Power Supplies
[ Space Vehicles

BY J. B. FRIEDENBERG

It takes multi-miliions

of horsepower to launch

a space vehicle—but

once in space, a few watts

of electric power becomes
enormously expensive.

Sure, there's one horsepower
of solar energy falling on every
square yard—but trapping it
may cost a million dollars
for as little as

one hundred watts!




PART 1: NO MOVING PARTS

W Inside, the strident, medium-fi
tone reaches X-zero. A button is de-
pressed; a switch closes.

Outside, the monster—gently sigh-
ing, clicking, gasping out a vaporous
breath—comes to shattering life. It
staggers a bit, lifts ponderously, be-
comes surer and gathers speed unto
itself, then hurtles toward “that in-
verted bowl,” the sky. A million feet
later, it shakes loose a part of it that
has by then become nothing but a
nuisance, and—in a silence as shat-
tering as the concert at liftoff—coasts
up and up in a gentle arc.

During this period, no longer is
the beast clumsy, bumbling. Now it is
alive, sentient, palpably feeling for
and eagerly awaiting a word of com-
mand from the planetmaster below,
or from the tiny, whirring program-
mer in its gut.

This time of silent coasting is
spent in a somewhat leisurely man-
ner, and is a period of contemplation
on the part of the beast: exactly how
does my centerline point in relation
to the planet below? Exactly what is
my velocity at any instant? Exactly
what are the instant-to-instant co-or-
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dinates of my path? Exactly what
parts of the earth’s horizon am T see.
ing with my so-sensitive IR optic?
Exactly what nose down-or-up push
must I ask from my tiny pitch reac
tion control jets to assume the perfect
attitude? Ditto for nose right, nose
left, and roll. (Aside: it must be per-
fect, for otherwise how can the beast
align itself perfectly and thus be pre-
pared to fire its second-stage rocket
at the one holy location in space-time
which will allow it to leave the one
orbit and transfer to the other, final
orbit? ) How are all my instruments
working—accelerometers,  radiation
sensors, vibration pickups, tempera-
ture probes, potentiometers, gyros,
pressure probes, troubleshooting in-
struments of all types. How is the
pressure in my tanks? If it isn't just
so, my propellant pumps will cavi-
tate. How is the pressure in my high
pressure helium spheres? What is the
speed of my turbine? All these, and
many more hypochondriacal queries.

Notice—these questions are being
asked, and the answers monitored,
continuously; there is no real rest
period for the beast—something is
going on all the time. Nothing glam-
orous, to be sure. The big glamour of
a space shot—at least as far as lay
observers are concerned—occurs at
launch, when all the flame and fury is




unleashed, and the vehicle “disap-
pears in the clouds high above”—this
is the part that can be seen. And
there’s lots of glamour in “striking in
the target area, only 1.6 miles from
the target,” or in “the finest orbit to
date, almost perfectly circular and
only 7.4 miles short of the specified
altitude,” or “hurtling silently about
our planet, watching and sending in-
formation, unseen and unheard. The
next six orbits will be over Soviet
territory.” And so on.

Good. Let there be glamour! Glam-
our has a habit of begetting dollars, a
very useful commodity in this busi-
ness.

But what is it that permits such
things as standing balanced on a thin
plume of orange fire, striking in the

target area, assuming and maintain-
ing hairline attitude and altitude,
watching, receiving information and
sending same, continuously control-
ling attitude, accepting commands
and acting upon them—in short, the
performance of the vast multitude of
small, unglamorous tasks that all so-
phisticated exoatmospheric vehicles
must perform in the discharge of
their divers duties?

Sound and fury are obviously a
must; without a huge push, the beast
cannot leave the ground to begin its
odyssey. But this is far from enough
to satisfy the intricate and far-reach-
ing objectives presently before us,
and which will become more sophis-
ticated by several orders of magni-
tude in the somewhat near future.

P-TYPE LAYER,
DIFFUSED BORON

N-TYPE LAYER;
DOPED SILICON

Fig I:
Solar Cell
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In order to satisfy these objectives,
we must have available at our finger-
tips, pinpoint, hairline control. Con-
trol on timing, on flight path, on
rocket engine start, stop, and restart,
on autopilot functions, on telemeter-
ing functions, on camera functions,
on IR seeker functions, on rocket en-
gine gimballing—both first- and sec-
ond-stage—on stage separation, on
reaction controls, on retro rockets,
and you name it. From the moment
of liftoff—no, from prior to that mo-
ment—these control efforts are in
process, some intermittently, some
continuously.

The basic, fundamental require-
ment lying at the bottom of all the
activity described above is symbolized
by the small word “Power.” This
manuscript, being interested mainly
in the electrical power requirements
of space missions, accordingly will
present the problems and solutions
from the electrical point of view.

The electrical power required to
perform the hundreds of long and
short term jobs during a space mis-
sion is measured, for each discrete
job, in fractions of a horsepower for
the most part, and occasionally a
horsepower or two. Not very glamor-
ous, and a far cry from the hundreds
of kilos of horsepower represented by
the awesome diamonds blasting from
the rocket nozzles. Quiet little chunks
of power, unobtrusively but firmly
going about the job of making the
mission a success, from the very be-
ginning to the very end. Long after
Big Glamour has halted his bom-
bast, long after all the air in the world
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Fig.1I:

Checking out a

solar power converter panel
built for the JPL Ranger
RA-1 Space Probe,

The panel

will provide about

90 watts of continuous
electrical power,

contains

4,340 indwidual

silzcon solar cells,

and weighs 19 pounds,
Panel was built by

the Semiconductor Division
of Hoffman Electronics
Corporation.

is far away, the steady, everlasting
requirements for power remain, and
must be satisfied. And the nasty part
of the whole situation is that any
failure—or even intermittency—in
the supply of power, results in fail
ure of the mission objectives, either
in part or in whole.

Let's examine a hypothetical, rea-
sonably typical mission, and see
where the power requirements lie,
and—a question which is taking up
more and more time in the world of
space science—how is this power de-
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veloped? A representative state-of-
the-art mission—which can be de-
fined as the Best of Now—serving as
a good vehicle for defining those
periods wherein power requirements
exist, is the overall mission of an ac-
tive communication satellite. Exam-
ining the mission, we find that it
breaks down into rather definite re-
gimes, thus making somewhat disci-
plined the study of power require-
ments. In our example, we'll assume
that the complete vehicle consists of
an Atlas booster, on top of which is

installed an upper stage of the Agena
family, containing the satellite pay-
load in its protective shroud. The At-
las is really a stage-and-a-half vehicle,
consisting of a big collar holding
two large thrust chambers of 150,000
pounds apiece, plus the central tank-
body that holds the single sustainer
chamber of 60,000 pounds thrust.
The collar and its two chambers are
jettisoned after about 140 seconds,
and the sustainer, which has fired
right along with the other two mo-
tors, continues firing for about 160
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more seconds before it separates
from the Agena vehicle. The Agena
contains a single chamber of 16,000
pounds thrust, and in our example is
an advanced type which can be re-
started in deep space.

