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\ ABSTRACT

\‘

-

"The charagteriatics of differsut propuleion systems for
epage vehicles are discussed and sompared. The solar-powered
space ship iz evaluaied in greater detail. i nev light-weight ’
dasign is presented, unsing sphorical refleciors. Problaxs of

3 design and operation ere disoussed by emmmple of a hydrogen-
operated prototyps design. A mmber of bazic characterietices
of the vehigle system is established, A theor %local amalysis

of the apherios] veflestor as energy collector is presented.

[ -
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Ares

thrust

gravitatiomal acceleration

enthrlpy difference

Spsoific impulse (1b thrust sec/1b flutd)

Total radiation energy flux density of reflector,
flux density for unit minjmum erea (cf. appendix)
reflectiviZy at normal incidsnoe

roeflectivity

radius of the spherical mirror

solar constant (E%ml/an sec)

{emparature

Stofnns B«.,.m constant

(C.56686 .1 ew degh sec
1.354.22712 cal (msan)femd °K sec)

For #74itlonal astations of, Fig. 11,
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1. Jpbeedvaticn

The enormous cost of suvplying upaceborre vehicle systems from the

earth is one of the principal restriotions in spase flight with chemioally

powsred propulsion systems. The viriat!lity and fresdom of cperations in space

vill inoresse to the extent to whiuh the dependency on terresirial supply of

propilsion mterial cam v reductd.

| Ths dependency on tsrrestrial supply has two aspects, the first pertaining

Lo the energy scurce, the second to tho expemdable matter., Thrust is produced by

energising matter, thecretically oven te the point of conv..ting it int.q radiation
‘(1)2. In all other, leas extreme ocases, thrust i1s produced by acoslerating

expandadble metter. As the axhaust velooity inoresses, the pasg consuaption de-

orsases for a given operatlon; but the epergy consusption of ocurse incrvasss. Thus,

one fsoes the enginsering problem of reducing the mass consumption (hence ths

terrestrial supply roquirements) and increasing the emergy supply end still main-

taining reascnable overall operating conditiena, This problea is not solved by

simply pointing out another possibility for produsing enormous exhsust velooities.

Jtie must also ask under whet conditions of ensrgy supply and thrust psr wnit weight

these exhaust veloocities can be obtained., In meny instanoces s more detajiled analysis
shovs that the atte ‘mment of such sxhaust velocities i1s the least of the angineering
prodlems involved and that the anergy source, energy oocuversion ete. are nov muak
bigger headaches; in other words, the probloms are just shifted into aznother area,
because ons does nst obtain anything for nothing. If one deals with such quesations
for a vhile, onse comss to feel someviat apologstic towmrds the *good old® chexdoal
rocket which in sany respescts 15 indeed hard to beal.

8 27'tnbera in parenthesis refer to References om page
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This 4s not intended to bs a oriticism of attempts to investigats
other propulsion systems, but rather tc caution lest oms loses a realistis
perspective towards the faots of space propulsion or feels that furrther hard
vwork in improving the chemical system can be dispsnsed with in favor of
more advanced systems. Space flight will beooms a reality through the chemical
propulsion systea. On the other hand, however, it is a faot thet the supply
requirements of the chsmical system are a real lhandicep to anything more than
occasional space expeditions. This shortcoming 1s signilicant enough to
encourage research and analysis of alternate propulsion methods, The present
paper attempts to sake s ocontribution to thess afforts,
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With the possible exception of the kypothatical total photom propulaiom,

the main difference beiwsen chemlcal propulsion and all other natﬁ.;dn of propulsion

is the separation of energy souros and working fluid, hersafter briefly called

pedium (Fig. 1). Tn the chemical system this consolidation of energy and medium

provides smooth (comparatively) and rapid conversiom, but limits the selsction of

zedia and maxinizes the dependency upmn terrestrial supply, inasmich as oxidisers

and fusls are novhere readily available under maturel conditions,

Separation of emergy source and mediuvm romltc-in more flexible systens,

tut also raises nev problems regarding ermirgy supply, ensrgy conversion and equipment

weight. Fig. 1 presents a mmber of these systems vhich already have been suggested

before on several occasions, e.g. (2) to (9), with the exneption of the arc heating
systen vhich however has boen studled previously for the purpose of producing an ultra-

high-speed gas flovw in test facilities (10,11).

