the other sanplea, operation at the 800
KC level was much below the maximum flux density level and also below the
design level of 2300 gauss. However, observation of the output wav6shape
showed the core to be temperature sens`ti,-z. Output distortion increases
slightly with increases in terperaure.

Ferrites

All ferrite samples tested were molded ring&. W-07 forrite (Allen
Bradley) is a low-loss material used for transformer core , but is temp-
erature limited for this particular application.

Both sam.ples tested had lower losses than are of the tape-wound cores
with the exception of the Carpenter -5-5 Alloy material. The core loss,)s
increased with frequency as with the other cores and core saturation wis
not evident at 50 KC at a flux level of 2140 gauss. The 200 KC tests ,ere
run at 2780 gauss and a slight degree of saturation was noticeable as shown
in Figure 103B. On completion of the tests with this material, it was
noticed that the cores were split in several places due to internal heating.
Ferrite materials are peculiar in that they can reach extremely high internal
temperatures while the exterior ihows almost no noticeable change. The
cracks produce air gaps and necessitate an increase in excitation current to
sustain the same flux density levels as in the uncracked cores. The output
waveform seemed unaffected by the air gap.

A W-03 Ferrite (Al"i1t-Bradley) was tested, although only one sample of
this material was available (donated by the supplier). Nacinmm flux density
appeared to be above `500 gauss nt the 100 KC level and noticeable distor-
tion was present in the output waveform at the 200 KC level. (See Figure
103C). An oscillatory' or "ringing" effect was noticeable at both the 100 KC
and 200 KC levels.

MM-60 Ferrite (Kea±T,;tt)

M N-60 ferrite is also a low-loss material and like the other ferrites,
it is temperature limited.

The cce losses increased with frequency in these samples as in the
others, but were the highest of the ferrites tested. The losses w°ere of the
same magnitude as the tape wound cores. Ringlng was noticed in this sample
also as shown in Figure 103D, which shows a waveshape at the 200 KC level
and at 2680 gauss. This core also split under the Influence of high internal
temperatures resulting from cores losses.

LABOPATORT SETUP

Two different laboratory set-ups were used tc obtain the core loss data.
The 50 YC test circuit is shown in Figure 1O4A. Figure 105 is a view of the
laboratory set-up. This method for deriving 50 KC data provides for direct
ýreading of the core losses, but is limited to frequencies below 80 KC due
to the instrumentation involved. For the 100 KC, 200 KC and 500 KC tests,
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A C&PENTER AMLOY45•200 KC B W-iO? FERRITE 200 KC
23bO GAUSS 2780 GAUSS

C W-03 PERRIE 200 KC D NN. FERRITE 200 KC
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figure 103. Tranformer Core Output Weveform ( Inoluding Ferrites )
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Figure 105. Laboratorry Test Setup (50 KCC Core Lose T~esting)
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The test cdrcult of Figure 10).-B was used. The actnel test set-ul, is 7hov-i
In Flgurez I0 and 107. A standard oscillator ctrcuit *ns moeifted for
t-he tests and provIded 4M0 watts of .r pcwer t,• the core.--. The amoun,
,,f los-i iaa obtained by a heat substitution methcd. lhe calorl.-eter tempera-
ture versus tire characteristics were first recorded uzL-g a 'known voltage
level. Each core was then placed in the calorimeter and the starting and
final temperature3 and the elapsed time were recorded. This data was com-
pared with the calibration curves and the v tage loss was obtained.
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Figure 106. Laboratory Test Set,2p (100 iCC to 800 KtC Core Loss Testing~
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TRMISTOR CHRACTERISTICS IN PARLL OPERATION

It has been found that parallel operation of new high power semiconductor
devices with their fast switching speeds lend themselves quite readily to high
frequency power conversion applications. In the past transistors have not had

the power capacity applicable to most needs. With the advent of rnew devices
their f.asibility has becomne more promising. Although these new devices have
good switching characteristics when operated separately, their operation in
parallel was not clearly defined. The purpose of these tests was to deter-
m current sharing and switching characteristics for parallel operation of

power transistors.