Now we're ready to break the mis-
sion down into the aforementioned
flight regimes:

1. Launch. The launch phase lasts
for about 5 minutes—the 140 plus
160 seconds mentioned above. At
first boost cutoff, acceleration is about
56 gees, and at sustainer cutoff,
about 3.1 gees. Atlas separates and
falls to earth. Agena ignites, fires for
40 seconds, kicking the vehicle into
coast orbit, then shuts down.

2. Coast. Directly after cutoff of
the sustainer, the horizon sensor and

~ adirectional gyro in the Agena vehi-
cle are actuated by an accelerometer
which sensed the abrupt change from
3.1 gees to zero gees. The gyro is
brought up to speed, and the horizon
sensor begins to search for the pre-
selected segments of the earth’s hori-
zon, so that when the Agena Engine
~does fire, the vehicle’s directional
reference will be aligned just so. In
- our case, the coast period will be
cheduled as a parking orbit of per-
ps six hours, to await the proper
e for orbit exchange. During this

period, the vehicle aligns its center-
line with the programmed gyro ref-
erence, via use of its small reaction
jets, and thus automatically aligns the
Agena engme so that, at the proper
moment, in response to either a sig-
nal from the tracking station on the
ground, or from a timer-programmer
in the vehicle, the Agena engine is
re-ignited.

3. Transfer Ellipse. Under this
rocket thrust, the Agena vehicle, with
its satellite payload, accelerates and
slides outward towards its desired
final communication orbit. Now, a
preset programmer, working with the
axial accelerometer, tells the Agena
engine when to cut off. In this case,
cutoff occurs 220 seconds after re-
start, and the vehicle then falls into
orbit. Just prior to cutoff, the acceler-
ation is 3.75 gees. Immediately after
cutoff, two actions take place: the
protective nose shroud is split like
an orange peel and is jettisoned by
explosive bolts and/or springs, and
the Agena vehicle, consisting of pro-
pellant tanks, gas bottles, structure,
and rocket engine, is separated by a
system of explosive bolts and is cast
off by means of a small retro-rocket
which gives it a backward push. Now
the satellite, naked, starts its indefi-
nitely long journey around the earth.

HI: Close-up of a “paddle” on the Pionecer V satellite, showing
Hoffman silicon solar cells which convert sunlight into electricity |
ver the radio communications equipment on the satellite.

d March 11, 1960, the Pioneer V is mow using solar power
information to earth from many millions of miles out in space.




4. Commaunication Orbit. The sat-
ellite is now positioned thousands of
miles away from the earth, and is ro-
tating about earth in a nearly circular
orbit, in some definite period de-

\

T. E. GENERATOR
AND COOLING FINS

Fig. 1V: Russian thermoelectric
generator using heat
from kerosene lamp chimney.

pending on the pre-arranged orbital
diameter. From here on, it must main-
tain definite attitudes, so that its re-
ceiving and transmitting antennas
are oriented properly at the correct
times in each circuit. The various
attitudes required during mission life
are maintained through the actions of
the horizon sensors, the gyros, auto-
pilot system, and the attitude control
system, which may be a set of tiny gas
jets, a set of inertia wheels driven by
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small electric motors, or an ingenin.
combination of both. The x\\rtll]]ll(:i:
primary mission, that of rucn'inm
message from earth and relaying jt o
another spot on earth, or to an .
craft flying at a certain latitude gnd
longitude, is henceforward its only
activity.

At present, these missions are he
ing planned to take anywhere from,
few days to over a year, by both mili.
tary and commercial groups. Ong
again, we must point out that not ope
tiny portion of the mission, from
launch to completion, is possible
without electrical power. And thi
power must come from some mech-
anism which is part and parcel of the
vehicle. How do we get the power?
Where does it come from? Remen-
ber, the communication satellite may
be called upon to operate for a year
or more, during which time the elec
trical power demands of the satellites
communication apparatus are, when
averaged out, relatively high. Typical
power profiles for the orbital por-
tion of the mission run from a steady
minimum of perhaps thirty watts, to
peaks of twelve hundred watts, with
the cycle occurring many times each
day.

Now let’s examine the various ac-
tivities going on during the flight re-
gimes outlined previously. This will
give a general picture of the myriad
of jobs continually in process, that
require electrical power for success-
ful prosecution of a communication
satellite mission.




The Martin Company

Fig. V: Two for the price of one. The main power supply for this Transit
satellite is a silicon solar-cell array on its drum-shaped sides,

essentially similar to that on the Tiros satellites. But riding on top

is a small white sphere, containing a thermoelectric generator,

powered by the heat from the spontaneous decay of plutonium-238

which is being space-tested as a passenger on the main instrument-package,
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Fig. VI: Electrically simulated isotopic thermionic converter developed by
Thermo Electron for the Atomic Energy Commission under a subcontra
with the Martin Company.

FLIGHT REGIME

EQUIPMENT USING POWER

1. Launch.

2. Coast—Parking Orbit.
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Timers and programmers.

Platform gyros, torquers, potentiometers, €fc.
Rate gyros.

Autopilot feedback loops, amplifiers, relays.
Inertial guidance accelerometers, integrators.
Flight path computers. Propellant valving.
Rocket engine start-stop circuits.

Rocket engine gimballing mechanisms.
Tracking and range safety beacons.
Telemetry and instrumentation.

Interstage separation system.

Command receiver.

Horizon IR sensors.

Directional and rate gyros, etc.
Accelerometers and potentiometers.
Autopilot functions, circuitry.
Inertial guidance system.
Command receiver.



Transfer Ellipse.

Including rocket engine
start, stop, and orbit injec-
:r'Ol'l.

v inal Orbit.
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COOLING FINS

Telemetry and instrumentation.
Flight path computer. Reaction control sys-

tem. z
Timers and programmers.
Beacons.

Rocket engine arm and fire circuits.
Propellant valving and sequence circuits.
Command receiver. Reaction controls.
Autopilot functions.

Inertial guidance system.

Gyros, potentiometers, accelerometers.
Beacon.

Telemetry and instrumentation.

Flight path computer. Programmer, timers.
Flight control system, rocket gimballing.
Stage separation pyrotechnics.

Retro rocket ignition, arm circuitry.
Protective shroud pyrotechnics.

Satellite reaction jets.

Antenna, paddlewheel erection systems.
Inertia wheel motors.

IR Sensors, gyro motors.

Telemetry and instrumentation.

Beacon.

Temperature control system.

Receivers and transmitters.




Up to now, we have cast a cursory
glance at a typical communicatiop
satellite mission. This glance has told
us something about the various ﬂigh(
phases, and some of the operations,
function, and equipment that require
electrical power. Once again, now,
comes the pressing question: how do
we supply this power, and how do we
keep it in good supply for periods of
a year, untended in the abysmal cold,
blazing hot, pitch black, stark white
fastnesses of outer space?