Briefly, the prinoipal potential pros and ocns"-ot separation of energy
source and medium can be swwmarized as follows:

Advantageq:

(a) Possibility of higher energy comcentration than in chemical propellants
through the use of nuclear power sources (e.g. pile, ﬂ-docw battery).

(b) Possibility of permanent energy supply from the seun, at least in terrestrial
and intra-terrestrial space. The energy supply, however, is much less
concontrated then in either nuclear or chemioal sources,

(c) Greater freedom in the selection of modia.

(d) Possible simplificaticns of the propulsion system vhero only one type
of fluid is used.

(e) Possibility of supply of medium from other sources than the easth (e.g.
refilling of the Saturn moon Tiﬁn or on Jupiter moons), thereby increasing
the range of the ship for a given terrestrial supply.



Risadvantages:

(f) Greater complexity and weight of the energy scurce, energy conversion
and transfer mechanism und related equipment.

(g) In many cases very low thrust-to-weight retios, henoce the danger of high
gravitational losses when operating near planets as well as poor
mncuverability, Application restrioted to space omly.

(r) Difficulties in handling and maintenance of a nuclear ensrgy source (pile).

(1) Operational difficulties resulting from excessive ensrgy release necessitated
by lov conversion efficiencies, such as the need to dispense with excess

heat in ommwersion systens.

The iast mentioned disadvantage becomes the mare severe ths higher the
ultimte enargy lovel prior to conversion is supposed to bs, that is, the more
enorgy is available prior to expansion and/or discharge of the medium. Figure 2
presents a survey of the energy converted in producing thrust versus the specific
impulse for various propulsion systems. For reasons of comparison ths equivalent
energy for different flight mechanical energy lsvels i1s given. The relatively flat
slope of the conversion lins shows that any inorease in specific impulse must be
bought at considerable increass in ensrgy imparted to the jet (in fact, xapcc\fﬂ{ ).
This is the reason for the problem shift towards the ensrgy source and conversion
gystem as the specifiq impulse goes up; and obviously, if 10 koal/g instead of
1 keal/g 4s required at 0.25 overall conversion efficiency, the production of 40 keal/g
at the source and the need to dispense with 30 keal/g is much more of a problem then
the production of 5 kcal/g and the nmeed to remove 3 keal/g. Thus, high specific
impulso is desirable, but it muat be in proportion to the flight mschanical energy
roquiremants (i.e, not greater than nscessary and convenient for ths contemplated
nission).

A aurvey of some basic characteristiocs of these propulsion systems is
presented in Tab,l. Most items are self-explamatory. It should be pointed out
that the specific enorgy oonsumption in kv per 1b thrust wan evaluated as follows:

s s et e e e



The production im the propulsion system to get the thrust preducing messhenisa
stariad, the energy couveited from its oarigimal form into therwmal ensrgy, and
finally the energy canverted in t1s jet proper, which is equal to Ah(Btu/sec)/0.98, N

Igp (1b sec/1b), vhere Ah and I, are taken from Fig. 2 and 1/0.984 1s tho 4
canversion facteor from Btu to Kv. The figures pertaining to the chemica. system
reflect Li> fact that little has to be produced outside the medium (only auxiliary
powver) vhile the madium itself relsases the energy. The comditions are reversed
in 211 other ceses where enerpgy must ve tranzferred to the Jet.