Concluslonst

The results of the transistor tests did illustrate the feasibility of
utilizing semiconductor devices in parallel operation for high power appli-
catrion The frequency r sponse figures pointed out that the transistor out-
puts were almost exact representations of the input for various frequencies.
CoMaring the frequency response oscillographs, one can see that leAs dis-
tortion existed at 100 and 200 KC than at 800 KC. It was concluded that the
transistor eapaoitance created this problem. In the final design a semi-
conductor would be chosen which has the proper characteristics for the
selected design. By observation of the data in Table 28 and Figure 108 it
can be seen that conditions can be created which will cause the paralleled
units to share current equally. In sumuation, it can be said that the
characteristics of parallel transistor operation were defined, and ths results
demonstrated their feasibility for power applications.
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TALEU $

CMURRE SHARDINGRESLTS

UNIT RESISTANChE VOLTAGE AT 35A VOLTAGE AT 70ANO__. (re* rf)(oh) (Volts) _ (Volts)
1. 0.182 0.180 0.3552. 0.181 0.180 0.3553. 0.183 0.185 0.36o4. 0.180 0.178 0.3555. 0.180 0.178 0.3556. 0.180 0.178 0.3557. 0.179 0.178 0.3558. 0.179 0.178 0.3559. 0.183 0.185 0.36210. 0.181 0.183 0.36011. 0.179 0.180 0.35812. 0.175 0.172 0.35013. 0.178 0.175 0.35011. 0.179 0.175 0.35015. 0.179 0.180 0.36o16. 0.181 0.180 0.36117. 0.181 0.178 0.36018. 0.181 0.180 0.360

19. 0.180 0.181 0.36320. 0.179 0.182 0.36521. 0.179 0.182 0.36522. 0.182 0.185 036823. 0.182 0.183 o.36524. 0.177 0.180 0.362
25. 0.177 0.180 0.36226. 0.180 0.180 0.36227. 0.182 0.185 0.36828. 0.181 0.182 0.36029. 0.179 0.180 0.35530. 0.178 0.180 0.35631. 0.179 0.180 0.35632. 0.180 0.183 0.36033. 0.182 0.185 0.36534. 0.181 0.185 0.36535. 0.180 0.1814 0.364
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TEST PROCEDURE

The tests were all directed to prove feasibility of power switching and
proper current sharing. To illustrate current sharing the emitter resistance
and voltage of all units In parallel was recorded for a given input voltage
and frequency. Also, the waveforn of 12 sample units (out of 35) was
obtained. The latter was to insure equal turn-on-time. Frequency response
tests were also performed. These consisted cf holding a constant output with
a variable input frequency and recording the emitter signal with variols com-
binations of parallel devices.

In Table2 , -ne can observe the current sharing test results. Tkis test
served to pr,¢ve that each semiconductor was carrying approximately the same
amount of emitter current. Thirty-five units were switched on and the
collector voltage was set at a negative 21 volts. A negative DC input was
adjusted until the load current was 35 amperes. The value of emitter poten-
tial was then recorded. This was done again for a load current of 70 amperes.
From the data of emitter voltage and resistance an emitter current was
obtained for each device. In comparing these values It was demonstrated
that the semiconductors were sharing current properly.

Data for Figure 108 was obtained in approximately the same manner as
above. In this case the only change was the X, Input was removed and a 50
KC square wave was inserted. Sample waves are shown in the illustration to
demonstrate that each device had approximately the sae rise time. This was
to insure that individual units were not drawing more current then others in
the transient period between off and on. Since all the signals appeared
similar, it was believed that twelve samples would bs sufficient.

?y observation of Fig-ures 109 through 111 one can see the frequency
characteristics. In these tests the input frequiency was varied from 10 to
ý00 kilocycles per second for five, ten and twenty parallel units. The
waveforms of frequency response are shown in s simillr manner. In each
Figure AI, BP, C1 , and Dl, are the inputs to the parallel group. Also,
A2 , B2 , K, andD2, represent the emitter signal with approximately one
ampere per device. .ý $ :, C3 , and PD, are emJtter signals with about two
aiperes per devtce. '4t was intended that the o~cillographs shown would
demonstrate switching tine and cffer a comparison between input and cutput
wave forms.