During certain phases of the flight,
it is “easier” to supply power to the
vehicle than during other phases. The
“easy” phases—quotes used advisedly
—start on the ground and continue
throughout launch, coast, transfer el-
lipse, and up to the point of Agena
stage and shroud jettison. For in-
stance, during the launch phase, the
big Atlas booster’s large battery pack
assumes the chore of providing all
electrical power even before liftoff,
and does all the required jobs until
Agena stage separation. From this
point to the disgorging of the satel-
lite, the big Agena battery package
takes over, continuing the good work.

But now things change radically.
No longer is a battery pack of any

Left. Fig. IX: 200 watt 13% efficient
solar thermionic converter developed -
by Thermo Electron for the Aero-
nautical Systems Division at Wright-
Patterson Air Base, Ohio, under a
subcontract with Thompson, Ramo,
Wooldridge, Inc.

Right. Fig. X: T.E. Generator de-
veloped by Hamilton Standard.




use alone; the length of time in the
communication orbit precludes this.
Now we have to become really in-
genious; we've got to fight Nature
tooth and nail, and at the same time
woo her passiontely, in order to keep
the spark of life in our tiny machine.
There we are, far from Mother Earth,
and not an electrical socket or gener-
ator in sight.

A moment! There may be no sock-
et, but there sure is one whale of a
generator! The same generator that
sparks you and me and every other
living thing in the solar system.
There’s a key phrase: solar system,
with a key word, “solar,” which trans-
lates in our case into “Good Old
Sol.”

Let's take a look at electrical power
generation.

We are all familiar with the meth-
ods used to generate electrical power
on the ground. These methods are all
an outgrowth of Maxwell's develop-
ment of the principle that a current
is built up in a conductor when said
conductor traverses a magnetic field
in a specific manner. Really, the main
differences between the various meth-
ods of present-day power generation
lie not in the generators themselves,
but in the prime movers.

Prime moving energy, with the ex-
ception of a few relatively unimpor-
tant methods used here and there,
comes from two main sources: the
combustion of fossil fuels, and the
kinetics of flowing water. Oil and
coal, combined with oxygen at high
temperature, provide the energy for
boiling fluids, or for generating gases
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Right. Fig. XI:
T.E. Generator using lithium
for heat storage.

Center. Fig. XII:

T.E. Generator—
Jlnlple reﬂeCtor' COOLING FINS

T. E. GENERATOR

Left. Fig. XIII: Thermionic
Generator—basic elements.

directly, which are then used to turn
turbine wheels which in turn rotate
generator rotors. Burning gasoline
provides the energy for all sorts of
small generating plants, even in mov-
ing vehicles. The flow of water is
directed through turbines to turn
generator armatures in large station-
ary generating plants. In a few local-
ities, some slightly more exotic meth-
ods are used. There are a number of
large aerodynamic generating sta-
tions—to be pedestrian, call them
windmills—situated in areas where
there are strong and prevailing winds,
but these are mostly trial facilities
and cannot compete economically
with the highly developed steam,
Diesel, and water-generating units.
In some other particularly fortunate
areas, subterranean or volcanic steam
is being used to run turbine gener-
ators; the area that comes immedi-
ately to mind is New Zealand. Other
methods that have been proposed
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were to use the motion of the tides,
the temperature differential between
the ocean bottom and surface, and to
cover acres of southwest wasteland
with surfaces that collect sun heat
and reflect same onto steam boilers.

The generating methods presented
above are, to be sure, good, solid,
highly developed, and quite efficient.
However, when we try to apply them
to operations in space, we immedi-
ately run into a hitch or two that
very effectively blocks us. These
hitches are very simple and element-
al: no oxygen and no water!

In discussing auxilliary power sup-
plies for space vehicle application, it
seems fairly safe to discard such en-
ergy sources as flowing water, vol-
canic steam, and prevailing breezes.
Which brings us to the point of
choosing a logical source of energy
for use in a very strange environ-
ment. What are these energy sources,
how are they being used at present,
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GENERATING ELEMENTS

and how are they being proposed for
use in the future?

First off, let’s examine, in a very un-
specific manner, general methods that
can be used to generate power in a
space vehicle. Quite simply, energy is
available from two locations: external
to the vehicle, or from inside it.

SEALED CASE

CATHODE

4

ESSSaS

' ‘ ! HEAT SOURCE

Pressing the examination a little far-
ther, the single major source of
energy external to the vehicle is the
Sun; internal energy sources are
either chemistry based or nuclear.
The following table gives a break-
down of these major categories into
system types:

General Energy Source.

External—Solar.

Energy Conversion System.

Photovoltaic—Solar Cells.
Thermoelectric.
Thermionic.
Turbine/Alternator.
Stirling Engine.

Internal—Chemical or Nuclear.

Batteries.

Fuel Cells.
Thermoelectric.
Thermionic.
Gas Generator/Turbine.
Magnetchydrodynamic.
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& This paper will not attempt to de-
bscribe chemical or nuclear systems,
but will only cover the solar-powered
systems, as categorized in the table
above.

Photovoltaic—Solar Cells: Some-
Lime during the early nineteen hun-
I8 dreds, it was discovered that a plate
of metal covered with copper oxide
would generate an electric current
‘when illuminated.  This discovery
started a very desultory quest for a
device that would deliver copious
quantities of electrical power from
direct illumination by sunlight. The
earch idled along, with the tech-
nique being mistily lost and rediscov-
ered, until in very recent years the
circumstances surrounding impend-
ing flight into space lit a big fire un-
der it, and now the solar photovoltaic
power device is the basis for a full-
fledged effort in many laboratories
and plants around the globe. The at-

ous: they are simple, containing no
ovmg parts; for the same reason,
‘provide at least an approach to-
g foolproof, and with reliability
space devices carrying the impor-
ace that it does, this is no mean
yr; they are easily manufactured
r the initial setup, and lend well
hx%n-' reproduable production
5; they are easy to package and
and are fairly rugged; they
eginning to show reasonable
ficies; they fit into the %pac’e
ent very well.

" the

- about 1.4%, the output may seach

ractions of the solar cell are numer-

Angstrom spread of the sp

v'.:lue‘ ‘are: rekt;Vé?

lar cell, as presem:ly dEvel- en

common form, the solar cell is fosmed
of a thin film of semiconductor mate-
rial cemented to a wafer of metal.
Semiconductor materials such as- se-
lenium, and a metal such as iron,
comprise one of the standard com-
mercial material combinations used in
“light” cells that go into the
makeup of such items as pheto-
grahic light meters and some door-- =
opening systems. These cells, when "
illuminated, develop enough of a sig-
nal to use in applications where tiny
amounts of power are required, or
where amplification is simple. In the
case of a selenium cell, under the
most advantageously filtered dight
conditions, the power efficiency is

a level between 3 and 20 mxlh-volw.
Note usage of the term “most ad- -
vantageously filtered”. This is'due to
the fact that the efficiency of solar
cells—and it depends upon thé-sma-
terial combinations—reaches a peal
at different Angstrom levels; seleni-
um’s peak is-at 5461 A. However,
when we apply the illumination of
full sunlight, accepting the-

the efficiency of the selenium ¢
drops to 0.2%, and the po ~
falls accordmgly.lt is obvious

the selenium cell wﬂl
for a space p
quirements of a s
cle such as. the Cor




_ Silicon solar cells are being used
“in all space vehicles whose missions
~call for this general type of power
supply. Available in productxon
quantities, these cells are now giving
upwards of 10% conversion effi-
‘ciency, with some claims running as
“high as 15%, and over 20% pre-
- dicted for the near future. Hundreds
- and thousands of them are used in