Against this general background the solar-vowered space ship will be

discussed in more detail,
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3. The Solar Powered Space Ship

Tables 1 shows that among the possible non-chemical systems, the solar-
powered drive 1s fimdamentally the simplest and most straight forward arrangement.
It uses ar axisting energy sourne in space in an efficient manner, by converting the
radiant energy directly into heat. The propulsion system simply consists of tankage
for one type of fluid, radiation collector, hest exchenger and exhaust noszle.
hmpa are required to circulate the working fluid, but since the quantities in-
volved sare very smll (less than a pound), the pumps ure light, the horsepswer
requirement is low and electrical high-spsed drives appear prmotical., The necassity
of concentrating the thin-spread solar energy requires ths use of large rsflector-
typs collecters. In thie @imer very high heat flux densitisz can be obtained vhich
are equal and greater than those normally foumd in the throat of chemical rockst
engines ( > 3 Btu/in°sec). Most fluids are heated to a very high temperature wundsr
thaee condivions und this makes their subsequent piping to the exhaust noszle quite
difficult. If hydrogen 13. selected, the high hseat capacity permits tc store a oonsid-
erable amown{ of energy in the fluid, vhile keeping the temperature within such
limits (1,500-1,500°F) as te permit the uuo.of uncooled pipelines for the heated
mterial, vhile tke specific impulase noverthelezs is the highest attainable with
anv fluid under these conditions and, in fact, oxceeds that of chemieal propellants
(Figurss 3,4). By using uncooled pipelines, the system can bo asimplified and 1its
weight kept low. |

Low weight i3 of extrems importance, since the thrust obtainahle
1s only «f the order of 1CO to 200 1b. Even in the case of orbiting space shipe the
thrust-to-weight ratio cannot be allowed to becoms arbitrarily low. The lower limit
18 mather determined by the specific impulse available and by the strength of the
gravitational field in which the system 1s to operate. In the case of the earth-
moon field and with a apecific impulse around 450 sec, the thrust-to-weight ratio
should not trall appreciably below 0,01y, because otherwise the flight mechanical

rorformance during the powered phese becomss so poor that impractically large mass
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; ratics are nwodad te perfors o cislunay flight miselon. This o dus e tom
gravitatioml inames inmarrsd fa 2 slew-climbirg spiral-psih associated with
very lov thrust. Howeree, low thrust iz not only o dissdvantage. It is in faos \

mandatory for the svoiem undor ronxideramtion, boecause the smusideradle aizs of

N, W

the collactors yields very long mowmen: arme, A% tlwusl-to-weight retios of

0.1 to 0.” ¢ 1% would not be poesibls, wilhdn ressonsbls weight limits for space
vehicles of tnis size. fo pruvide the maceszary siruntwrally rigidity and ¢o
wravant Lending and J(istorticm whish would daatroy the optiesl gwmlity of the
reflaciers.

5 compeumize Levwsan these two opposite thrust requirementa must bs
establinhed and isads to values of the order of (.01 g. If the zlght coeditions
are fulfilled, the solap-iampsd drive will require much less working fluid
supply fram the 2arth than any chemissl propulsion system. The limited powsr

E of this aystem wakes its use for interplamstary flights wnlikely, It supesrs
» suibghis for slcitasr and Tunar dpcrationa which presumably will be more frequent
and Tarowhish o raduetion in fludfd supply is therefore quibe important.

Tane wendiderations mele the solar-powered sytem appear attractice.