In the figures of frequency response a certain amount cf ringing was
detected at turn-on and turn-off. This was attribmited to inductance in
the long connection leads of the test set-up. A final design would have
Froper component placertent and added capacitive reactance to compensate for
A inductive componenits in the circuit. slight blurr, as shown in
Figjre 111 (A3), appears on 6o•mc cf the oscillographs. This came about
from the switching of external envircnmental test equipment in the immediate
area causing transient loads or. tha input power at the instant the photo
wab taken.
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The transient over-shoot spikes., as sbrn in fivure 109B (Al), were
a result of fast rise tvne In conjunction w!th the transistor internal
capacitance. Those spikes wore diminished as the crarrent through ,the device
was increased. This can be seen by oaxparing Figure 109B (C2) and (C3).
Also, since the spikes did appear on the input, another remedy would be
the addition of zoner diode cLtpping networks on the input.

It was observed that the output was a closer approximation of the
input for larger emitter currents. This can be seen by comparing signals
1, " and 3 of the frequency response figures. It is believed this resulted
from an increase in current causing the transistor to be operating in a
more linear region of its operating characteristics.

In comparison of the oscillographs, it was observed that as the number
of devices in parallel was increased tVae input waveform was distorting,
and in turn, the output did too. This was a result of the input impedance
of the parallel networks decreasing as; the number of dovices was increased
which cauied a mis-match of the driver output impedance to the network
iiet immpedice. Proper ipedance matching in the final design would

oon.rxtý this situation, orle a frequency was decided upon.
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TEST SETUP

The circuit schematic used for these tests is shown In vigure 112. The
transistors were 2N1907 from Texas Instruments. A brief descriptior is as
follows: An input from a square wave generator is directed to a driver cir-
cuit where current amplification is obtained. VariabUp capacitor C1 is for
the purpose of speeding up the rise time of the square wave for different
input frequencies. Capacitor C2 was to decouple arn AC signals from the DC
supply. The square wave was then directly coupled to the parallel transistors
through a bank of six 3witches. Switches were used in order that different
parallel combinations could be obtained. A common connection was made
between all the semiconductors to one common load, and the other side of the
load went to the negative terminals of the DO supply. All emitter resistances
were connected to a common point which was returned to the positive terminal
of the DC supply.

The emitter resistances (Ra) were constant for all transistors. A value
of 0.1 ohms was used. In order' to insure current sharing, the base resistance
(Rb) for each device was fixed at • value dependent upon each specific ampli-
ficetion (B) factor. The circuit shomn below was used to determine this
resistance.

-5.o v D

A
9

Rb was adjusted for a current of one ampere in the emitter leg. This was cone
for each unit.

Figure 113 illustrates the completed layout used for the test. BR-e
resistors, emitter resistor and switches were mounted on a separate bread-
board. Connections are then made to transistor sockets mounted on a copper
plate. The transistors are then inserted into the sockets from the back
sidt -,v the plate. Copier tubes were brazed to the copper plate between
the semiconductors. These tubes were connected to two manifolds for the pur-
pose of conducting water to cool the devices. Since the cooling plate was
copper, the units were mounted directly to the plate and the plate was used
as the common collector connection.

Figures li1 and I15 show the complete bench setup. The carbon pile load
is shown in the foreground of Figure fl0. Table 29 lists the instrumentation
utilized for the tests. All equipment was calibrated prior to starting of
tests. It was believed that this setxy would prove sufficient to define the
parallel operating characteristics desired.
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TABLE 29

TEST INSmUMEOTATION

IN--------- 140DELh'R MJMMRR RATED ACCURACY
V.T.V.m. Hewlett-Packard 410B 3% of full scale
Wheatstone Bridge Leeds & Northrop Type RN 1% of full scale
Oscilloscope Tektronix Type 535 3% of full scale
Square Wave Gen- Hewlett-Packard 211A

erator

D.C. Power Supply Con Avionics Y 50-2
D.C. Power Supply N.J.E. Corp. CR-36-20
D.C. Power Supply Generator Equipment R300-28
D.C. Ammeter Westinghouse Type NX-35 3% of full scale
Differential D.C.- John Fluke Co. 803 4 0.05%

A.C. Voltmeter
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Figure 113. Test Setup Showing Mountý-ed Transistors

238



Figure 1114. Test Setup Showing Transistors and Instrumentation
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Conclusions reached at the end of the study program are:

1. Three techniques are feasible for converting SNAP 8 (60 vw) and

SPUR (300 KW) types of power to high-voltage, high-frequeucy
power suitable for electromagnetic engine use.

a. Static transistor techniques.

b. Static tube oscillator technique.

c. Motor-generator unit.