; kflexmcs rising and power require-
ents going up, the few companies
odtwng the cells have a waiting

manufactmed will satisfy the
icable specifications, and this is
vast improvement over the figure of
nth which prevailed about
years ago! Naturally, this is a

‘in the high cost of the cells;
w years ago, they were priced
omewhere between $300 and
per ceﬂ-—-yes, you read correct-
r celll When you figure that a
such as Tiros I uses 9200
it becomes a bit shocking to re-
e price being paid for a power

at reaches a peak of the
~of magnitude as two of

ted Total cost—$40.

with present semiconductor theory,
Of all the variables that affect the _
eration of the solar cell, those wigy
the greatest impact pertain to ghe |
physical properties of the cell stryc.
ture. Silicon in its pure state j§ g
pretty good insulator, but fortunately
can be transformed into a pretty good
semiconductor by a process known gg §
“doping.” Doping is the addition of |
tiny quantities of impurities to the
pure material; judicious selection of |
the impurity material.and its quan. §
tity then controls the polarity, and §
even the “strength” of the polarity, of
the resulting semiconductor crystl "
Dependmg upon the objectives you
have in mind, the doping proces
used to transform the pure silicon
into a polarized crystal requires some
where between one part of impuriy
per hundred million, and one pas
per billion! The process results ing
crystal that has a disordered lattice
structure, in which free electrons of
positive-site holes can be move
about under some outside influence
In order to manufacture a silicos
solar cell, the silicon, which
valence of 4, is initially doped v
5-valence element, such as ars
antimony. This may be done i

‘original manufacture of the

crystal by adding the proper

- scopic amount of the desired

ity to the melt. The resulting
tal then contains an extra e
wherever there is a finite j
between the silicon and the

In t‘he case of silicon dope




ihezﬂl_'sliced into wafers of apout a
square inch in area, and .016 inch
thick. The next step in forming the
"wafers into solar cells is to expose
L one surface of the wafers to boron
yapor, which diffuses into the n-type
L silicon. The process of diffusion is al-
lowed to proceed until the thickness
L of the diffused layer is about .0001
inch. Because boron is a 3-valence
¢lement, its junction with the silicon
‘produces the opposite effect from
the antimony doping; that is, it re-
ults in electron shortages, or the
”formation of holes which represent
smve charge sites. Now we have
he complete generating unit, *con-
sisting of a positive-on-negative semi-
onductor wafer. .

.~ Briefly, the solar cell wafer func-
tions like this. The doped n-type sili-
on surface has the characteristic of a
high density of free electrons. On
other hand, the boron diffused
ace is a positive (p) type semi-
luctor, having a deficit of free
trons, but a high density of elec-
vacancies, .or holes, which are
tive charge sites. Thus, in the p-
surface, electric current consists
‘activity called a migration of

o type materxals is called the
egion.

re of :the bpron dlﬁused
to light results in light absorp-

‘The vague region between the -

- a depth of about one-ten-
andth of a millimeter. Each pho- I
'bed dwplaces an electmn oy

the original p surface had a dearth of
free electrons compared to: the hole
density. The effect of the photon ab-
sorption, therefore, is to increase the
ratio of free electron density to hole &
density by a very large factor. Under -+
these conditions, that portion of the
free electrons whose energy has been
raised sufficiently by collision with . ©
the photons, will move across the bar-
rier region into the n-type material,
creating an overcrowded condmon,
and essentially squeezing out a pum-
ber of ‘the free electrons already
present in that material. These are
then available to move into an ex-
ternal circuit and do work, Inciden-
tally, temperature has quite an effect
on the cell output; a rise in tempera-
ture results in a considérable lower- -
ing of output. At room temperature,
a silicon solar cell of standard 10%
efficiency will generate about 017
watts: #

" A simple line drawing 0f a soh:
cell is shown in Fxg Y el «

practlcal systems “available ﬁot
“duration missions. In fact, fbtq
orbital mission lasting ,xnaine*» ,,
week, this type of system is at
- en far and awzy the bm from.




mop&e are projecting this type
‘d system as being competitive up to
power levels as high as 50 kilowatts.

¢ One.of the nasty problems with
~which this system must contend is

the complex one of orienting the cell
_array. The array panels must be ori-
‘ented within about plus or minus 10
 degrees of perpendicularity with the
sun for optimum results. This rather
large tolerance on angularity before
_output drops alarmingly off the
_ of the curve is accounted for by
the fact that power output drops as
cosine of the angle of incidence.

1 development is now going into

tion problem, and the solar

mys will do even better than

ey are presently doing as soon as a
accurate closed-loop orienta-

system, that can be easily pack-
developed. At present, pad-

designs provide enough cell

0 take care of non-optimum con-

- This sort of problem also

the solar cell arrays used

s such as Tiros, in which

covers most of the surface

: m& Tuml mde in

odya
mpﬁfeeidn-

Orientation is only one of ,A,A
problems. For instance, what dg "‘
do when the satellite is travelm&
during its orbital period, in gl
earth’s shadow? This is a probley
that is relatively simple of solutiogs
we install chemical batteries, and wp
charge the batteries from the soly
cells during that period of the orbis §
when sunlight is plentiful. Now w
have a well regulated system which |
can operate for long periods at g
high level of reliability. And syste
reliability is not harmed one whit
the fact that the prime source of e
ergy is good old evershining Sol.
batteries in this system are very spe
cial silver-zinc or cadmiume-zing
units, designed so that hundreds of
current drains and recharges will ng
harm them. The development
these batteries is another story.