Fouever, thers are wry probiems to be solved if its usefulmess 1s to hHe assured.
Ths principal dsilgm problem lles 1n the exbreme emphesis for all-vub light-weight
sonstructiun. Ancthe desipm a3 well as dynamlecs mroblem iz the requirement fou
completely Indepandsnt orientation ia space of the optical axis and the thrust
sxis with respect to aaa other, The problem of rigidity and the resulting
autopilot control dlfficalties cau be reduced to practisal -;lues by means of
proper brasing of the sollecters. Considerable prescure icasec are introduced

by Jong plpelines between tank, heaper and mutor, requi ing adiitional pumping
enarey, This difficulty {e aprwrently wavollable. & large numbsr of different
Jssigna has besn evaluated with the purpose of reducing the length of piping,
orfore the decien reesented in this paper was selected, Bacic shortcomings of the

wrotar sre of course dependency on solar radiatics and the possibility of damage

even ty small meteors due to large size and freil construction. The vehicle ls
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thout wwans of propulsicn vhile in ths shadww of a celestlal body. The effect

of cosmic dust mmy bz the most sericus of all problems and may in fact constitute

!
a mumdle which camwt be overcoms. It iz too sarly, howewer, to asses:;ﬁ the

effact of dust in space with sufficiant certainty to meke such a statdment,
Pirtihornore, the denslty gnd distribution in cislunnr S;nc; must be kmwn more
aocurstaly, It 18 not to be expectsd that the distribution will be wniform In viev of
ihe ocompiex intersction of tarrestrial, lunar and solar gravity fields in cislunar
3IBC8.

Frwy fechnical probleme will beceme arsarent during the subsequsnt
dicoussion, Alilogsinsr thsy maim the solar-power<d space chilp diffiocult o
realize; iwwever, vhile constituting a great chellenge to engineering ingeaulty,

the suosvsafui solution of 14s problems will reward us with inoreassd freedom

in smos.
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4, The Yopking Fluid

The selsction of the working fluid 1s ma’nly determined by the requirement
for VYuw overall vahicle weight and the definite need for high smecific impulse.

Dosirablae qualifications derived from the preceliing discussion are high heat capacity

il

’ end lov condensation temperaturs to permit a maximmn degree otj exvansion and high
ensrgy conversion st relatively low initial temperaturs, In ofder to mmintain s
high hest transfer coefficient throughout the heating perled, the working fluld must
be in supercritical state. Therefore a not too high critical pressurs is desired.

The working flulde which bost meel these specifications are hydrogen and
helim, Their relsvait characteristics are summrised in Table 2, Hydrogen ylelds A
higher snacific immulse, bacause its molecular weight 1a lower and its specific
heat higher. Hellum has the sdvaniege of higher donsity and of lower critiesl e

pressure as well 4s higher critical denmity. It has alsoc a lowsr heat of vaporisation.

The density impulse of halium is sbout 10 percent highsr then that of hydropen.
Howover, it is belleved tlat hydrogen is in this case the only cholce which
is acceptable from practical considerations. It is more readily awailable, it
permits to orerate the promizion system at & muoch lower temperature level at about
equal motor parformance and it ylelds a lower gross weight, hence a higher thrust-
to-weight ratic and less gravitational losses, At mresent, sufficient practical
axperisnce 1n the use and pumping of hydrogen in rocket engine systems is available
to permit estimktes for the techmical layout of a solar-powered propulsion systems.
The molar heat of hyirogen undar different superoritical preas;urcs 1s shown in Fig,5.
Thase curves were obtained by measurii,; the slope (dS/dT)p of curves in the hydro-

gen entropy-temperature diagram ref. (14) »~1 computing the molar heat capacity

from cp = (d8/4T)- T.
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An astimate of the density of ldquid hydrogsm under the alightly supsroritioal

preamive of 15 atm is shown In Fig, 6. The variation of exhaust temperature

To 82d sathalphy AQ  converted in the nossle ls shown in Fig. 7 as function of
chember pressurs and chasber tempsrature. Figwis 7 also shows the eathdlpy 44®
Tequired to convert the hydrogen from its original state in the tank to the state prior
to expsnsion in the noszle, Because of the relatively low vemperstures involved,
dissociation is nehligible and A4 4* is pot a function of the pressure prior to
expansion. By dividing (4A/ 4 4% )y one obtainms ratios between 0,75 and 0.85 at

supsrcritical pressures.
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5. The Energy Gellagtar