2. Of the three techniques analyzed during the program, the static
transistor converter was lightest in weight and most efficient,
as shown in Figures 1 and 2 in the Program Summary section,

3. The motor-generator concept is competitive with the static
transistor unit at the 50 KC frequency, but becomes less
appealing at the higher frequencies.

4. The static tube converter concept possesses both high-voltage
and high-frequency capabilities. The overall efficiency of the
tube system is below the design objective and inherent limita-
tions of vacuum tubes prevent much improvement in this area.
There is doubt as to the reliability of such a system in a space
envi ronme nt.

5. It is possible to produce the high-voltage, high-frequency pover
(10,100 volt, 50 KC to 200 KC) using an electromagnetic generator
driven directly from a turbine. The technique involves use of a
high speed (up to 30,000 rpm) solid-rotor machine in which the
field windings are mounted in the stator section. Efficiencies
of this type of generator fall in the 92 to 95 per cent range
and weights are below the design objective of 1,000 pounds.
Specific data is shown in Figures 3 and 6 in the Program
Summary section.

AR•AS FOR FUTURE RESFEARCH

'TAT IC TFýN.h;1.,TOR COVE," ER

Very preliminary tests performed in the experimental portion of the pro-
Uram to determinc the response of transistors in parallel verified the power
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chopper technique. Areas recommended for research includes

1. Further testing on the laboratory test specimens to determine
maximum safe output levels for the power transistors and to
determine (as much as possible) the reliability of the units
in continuous operation.

2. Building of a converter unit, 60 KW, if possible, using the latest
silicon power transistors in a proto.ype of the unit detailed in
the report. (The test specimens used lower priced germanium
transistors.) Test this unit with a specific engine load to deter-
mine load matching, power handling, effect of transient, throttl-
ing and other integrated system characteristics.

3. Analyze the r nwer chopper technique, as analyvzed in the study
for an electromagnetic engine, for possible use in an AC to DC
converter for ion engine use.

STATIC TUBE COMV)4712

Research in tube power converters should be performed in the following
areast

1. Optimizing a tube power converter to a specific existing electro-
magnetic propulsion engine design. The high-frequency power for
most known electronagnetic propulsion engine research today is
furnished by laboratory type r-f generator systems.

2. Building a prototype (breadboard) of a tube power converter (scaled
down perhaps) to match a specific existing electromagnetic pro-
pulsion engine and testing to verify load matching, power handling,
and other characteristics of the integrated system.

"VOTOR-GENERATOR

Research proposed in this area includes:

1. Building of a breadboard 60 KW motor-generator unit to produce a
10,100 volt, 50 KC output using the solid-rotor technique analyzed
during this studr and detailed in the report. Research on materials,
Including bearing and seals, has proceeded to the point where this
type of machine Is feasible for a 60 KW, high-frequency design.
(Yachines at this power level at I - 3 KC are presently under develop-
ment).

HTuwTq FRECvUBNCT r7TEVATOR

Research in the area of high-frequency generator techniques really parallels
any work that -ight be performed in the erea of a high-frequency motor-generator
research. Specific research which should be performed in either area, and
which would benefit both is:



1. Building a high speed, r'ulti-pole generator unit using a solid-
rotor technique to produce a high-voltage, high-frequency output.
Such a unit would prove-out the high frequency capability of
such a concept. With bearing, seal, magnetic material, and
other component technologies now available for use in this type
of generator, a prototype unit could quite easily be built for
test and evaluation.
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T1WSFORR DESIGN ECWHNIQUES

TPZFOR1'WR DESIGN FACTORS

The key factors in power transformer design are the selection of a
core or lamination, the distribution of ccre and copper losses, and the
purposeful design for the temperature rise and regulation requirewients.