There is a universal problem th
besets any mechanism that hftsf
the earth: everything, but eves
thing, weighs too much. In the e
of solar cells, this is just as acute
in any other flight system. Wi
must be kept at a very mini
first glance, the paddlewheel
doesn’t look too bad from this

-of view. Flat solar arrays can

signed and fabricated to weigh
a half a pound per square fo
cluding cells and structure
ever, this is not the full st
very radiation energy field thz
vides the energy for electrical

~generation also contains oth

~ of radiation which are des

Msda: cells, and must_be‘




iremely active Van Allen belts create
Sgimilar radiation hazards. Remember,
ball types of radiation except light in
ific spectral bands are harmful—
‘infra red, ultra violet, cosmic rays,
Xrays, et cetera—even stray micro-
| meteorites which happen along. Much
‘work is being performed to develop
: ctive coatings which are feather
' light, but for the present generation
L of solar panels, the method used is to
L gover each cell with a thin cemented
‘wafer of glass about .05 inch thick,
gncluding a  15-layer interference
film. Paddlewheel panels must be cov-
‘ered both front and back; integral
‘arrays only on the front.
. Recemtly, a big advance in over-
oming the radiation problem has
been scored by the Army Signal
ps, through their development of
anew cell that resists four times more
mdiation than the standard silicon-
boron cell, for ten times longer peri-

ghtly better efficiency. The new
Is do not use boron, but instead
diffuse phosphorus into the surface of
licon which has been doped so that
eﬂubrts p-type semiconductor
eristics. We have here, then, a
re-on-positive cell, which is the
e of the scanda:& cell configura-

1 will soon be in quantity
on forspuavzhdem '

and still exhibits the same or

’ mim,of this :iew solar
s mfa:g.u.utg&ﬂy
: g;.-: of about §25, the

protection raises the weight of the
cells, which automatically creates a
requirement for heavier structure, un-
til the panel weight finally stabilizes
at about two pounds per square foor.
At present, solar cell powered sys-
tems run about 1200 pounds per
kilowatt, an admitredly unhappy fig-
ure. However, all is not lost, as higher
power solar cell systems, using re-
flectors to concentrate the light, now
point the way to system weights of
perhaps 300 pounds per kilowatt. o
At present, solar arrays are costly.
A glance at two typical, satellite ar- Wi
rays will give a picture of approxi-
mate costs. Tiros I, the meteorological
satellite that uses two TV cameras and
a picture transmitting system, is
shaped like a squat cylinder. The
top and sides are covered with silicon
cells—only the bottom is not. Total
number of cells is 9200. We can as-
sume a cost per cell, at the time of
development of the Tiros system, of
$100 per cell, and not be too far off. 2
This results in a cost somewhere
around $900,000 for a system that
delivers a steady output - of less ¢ an
100 watts!

‘The active repemer ,
tion satellite dmtdie.&mman

OIMIm

11,552 cells. At the current g
this



.

out there is high! And this does not
take into account such items as wir-
ing, installation, test, breakage/re-
placement, and - the batteries and
charging circuits. Figures II and III
show solar cell- arrays built by the
* Hoffman Electronics Corporation for
~our satellite programs.

~ Also on order by the mxlltary is a
huge array of twelve panels, totaling
50,000 cells of a slightly newer de-
~ sign and higher efficiency; the cost of
. this little item is estimated at $600,-
000. ‘The latter two cost estimates
& are based upon the latest production
. prices; obviously, - production - meth-

o nme when ‘each cell cost $400!
- Despite the problems and expense,
,.solar cells are now, and are destmed
-remain - for a long time, the num-
one conversion method for use
1 space _vehicles. Interesnngly
wough, the USSR. seems to be in
&he same situation a5 we are—
‘a little more advanced in
¥ onentauon *techmques al-
sh this is vesy debatable Actu- -
e don't know many details
their power -Supgﬁesa-only a
es. The following is a
, P vda of February 26,
ticle about the Russian
d by them AIS,

ods have come a long way since the .

~ establishment of a temperature diffe 1

~ who believed that the magnetic

Now let’s go on to the next type of' ‘
power conversion system. 1
Solar Thermoelectric Generator, Iy
1821, about a year after the discoy. |
ery of the electromagnetic effec
Thomas Johann Seebeck stumbled
across a very interesting phenomé.
non. He discovered that a~ magnetic
needle held near any leg of a circujt | ‘
made up of two differént’ conductor
materials, will deflect when any pa §
of the circuit is heated. Naturally, ke
got excited, and started a lifetime of
“investigation which led him down i
wrong road, and set back the science”
of energy conversion by about a cen«
tury! Seebeck unfortunately dec1ded,-
that what he had - discovered was g
method of generating magnetism via

ential, and he used up the rest of hi
life in trying to prove this fact alon
in a bitter fight with the scientists

fect was secondary, and that the
perature differential acrually cre
‘an electrical current flow in ‘the
cuit. However, even though See
was to a large extent mistaken,
certainly was a painstaking i inves
tor, and left very few stones’
“in his studies. In fact, he not o
vestigated metals but wound
~ tually creating some semiconducto
- materials whxch show an - electr




bessful  generation  of  electricity,
‘hrough use of a steam engine and
S vire-wound generating coils, was not
b istablished until the 1870s, about
"alf a century after Seebeck’s discov-
Fery! Then, development of the rotary
{ generator provided the final impetus
that put thermoelectricity into a state
“of suspended animation.
" The kiss that aroused this sleeping
bpeauty into a state of wakefulness,
Sand probably a long life of useful-
- ess, Was the USSR’s requirement. in
ithe 1930s for the capability of de-

“many small communities lying unde-
elopecl in the hinterland. ‘During

wotld were attracted by the electrical
properties of the /class of materials

wed that some of these materials
ted in a similar manner to unlike

greater voltage. In the late
, Westinghouse’s Dr. Maria
es developed and patented a

f,iproachmg 6%.

mall additions of silver, bis-

this munrry,' these al-

copsidered 2 scientific
undf'z-hel in underst

- erator.
velopmg electrical power in the

this period, scientists all over the’
- ready developed working models of

ed semiconductors. Investigation.

_ back-country generator for - general
Is when heated, but produced a :

ators of 200 watts at about 10% 4
'aency We dont know exactly
7l et of semiconductor materials :
in thermoelectric generators
delivered conversion efficien-
These were
es of zinc plushannmony, o

tin, and bismuth plus an-
The former formed the negav-_ 2
and the latte: the positive.

charge of a project to develop ther-"
moelectric generators for the Russian :
back country. At present, according
to all reports, Joffe and his workers

have come a long way in the devel-
opment -of practical thermoelectric:
generators, In fact, a. generator was

manufactured - and ' handed out to -
back-country farmers. This item de- =
velops 5 to 6 watts, and receives its
heat from a ketosene lamp chimney;
it is used to power a radio receiver.
Fig. IV shows a pncture of tlus gen-A"‘-

1

.
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A glance at the reSearch and de-
velopment efforts to date in the field
of TE power generation shows that a
goodly. number of groups have al-

TE generators. In the USSR, as
mentioned before ]oft’e and his asso-
ciates have manufactured the S-watt

distribution, and by 1958 had
tained power outputs in larger g




. semiconductor pellets for TE genera-

& generator in the laboratory. General
| Instrument Corporation has a 5-watt
~ generator using propane gas as a
% fuel, which can run to fuel exhaus-
' tion umattended, a feature that inter-
| ests the Signal Corps. The SNAP-III
. generator produces 5 watts at an ef-

- ficiency of 61407, using a decaying
. isotope as the heat source; one of
 these was orbited in late June, 1961,
~as a passenger on a Transit shot. A
~ small, ingenious generator has been
~ developed by ATI Associates for use
as a classroom demonstrator, con-
structed of metal, and rugged
- enough to take classroom treatment.
- At the other end of the scale, Bell
~ Telephone has for sale a parametric
 amplifier which uses a tiny built-in

unit for cooling the diodes.
~These are some of the develop-
ments that have been accomplished

%

ject. They are connected by rather
uous, but very tough, ties to the

impressive number of compan-
in this country are engaged in full
research and development on
generators. The heaviest effort is
; direced cowand milcary and
« ions, although, as usual,
e a number of offshoots al-

applied in industry. ..