In order to increass the enthalpy of the working fluid by the
requirsd amount in a short period of time, the radiation energy must be
conoentrated in & amall area in which the heater is plsoed. Tsually, parabolic
reflectors are oomsidered for this purpose (4, 7). In a parabolic reflector the
- Ttetdan 15 conoentrated in a smell foeal area where extremely high tempsratures
or heat transfer rates can be obtained, Farber and Davis (16) heve anelyzed
the parabolic refleetor for the purpose of attaining maximm temperatures
in the focus. They find ths highest theoretically possibls temperature of a
black body receiver to be 5,100°K (assuming 100 ¢ reflectivity), compared to
6,000°K solar surface temperature.

In a solar propulsion system the use of a collector is not to attain
highest heat transfer rates in ths smllest area. The purpose of the collsctar
1s to distritute energy over a certain area so that sufficient time is given the
fluid to absorb epergy while at the same time the flux density remains high snough
to produce a source-sink system of adequate intensity for the tempersturs to be
attainea oy the fluid. In order to do this with a parabolic reflector, its
ontical quality must te reduced purposely,

However, the main armment-againat the use of a marabolis mirtor
comes from welght cansiderations in welatien to the enargy obtained ar thrust
generated per unit of area intercepted, The radiation enarsy collscted by a
reflsctor is equal to the sres intercented, 4, times the solar constant, 8, and

ths roflectivity at norml incidence, Ry

Q= 43y (1)
™rom Mg, 7,4h* for T = 1,%00%%, naglecting roeses, 1n 3,557.5 ealories per

) 0 - 2
gram of nydroger. The nolar constant in srece is 5 = o) cal/sec ew", Thus, if




ono assumes roughly that all energy intercepted can bs transferred to the
wvorking fluid (hydrogen), ome obtains for thu reflector area per umit weight
of hydrcgen per second, heated to 1,000°K,

A - 106,725 cal sec em2= cn?
(\7{;2) R, g sec cal g (H,)
10’67205 mz
R kg(Hy)
2 (2)
52,190 £t
R, 1b{H,)

From ‘Figure 3 one obtaina for a presgyre, ratio of 15/0.1 atm through the nozzle

and T, = 1,000°K, a specific impulse of 472 sec, . Assuming 94 percent or
450 sec, cne obtains for the reflector specific imjulee

2

Wi

16 £t 23.7 o . (3)

T R, 1b(fhrust) R, kg(tmust)

Since the energy intercepted is about ) kw/m?, ome arrives at 10.8 kw/1b(thrust) at
R, = 1.0 or 12 kw/15(thrust) at R, = 0.9. The additional weights of propulsion,
structure, such as goniola etc., and hydrogen itself leave very little weight
for the collector system. In oxder to arrive at an overall thrust-to-wmight ratio
of at least 1072, the collector weight (1b) to thrust (1b) must be about 5§41 to 7:1.
This' then allovs.about 0.043 to 0,06 1b wuight por £t° intercepted area for the
collector system. Such values can obviously not be realized with a parebolic
reflector for structural reasons.

during discussions of this problem with ths aunthor's associates
Mesors. F. D'Viicent, C, Edenfield and O, Duhlkea) tha provosal was advanced
to use a thin-walled, presoure-stabilized sphere. Such a system not only has

the least pos:ible weight, but alro yields e maturally correct reflector which

3)
Sanior i‘esign Enginoers, Pre. Des. & Syst, Anal., Convair,jan Diego. The author
1s deeply inisbtad for their help without which the design could net have been
advancad to the level presented here.
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in this sane would be a hemisphericsl reflector. The reflector would be
produced by spraying one half of the sphere with a thin metallic film of
aluminum or silvewr, whilo the other half would remmin highly transparent,
The resulting weight reduction is so largs that a certain increass in inter-
cepted area to compensate for slight absorption losses on the transparent
side can easily be accomodated. An amalysis of the hemiaspherical reflecter
is presented in the Appeudix and it is shown that heat transfer rates of
maximun nractical intencity are obtained along that pert of the optical

axis which reprosents the focal line in z reflector of this shape. Tt vas

thersfore decldsd tc imscctigats a velicle design on this basis,
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For this pmrpose, a smll !mlrogen-operatd'd mrototype of about
16,000 1b gross weight was asswumed, containing abonfr!'. 11,000 liguid hydrogen
and a gondola for two crew members, Several configurations were considered.