Core - Design of the transformers to be used in these power converter
c-nepts has been based on a core type of device using laminations of
the following material types: (See section of Materials for additional
Information).

Silicon - Iron (I rdl) 1-3 KC

HIM 80 (1i l) 5o-8oo Kc

Ferrite cores have been considered for use in this application,
but they are limited because of their low Curie temperature.

Basic construction, both 1-phase and 3-phase is as shown in Figure
8h. The coolant tubes are mounted flush with the core and tend to fill
the gap between the winding and the core. For ary given application,
reduction of the cross-sectional area of the core requires a related
increase in the numbi;r of turns of wire to produce the same flux density.
This has a number of consequences. The core window area rust be increased
to acconedate the larger number of turns. The weight of wire and wire
losses increas while the weight of iron and core losses decrease. A
square cross section area has been assumwd.

Laminations - In order to reduce the eddy current losses within the trans-
foin-'er' ' , it is necessary to use a core of thin laminated material.
Lamination thicknesses as low as 1/8 Vil have been used in communication
work, and in this way magnetic cores can be obtained that have fairly low
loss even at high frequencies. One mil laminations are considered in these
transformer designs. Additional tests should be perfoned on cores using
available half-mil lamination.

Losses - With the flux densities fixed in core and copper, the minimur
tot-i loss transformer is the one for which the core loss is approximately
equal to the copper loss at fll load. Such a transformer will hayn wax-
irnzi efficiency at full load.

The loss per pound for the transformer cores have been determined
from Figures 90 and 91 for each of the designs. Copper loss has been
directly calculated in each instance from the winting resistances and
current through the winding.

reýE nations - Fitux densities for each of the transforner designs
were taken as 90,000 lines (13,750 zusz) for the 1 and 3.2 YC designs

w mmm| mm• ms • m mm~21. 9~m••mrs mm em



and 15,0OO lines ( 2330 gauss ) for the 50 KC to W30 KC design. Current
density in the copper windings was established at 1500 amperes/sq, in.

Transformer de3ign has beem based on the following equation:

The induced voltage, E - h.I(f)(t)B, 0l'Yrolte ,1)

I-- (A)(%) (2)

where f - frequency (cps) A - 1500 amperes/sq.in.

t - number of torm B - flux density (lines/sq.in.)

so - conductor cross sectional area Ac - area of core section

I a current (amperes)

In the design of each transformer, 0t was easily derived when the turns
ratio was established by the voltage requirements and the converter frequency
was selected. Total flux becomes:

Ot" N x io8 lima (3)

Where Ot - PAc , Eh a high voll•age and th - number of turns in high
voltage Coil

With 4t known, A. was determined. The current in the high voltage
winding was determined by

In KVA x W0 amperes (4)

And in the low voltage.winding.,

I1 a th x Ih aweres (5)

The cross sectional area of the conductor for the high voltage and low
voltage windings is

Sch- Ih sq.in. (high) (6)
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Oc= sq. in. (low) ()A )

To obtain the desired ratio of comr loss to copper loss, core window
dimensions were chosen to

h/1W 3

where: hw - window height and Ww a window width

The copper space factor, fs that is, the ratio of the net copper area
in the window to the area of the window, varies with the capacity of the
transformer and with the voltage of the windings. Values for frused for
various transformers in designs was .36 for the three phase designs and .12
to .16 for the single phase designs.

For single phase transformers, the area of the window

hw W - ohtl) Bq.in. (8)
fs

and for threo phase core type tranaformera

-* (chth) f a .in. s(9)
fa

Coro weight is calculated then from the volume of the core block minus
the volume of the window area times the specific density of the core material.
Wire weight was easily calculated by multiplying turns by the mean diameter
of a single turn times cross-sectional area of the wire.