~ tors, has an 11-watt, 109% efficient:

.the hot junctions. The present TE §

_above 600 degrees C. At the same

-shortness of the pellets in turn d

_cold end of the generator, the hot
- of which is enclosed in a relati

application of an external ener
source to conversion machinery. Asig |
the case of the solar cells, the sun j5
the prime source of energy, only ig
the case of thermoelectric conversion,
it is the long wavelength end of the
solar radiation spectrum that is used,
In general, in order to take advap-
tage of the fact that conversion effi.
ciency rises as the temperature differ
ential increases, a collector/reflector |
becomes a part of the generating sys-
tem, focusing the sun’s radiation og

materials cannot accept anywhere |
near the temperature that the reflec §
tor is capable of supplying, due to
their predilection for deterioration

time, other limitations inherent i
TE materials create sticky design
problems. The new TE materials
such as Bismuth Telluride and Zisc
Antimony, are amalgams which are
cast into pellets. The cast material
is extremely brittle, and very low in
tensile strength, a structural combi
tion that forces the use of short pel-

that the internal resistance of
pellets becomes intolerable.

ates the nasty problem of trying
maintain one end of the pellet e
when the other end is an inch or
away and is at about 500 degrees
Thus we find present designs spo !
huge and fancy cooling fins on

small heated chamber. Good illu
tions of this are the Russian ke




pmp generator, and the small Gen-
eral Instruments’ 5-watt generator.
(Figs. IV and VIL.)

In examining a sun-powered TE
generator designed to
| sieady output of, say, 200 watts, to be
L arried aloft by a space vehicle, it
i hecomes. evident thar a series of very
knotty design problems must be
" olved, especially on a systems basis.
| Remlember, this- generating system
 consists of a large reflector, the gen-
beating  pellets, a heat exchanger
‘which spreads the heat evenly over
| the hot junctions, the cooling system
for the cold junctions, the connect-
ling cabling, the rechargeable storage
‘hattery system, the power regulation
system, a servo to maintain the small
tolerance orientation of the reflector,
1 & the structure that ties the whole

of problems the high order of
nse-of the TE materials, the dif-
ty of handling same, the possi-
y of the pellets cracking under
heavy ‘vibration loads imposed
ring the boost period, the difficul-
s in maintaining surface tolerances
the large, flimsy reflector, and it is
idle statement to say that there
many long months of arduous la-
ahead before the first generation
olar powered TE generating sys-
arts supplying power to space
cles. Of course, as in most other

deliver a

gical efforts, development of
of system is only a matter .
, and when that point is
d, we will have a power sup-
em which not only has the
s of solid state devices— ¢

md ch

namely no-moving-part reliability—
but also makes use of the vary
abundant and very free radiant en-
ergy pouring continuously from the
sun.

The question may be asked, what
can this system offer that the sclar
cell system: doesn'’t have? Brleﬂy thes g

P

_enswer is that it is much easier to =

use the very broad infra-red band of ,
the radiation spectrum,-without the- - *
problems of careful filtering that at-
tend the solar cell, and into the bat-
gain, the TE generator delivers more
voltage per junction, and requires
far fewer individual pellets than there
are solar cells. This means a considcr- s
ably smaller system, which in turn re-
flects back into the overall system
design in a very favorable manner. .
Thermoelectric energy conversion" :
can be defined rather simply as tle
direct conversion of thermal enerpy
into electrical energy, or conversely,
the direct addition/subtraction of
thermal energy from a junction by the
application of electrical energy. The
basic building blocks of a TE genera-
tor are 1) the use of two co :
dissimilar materials, one bei
uve (p) type, and thepchﬁt a ;

K 5

el
nance of a marked tempeta.ture
ferential between the hot end
junction and the cold end to

shown in the dtag'am of Fig.’
The p and n matemkusd



. cells, with the obvious exception that such partakes of those efficiency Jog.
“ heat replaces light as the prime en- es that any Carnot cycle engine s sub 1
- ergy source. Theory states that there ject to during the inevitable tem. §

‘is a similar migration of free elec- perature exchanges that take plac |
"~ trons and holes, with the heat input Thus, even before we can begin
s creating the exciting'conditions for convert heat into electricity, we lose §
* both the electron migration in the n  well over 50% of the available hey §
leg, and for the hole migration in the energy to the Carnot cycle losses, [y §
pleg. There are four well-known ma- an actual design, we can assume N
 jor parameters which have a gross ef- Carnot efficiency of 30%, and 2 '
fect on the efficiency and output of a  thermoelectric conversion eﬂicienq b
- TE generator. We want the lowest of 10%, resulting in a system cop.
esistance to electron flow, the highest ~ version efficiency of 3%. This dogs
' n't look so good on the face of jt
but the saving factors are the free
: heat | : presentation of energy, and the e
easily to the cold end, the highest treme simplicity of the TE gene
moelectric coefficient, meaning tor. {
e intrinsic ability of the material to % : , o
7 a certain amount of voltage- o :
-degree, and the ability of the One’ of ‘the problems with i
tion to develop more and more” thermocouple as an electricity pi
as the temperature. differen- ducer is that it is inherently a |
eases. ’I_‘he two latter items . current, low-voltage device. For
: “into ‘what is called: stance, a TE junction formed of Le
beck cceﬁcxent, measured in . Telluride will provide 0006
3 - per degree C. At a tempera
ferential of 400 degrees C, the o
g of this junction will be on
volts, although i its wattage is .2
seqnently, if any reasonable
is. level is requlred the ;uncuo'
 be wired in series or series-p
f. In order to generate enough
© for a satellite mission, quite
-~ number of ‘junctions are (
though fewer than the nu
*'Fa' cells by one and a ha!f_,




‘Also unfortunately, the good semi-
onductor materials used in thermo-
| glectric generators cannot take any-
thing like direct flame temperature
| without deteriorating to the point of
destruction.