The eventual design which is shown in prinoiple in Figure 8 and in more detail
{n Figure 9 was chosen, because it appears to be the most attractiv» compromise
froa a mumber of viewpeints,

Gondola, spherical ‘ydrogen tank and exhnust nozzls represeni ome
rigid aystem, located in the center between two asollectors. Center portion as
well as reflectors can be rotated fresly with respoct to each other about
the axis of rotation comnecting the centers of the two collector spheres.
large vanes in the motor exhaust provide roll control (about the thrust
axis). By means of combined motion about axis of rotation and thrust axis,
as well as yaw control about the third axis normal to the plane of the paper,
complete freedon of orientation of & t axis and optical axis with respeot
to each other 1s assured. Yaw control is effected by means of tilting ths ex-
haust noszle, using actuating cylinders which also provide a péssibility for
fine control of the thrust about the axis of rotation by having these actuators
operate in twe different planes, as explained in Fig, 9, Detail A, Detail B
oxplains the connection between collector sphere and tank sphere and shows that
an electrio drive is provided for each colleotor to: rotate with respect to the
thrust axiz, The tirust axis in turn can retate with respect to the collectors
by tilting the motor norml to the plans c.;cf the paper. The vehiole can thus
accelerate in any direction with respeot to the sun. Tho arrangement of
equipment in end around ths collector spherec is such that the center of
gravity of each collector is in tha center of the sphere, or at least on
the axis of rotatlon, so that the reflectors can ho rotated without producing

a moment arm with reapoct to tha line of thrust.

R e e e T TR
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The flow diagram Fig. & shows that hydrogen is pumped Iyom the tank
into the oollector sphera, This ia done by meens of a lowv-pressure pump to
keep the flow vslooity and therewith the Jreosure losnen down during the
about 7, £t long flow to the center of the sphere, If necessary, additiomal
pumps must be installed alangthe way to maintain the flow aB the denired booster
rressure priod to entering the high-presmue pump in the center of the collector.
Since the flow quantities are small - ;)f the oxder of 0.1 to 0,2 1b for each
collector - and sinoe the pressure is relatively low, the weight of these
booster pumps together with their clectric drive is very smll, of the order
of a fow pounds. In ths high-pressure mump system, the pressure is increassd
to tho order of 30 stm (440 psl), to intenaify the heat transfer..Suhsequent
pressure losses on the way to the motor are not allowed to reduce thes pressure
below 15 atm, using again Yooster pumps if nsocessary. Expansion through the
nozzle takes place at an initial pressure of about 15 atm (220 psl). The
arrangement of the high-pressure wump close to the heating element reduces
the length of high pressure lines, Assuming thut the inlet pressure at the
high~pressure mump 1s 30 pal and ths outlet pressure 450 psl and ansuming
further an afficiency of 0.5 for tha pump and 0.8 for the electric motor,
the horsepower requirement for each of the two systemn is about 9 HP or 6.7 kw.
This and additional power is probably most economically provided by means of a
turbo-slectric system, In Pig. 9 a single-stage impulse turbine is indicated
prior to the axpansion nossle. Py msans of an alternator AC is produced ( 3 phase,
4 wiras, 120/208% V) vhich has the advantage of ylelding lower transmission
Tosses and permitting & higher rotational specd of the motora ay‘:d pumps than with
NG whore the motor speel is 1limited to about :,200 to 10,000 rj:;:. Qf the abovo ment-
foned 4 wires, 2 each lead to the collector apherea. By koepix;m them in cloze
contact with the cold hycrozen lines, transmission lossan san be minl\nimd. These

louses are estimted to be about 0,25 HP por les,
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For atarting the propulsion system a h!gh-pressure gas tank for
the initial pump operation is indicated in Fig, 9. However, for repeated
stafts solid propellant starter rockets to energize the turbine and produce a
small amount of thrust appear preferable.