As discussed earlier in the section of Transformers in the preliminary
concept portion of this report, the frequency level at which power is trans-
formed plays a significant part in determining the weight of a transformer.
In each of tne converter design concepts, the voltage transformation (step-up)
was made after the frequency change, in order to gain the weight advantage which
comes with transformation at the higher frequencies. In the converter designs
where b power suppl4 in the output stage was required, the transformer
wceight was a significant part of the total weight.
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AL.JOSIS CI' 5CR fl1(UJD• PGM CONMM

A 60K S8 CR cCUONll 3sIO

A s~Iioo controlled rectifier power convert-r is shown in F1gure 116.
Peraustri. data is mnuurized In Table 30, The design of the SCR canter
is based on the free running power chopper. The design was based on the
future availability of an SCR capable of switching 150 amper*e of current
and able to withstand blocking voltoge. up to 600 volts.

The d43.6/75.8, $, 1,000 cycle por Is applied to the full wav bridge
comosed of diodes CRI to CR6. The pulsating DC is smoothed by filter choke
LI and capacitors C1 and C2 . The filtered DC is then applied to the anode of
CR7 to CR10 through the current balancing reactor L2* Upon application of the
DC voltage, capacitor C2 starts to charge through resistor R1 toward the applied
voltage level. When the voltage across C2 reaches the breakdown value of Dj#
D starts to conduct applying a positive-going pulse to the SCR's Cl1 to CMW0
gates, causing then to conduct. tbe load current (600 uaps) is applied through
the priaw-y of T:L to the ground returns. At the same instant CR7 to CR1
starts to conduct, capacitor C starts to charge through resistor RY,. When
the voltage across C reaches 1h; breakdown value of D2 , D2 starts to conduct
applying a negative-'oing pulse to SCR CR7 to CR1O gates causing then to
return to their blocking state. The cycle then repeats at a rate determined
by the char'ging time constant of C2-1 and CA- Resistors R R6 are
inserted In the SCR gate circuit t6 e that each SCR •urn wn at
the sav time. Inductor 2 is used to force each SCR to share the saw
amount of currmet

The frequency limitation of present SO devices is such as to prevent
operation in excess of 35,000 cps. However, it is anticipated that future
developments In semi-conductor technclogy will produce SCR'a capable of operat-
ing frequencies approaching 1,000,000 epe.

Co2 rison of SCR Static Converter and the Transistor Static Converter

A comparison of the SCR static converter with the transistor converter
for a 60 KW, 50 KC, 1 unit shows that the SCR converter is approximately
20 pounds heavier. Additional weight is due to the aurrent balancing
reactor required to asure equal current division between SCR's. The SCR
converter is more efficient than the transistor converter due mainly to
the fact that SCR's ere capable of handling more power per device than
trarasistors. However, the transistor is capable of higher operating fre-
quencieso

The SCo's used in the converter design are presently not available, but
should be available in the near future. An examination of the SCR prelindnI
ary schematics shows that the SCR converter contains a lot less componentes than
the transistor converter, and therefore, should be more reliable.

A few basic design differences between the SCR and tranaistor converters
exist which affect the number of components used. The frequency stabUiV
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CR4 CR3

CRG CR.5
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CI
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PR W CO•aOI 13T FM

6) KW STATIC (S(M) cOvMI 20

No.* BMW C OMNX- WH - IRS LOSS - WATTS

6 Rectifier Semiconductor 3.0 u4IF0.

2 Capacitor, Filter .5

I Filter Choke 18.0 3520.

switching Section

6 Resistor .01 3.

2 capacitor 71ming .3

Diodes, Breakover (Shocklq) .2 0.5

1 Transforar Output 13.0 680.

6 Silicon Controlled Rectifier 3.0 600.

1 Current Balancing Reactor 8.3 600.

Younting Plate & Enolosure 35.0

Cooling Ducts 3.0

Controls 10.0

Wire & Hardware 18.0

-OAL - 172.3 68435
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of the transistorized converter is controlled by an oscillator whereas the
SCR converter frequency is controlled by the charging and discharging of an
RC network. If extreme frequency control were required, the SCR converter
could employ an oscillator similar to the one used in the transistorized
converter, thereby increasing the total component count.