. An intensive materials research ef-
 fort is underway, both here and in
furope, to uncover semiconductors
{ which have higher Figures of Merit
“than the present-day 1.2 or so, say
“gbout 3.0, and which can withstand
emperatures of 1000 degrees C or
‘more. It is estimated that a material
‘such as this will deliver a conversion

d to some rather fantastic mech-
anisms, not only for space applica-
pns, but doing everyday jobs right
in in the home. Certainly the ;ob of the
ndary space power engineer' will
e made easier, and who knows, it
y even arrive at the point Whete
harassed gentleman will be reluc- "
cly accepted as a member of the
specxes by structures _and

- engineers, although this -
be suetchmg the point, a bit.
the present time, TE-, generators
- reached. the - levels of cost,
ty, structural integrity, or pro-
; wherein they can be used

Mlectors on a light frame, each reflector

'ciency of 30%. When this devel- .
sment comes about, we can look for- °

eration “of sizable 'quahti:

3 Hy&rid
mcal power in space vehx- / i

nra‘\s

space use is the one being developed |
by Hamilton Standard, which uses a :
large number of small parabolic re=

pinpointing one, or several, TE junc-
tions. This framework will be mount=
ed in a similar manner to the familiat
solar cell arrays or panels, and will
probably be oriented continuously
sunward. It will be used in conjunc-
tion with a battery pack, and will be
large enough to supply power during
dark periods. This configuration is
shown in Fig. X,

Another type of solar poweted TE
generator which to a certain extent
gets around the problem of carrying
enough batteries for the dark periods
of orbital trajectories is shown in
Fig. XI, In this generator, the solar
energy is collected by a large concave
mirror which reflects it onto a focus-
/ing surface. From this surface, the
energy is played on a container
‘with Lithiufn Hydride in liquid form,
The container is surrouncled with ]
juﬂctxons, and the Lithium H (
_gives-up its heat to th¢ junctio
a rate regulated by a valye it
“way that it is optimum for
* ticular TE materials used.
~ sunlit por,tfom of fli

 shield is OPCﬁo ‘




_radiating heat into space. The amount
of Lithium Hydride to be used as a
heat sink for the radiant energy, and
‘then as a heat source for the TE junc-
‘tions, is governed by the mission
Aflight plan; in this case, how many
~minutes will be spent in darkness,
- and how many bathed in solar radia-
 tion. Analysis shows that this type of

qstem actually has a distince weight
- advantage’ over the type ‘which car-
_ ries extra batteries for daytime charg-
mg On the other hand, it also re-
quires a development period which
_the batteries have already gone

‘Fig. XII shows a simple solar pow-
ered TE generator. A cylindrical con-
vex mirror system collects and con-
~ centrates the solar energy on a row
of TE junctions connected in ‘series
wtes-paralleL as required. The sys-
m design maintains a temperature
fferential of about 350 degrees C.
fairly large model was fabricated
operated at ground conditions,
d achieved a Carnot efficiency of
a conversion efficiency of 8%,
vcmnsequ:nt system efficiency of
-Tlns was a_combined Westing-
eﬁorr, and was ’used

- a certain point, this works fine,

 tio, a reasonable efficiency, ant

£l solar TE generators bemg
~ for space vehicles. Some w
backup from extra chemxml

was attained. In actuality, a solar TR!
array such as is shown in Fig. XII gp @
be made any length. Probably the
critical factor in the design of the §
panel length is the ability to bresk!
the array up into modules which ey
be folded and packaged to take flight §
accelerations and vibrations, and
which can then be unfolded easily
into a large array without t0o many §
tricky joints. '
One point about system efficieng,
It may be that in order to achieve:
high values of Carnot efficiency—J!
to 30% —we will have to design vexy’
large radiators. The radiator then pel
comes very heavy, and although the
system efficiency is high, the .n
weight climbs to a point where ye
have to do away with some of
communications equipment, Or SO
of the precious propellant, or some
thing else that will ruin the missic
In this case, we lay efficiency aside
a controlling design factor, and
for a high power-to-weight fac
Therefore, we design the cold
temperature higher, and let the €
ciency fall off; the radiator
comes way down, with a cons
drop in overall system weight.

this point is reached through
tems optimization study, whi
sults in g good power-to-wel

removal of equipment.
There are a surprising numb

Systems, and some will hav



Fheat collectors to obviate this need.
Some will use multiple small reflec-
b ors in large panels, and some will
b use a single huge reflector which will
unfold, petallike, when in orbit, to a
diameter of as much as 45 feet. These
b pressi\'e simple-in-principle, ex-
vpenswe machines will provide un-
| faltering electrical power for space
| vehicles during missions which last
| months and years. Furthermore, there
| sn't much doubt that these systems
| will acc as the basis for—I hesitate
. over a badly beaten word—a break-
| through in power supply methods for
‘ground use in military, commercial
“and home applications.

i'.The next type of power generating
spstem which we will examine is the
Solar Thermionic Generator.

. Just before the turn of the Twenti-
eth Century, Thomas A. uncovered a
characteristic of metal which has
been heated to incandescence. Ap-
opriately enough, this was called
Edison effect, and it states sim-
that electrons boil off the surface

of electrons boiling off increases
¢ temperature increases.

our predent electronic age, this
ement may not create pande-
nium among the brethren, but it

 recently been pressed into serv-
another type of oddball heat
that threatens to open new
y-supply vistas to an energy-
y world. This engine has come

incandescent metal, and the num-

ents a phenomenon which has

called a thermionic generator or

converter, and sometimes -a thermo-
electron engine. In principle, the
thermionic generator is, like its cous-
ins, a very simple machine. Basically,
the generator hardware consists of a
sealed chamber, a cathode, an anode, i
and a heat source. As can be seen, it -
strongly resembles a diode. Fig. XIII
gives a picture of these elements.

There are two major types of ther-
mionic generators: In one, the cham-
ber is evacuated. In the other, the
chamber is filled with a gas such as
cesium vapor. Briefly, the thermionic
generator works in the following
manner: the electrons that boil off
the heated cathode reach certain en- 2
ergy levels during the process. Cer-
tain of these electrons reach energy
levels high enough so that they es-
cape from the cathode, and migrate
across the intervening space to the
anode surface, which is relatively cool.
If these electrons, which have been;f
lifted to a high potenual by the ther-
mal energy, migrate to a surface E:
which is made of material with a low
work-function, some of this poten-
tial can be recovered and used to
move the electrons through an ex-
ternal circuit. The cathode and anode
materials are selected so that
electrons emitted from the hot cath
ode require more energy for es
than would be required for anc
electrons to escape from the
surface. This results in a stream
electrons that land on the anode with.
~a fund of energy which allows the
to do work in the low work
environment of the anode




 ference in work potentiél that an
earthman would display on the moon,

compared to his work potential on
‘the earth—provided that he has been
supplxed with enough energy to es-
cape from the higher gravitational
~ field of the earth. To illustrate the
> avaxlablhy of energy in the thermi-
- onic generator, Fig. XIV presents an
“idealized potential energy diagram
of an electron migrating from a hot
«cathode to a cool anode. In the dia-
ram, W, is ‘the work-function of the

elecr.ton must be raised above rhe
nergy level represented by W. to
e level of Wr Having escaped
nd fmgrated to the anode, the elec-

e work-funcnon W, which then
pears as heat in the anode. How-
after having fallen from the
f W throu,gh the potennal

of cnergy left over equal to
difference between W, and
This lefover energy appears di-

as electrical energy when a cir-
€ 'c:rf.hode and anode 1s_

. ~ -
'4,»".\ e

g va pu-:Ees of met-
‘ and a candle'v

‘we naturally expected, as per. theory, 8
that a certain percentage would make
it across the intervening vacuum tg |
the anode. Knowing the work-func.
tions of the cathode and anode, the |
temperatures of both, and their spac.
ing, we can_ calculate the electron
flow, and the consequent developed -
- current or voltage. But we failed to
reckon with the very large number of
electrons that didn’t quite reach es-
- cape-energy level. These, in an ever-
increasing number, clog up the Spate