255



TRANSISTOR POrWE CAPABIMLI

The design of the transistorized power converter was based on the
availability of a transistor capable of witching 100 ame of current j
v i th a voltage rating of 500 volts and a frequency capability of 1
megacycle. Although this type of device is not presently on the market
it should be available In 5 to ' years through normal development. Co*-
sultation with several of the loading transistor research engineers has
led to the conclusion that these devices can be made available sooner with
an accelerated development program. The problems associated with develop.
ment of these devices are discussed in the section which follow.

The masa transistor developed in 1956 initiated high-frequency power
transistor development, and although it has largely been replaced by the
planar configuration, the mesa type of transistor still has the important
advantage of high-voltage and high-current capability. First, high
collector breakdown voltage, difficult to realize in shallow planar devices
is readily obtainable in the larger mesa Junctions. Secondly, by com-
parison with planar Junctions, substantially larger mesa Junctions areas
are econodcalsly feasible due to their relative freedom from contamination-
induced defects such as phosphorus "pipe." Figure 117 shows the power
frequency-material interrelationship (1963) for semiconductors. Power
capability in the 50 - 800 KC range is limited to a 1 KW maximum (which is
the product of voltage and current).

If we review some of the basic design theories of power transistors,
we find that the theories consist of the original junction transistor
theory of Shockley plus a collection of analysis attempting to improve
upon this theory. Most of these theories are multi-dimensional and non-
linear, and although these theories serve as a qualitative guide, they
fall short of a precise quantitative theory.

Let us look at the T-equivalent circuit repressntations of a power
transistor as shown below.

Ce cc

r ree d

is ro IbioI

B
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We can vrite an expression for a figure of merit of a transistor, and
if we use the power-gain bandwidth squared product, we will have an
expression relating the high frequency performance of a transistor to the
product of certain device praimters.

2 f AA
G(W) b 1 where

+ I + 1 " 1 fa.
rf f 0

and

0b 2"•, rb, c2.t €-,' r + + ,) Cc

re 2 1rC

where Ao - low frequency gain

re = emitter parasite resistance

rb' = base parasite resistance

"11 M collector Junction capacitance

r 26re

r.= collector resistance

Op power gain

BW = bandwidth
f1b base frequency

fe= collector frequency

fe =emitter frequency

Ce emitter capacitance (

If we rewrite the equation and substitute values for A,. + fb + fe(
the equations take the form A 0

G~ (Bw)2  I ~ ~~ (1 +*) 2%tr 5
P ~ ~ ~ ~ ~ eYrICI+2tr + r~) cA1  + 2-#CeAfr
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This expression shows that the frequency response is dependent an
certain RC time conseants in the T-equivalent circuit.

Now, if we relate the geometry of a device to its effect on the tran-
sistor paraneters,ve note the following effects:

I. For high-current density the active volume will be much smller
than the total available volume due to the "edge effect." Mhe
current flow will be concentrated at the emitter edge. Therefore,
the major power dissipation will take place at the collector
Junctions opposite the emitter edge. The active cross-sectional
area of the transistor for high-current densities ia proportional
to the emitter edge length 2L and not to the emitter area.

2. Junction capacitances are, to a first order approximation, pro-
portional to the geometry areas involved, and are, therefore,
proportional to L.

3. Parasitic resistances are inversely proportional t(, the cross-
sectional area of the material through which the current flows.
Applying the geometry-parameter relationships to low-power, high
frequency, devices with linear geometry, or interdigitated con-
structions. The scaling-up process is limited so far by the size
of a semiconductor Junction that can be produced that is free
from contaminant-induced defects.

Now consider several design parameters that arise from the foregoing
considerations.

1. For high current gain, the base must be thin.

2. To reduce effects of high-current density, utilize thin bases
with low resistivity material. Mbintain emitter efficiency
close to unity by means of heavy emitter doping.

3. For low base resistance, the basc layer should be thick.

4. For high collector to base breakdown voltage, utiliz.; high
resistivity in the base regions.

From these considerations we notice several conflicting parameters
which result in the necessity of trading off high-voltage for high current
or vice-versa. Present day requirements have been for the high current
capability. The problem of obtaining increased power handling capabilities
(higher current and higher voltage in the same unit) can be solved by material
processig refinements and- the use of different diffused structures such as
the NPIN structure.
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