between cathode and anode, and form *§

a cloud which has an overwhelming. !
negative Charge. In turn, this nega 1
tive space charge tends to repel elec
trons that boil off the cathode, and |
only a very few of exceptionally high
kinetic ~energy content can get
_ through. Therefore, although the
thermionic generator described above -
will stabilize at a certain level of out- -
put, said outpur will be very low in
comparison to the input of heat; th
makes for a very inefficient system_
- Independent workers at MIT, Gen
eral Electric, and RCA came up w
a few excellent answers to the 5p
charge problem, An extremely s
.ple method which- has resulteda
_conversion efficiencies approa
_the - 15% mark, is to fabncate'
~cathode and anode from a mate
“such as tungsten, very carefully n
chmed and place them as dos'é’

assembly, btlt 1t can’ be done,

- stated, goad corrvensxon




B Another very promising method of
& overcoming the space charge barrier
b s to ncurralize it. Ingeniously, the
L tesearchers reasoned that somehow
or other, a positive-particle - cloud
::'sh'ould be introduced, so -that each
| ® electron in the space charge cloud
' would be attracted to a positive, pat-
Lticle, resulting in a nulling of the
b space charge. Tons fic this bill, and a
| yapor made of cesium provides an
L excellent source of ions. When cesium
b atoms strike the hot surface of the
* cathode, which has a higher work-
function than the cesium, they lose

' comes bound to the ¢athode, and the
. newly formed cesium ions bounce out
_in the form of a positively charged
| coud. Enough of these result in neu-
ralization  of the negative space
charge and at the proper cesium va-
- por pressure, with the space charge
vu'mally absent, the flow of -ener-
getic electrons can be started- and
maintained at'a high level by heating
he cathode to temperatures easily
hed by simple heat sources. There
e other tricks to increasing the life,
efficiency, and practicability of the -
um vapor thermionic  generator.

ce—and no doubt in ships and .
ground—of thermionic gener-
hich will be simple, reliable,

 terials. Because of the basic require-

" an.electron. This. electron then be- .

 rapidly and deposits on the anode. In -

~ atoms on the cathode boil dﬁ“ﬂt

.are being pursued with ut-
dxhgence and in a few short
we are sure to see the utilization

'ill,-- deliver ' ‘eﬂ‘rciencies 'fnr %he 3

that there are other problems which :
bedevil the researcher and engineer
in this field. One of the obvious, and
most difficult to solve, pertains to ma-

% ' ]
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ment to boil off many electrons and
to give them a high level of kinetic
energy, it is necessary to raise the
temperature of the cathode to-a high
value if any. sizable current-is to be =
realized. For instance, some thermi- =
onic generators have been operated
as high as 3000 degrees K, and the
“standard operating temperature range
runs between’ 1400 degrees K and

2000 degrees K. At temperatures

such as these, the tungsten cathode
doesn’t ‘last very long; it vaporizés®

a cesium vapor generator, at Certaif
pressures the problem can be taken
‘care of by the fact that the cesium
atoms condense on the cathode, thus
coating it. In this case, the cesi

great rate and migrate into the cesmﬁ
“cloud, but are replaced continuot
via the condensing process. In
‘way, cesium vapor thermmmc gg
tors can operate for mauy
‘the high temperatures
- cent. eﬂiaencxes. e 4

pors at. hxgh temper:
prevémton of b eakd,m




;n the process of solution. In fact,
- very recently one company has solved
 the problem—to a certain degree—

~ _m:e,,by simply devising a thermionic
generator that works at far lower tem-
Sl At the present time, a number of

'  chermionic generating sys-

 prototypes of future space power sup-
plies. Some have delivered up to 200
aatts for hundreds of hours. An in-

e study and development pro-

um is underway at companies such
General Aromics, RCA, General

ric, Thompson Ramo Wool-
‘Martin, Thermoelectron, and

with the prime objective of

up with actual space-flyable

ing solar radation on a receiver ad]a.
cent to the cathode, the thermionic
generator itself, a radiator to reject
heat from the anode to space, heat
transfer loops or thermal conductors
to transport heat from the receiver
to the cathode and from the anode tg
the radiator, control mechanisms 1o
regulate and modulate the generated
electricity, and a means for storing
either thermal or electrical energy
during-periods of orbital shadow. Sys- -
tems of this type are very similar in |
configuration to the TE generatmg
systems, except for the generating |
element itself. Figures XV and XVI
show drawings_ of simple and sophis-
ticated thermionic generating sys-
tems. As in the other types of solar
generators, the thermionic types use
a multiplicity of generatmg elemems, .
connected in series or series-parallel.

It is interesting to examine some of
the design problems and their so
tions, in this particular field. As not
before, the thermionic generator op-
erates at fairly high temperatures;
fact, thermal power rates are on
order of 25,000 BTU's per square

‘of cathode area. The solar co

- reflector must be designed to con
 trate solar energy to maich the -
~ perature and BTU requiremen
"”the same time, the reflector mus




~ drains on the transfer of solar energy
" into usable heat energy at the cath-
ode, the collector should be close to
optically perfect relative to surface
deviations and reflectability. This is
possible if we can afford a carefully
. ground surface on a stiff structure;
however, the bugaboo of system
weight requirements limits us to a
. weight of about one-tenth pound per

square foot of reflector surface. This

exceedingly light structural require-
- ment virtually dictates rather poor
. optical qualities, followed by the need
for an enlargement of the reflecting
surface. Add to this the immense job
of stowing the reflector in a folded
condition during the flight from
earth to orbit, and the necessity for
erecting the structure in orbit and
eeping it oriented, and it can be

resents a major developmental ef-
ort.

Some of the collectors presently in
work have been designed in the form
a folding umbrella, some as in-
ed plastic structures, others as
er petal structures, and the like;
e recognize that these designs
as large as 100 feet in diameter!

Y, ehe rest of ghe BTU’s must

‘average thermionic conversion effi
- seen that the solar reflector alone rep- -

~ thermal receiver will have an

nother sticky design area is the
iator. Because the thermionic gen-
ting elements convert only a small -
ntage of the applied heat into

allow passage of liquid sodium. The ;
sodium picks up heat from the anode ;
through a heat exchanger, and is then
pumped through the radiator in a
loop which returns it, after cooling, .
to the anode. Some radiator’ designs
incorporate a meteorite barrier cov-
ering the thin stainless; others at-
tempt to solve this- problem by de-
signing the radiator with thick walls
to begin with. In any case, all radia-
tors are too heavy, clumsy, and com-
plicated; ask any of the engineers
who are working on these systems.
Let’s look at a solar thermionic gen-
erating system. designed to deliver
about 6 kilowatts continuously, dur-

are spent in the earth’s shadow. An

12 square feet. At an eﬁcz
4009%, the reflector-collector
be 2800 square feet. The tad