Energy for auxiliary power needed in the gondola and for radio
purposes can ba made available oither from radiation of leaser intensity in
the heater area or from special solax; batteries shown at the extension of
the respective ontical axes of the collectors in Pig. 9. Storage tntteries
take over vhile the wehicle passes through the shadow of the earth. The solar
batteries outside the collector spheres would blosk out radiation arriving in
a cylindrical space around the optical ‘axia. It 1s shown In the Appendix that

"chis radistion furnishes only a negligible contributiom to the energy cencentration
along the optical axis (focal line).

The heater extends from a point half way from the eenter to a point
on the periphery of the reflector, Figute 10 shows the intense heat flux
density along the focal 1ine for several wvalues of the reflectivity (ef. Appendix).
Peak valuas between & and 10 Ntu/in? sec are reached at ¥ about 45 degress,
corepesnonding to approximately 70 percent of the distance from the csnter to
the periphery (Appendix).

The spherical collector proper is assumed to consist of polyester
(polyethylere terephthalate), a clear anl transparent plastic of considerable
strength and very light weight, Very thin films of polyester can ba manufactursd
and the design shown in Fig, 9 is based on a thickness of 0,001 inch., Under
these coniltions the material is not expocted to uhsord any sppreciuble amoumt
of light or to produce significant refraction., In order to utilize the industrial
state of the art, a polysater called Mylar D vhich is being produced, has teen
evaluated (17). The subsequent information, representing average values, is drawn

from thie reference and 1s summrized in Table 3, The polyester film transalts about 99

o 4 ~C .
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peroent of the incident light in the visible region. The tensils strength is
eatisfaotory, even at 300°F (150°C). Under the given conditions of thrust-to-weight
1t appears sufficient to pressurise the sphere with hydrogen or helium at 6.01 psi
(about 7¢107% atm) to lend adequate rigidity to the hemispherical reflector. This
yields a skin stress of 3,840 psi which is well under the tensile strength left

at 300°F, This is aprroximtely the daylight tempereturs of the lumar surface. It
13 expected that the film temperature will stay below this level, since 1t absorbs
less radiation than the moon's surface. Moreover, sinoe hydrogen or helium will
diffuse through ths skin, espacially on the transparent side, a certain amount of
cooling 1s provided automatically vhere it is most desirable, The very low pressure
on the other hand keeps the amoumt of gas pressure to be renswed on a very low
level, For the same reason also micron-size holese pumctured into the film by
cosmic dust are not expected to be oritical, depending, of course on the density
of the dust. To a certain extent the transparent film and the internal gas wiloch
in spite of its rarefastion contains more than 10?0 molecules per ft3 s provide
protection for the reflector proper against frontal impingement by cosmic dust.

The rear side 1s more resistant, since this side is expected to be mestal-aprayed
on both, the innar and the outer side with a layer about ons micron thick. The weight
of the metallic film 13 negligible and the film thickness could be increased if
desirable for reasons of protsction from cosmic dust. In the direotioﬁ of low
tempsrature the polyester material shows also good qualities. Mylar is quoted in
ref. (17) to be free from embrittlement at tamperatures as low as - 60°C (~76°E).
The therml radiatien given off by the heater wfien cooling down and the heat content
of ths thin internal atmpsphere, will greatly dampen the temperature drop normally
encountered vwhen the vehicle enters the shadow of the earth.

Thus the material seemn to be applicable to this design. However, 1t is
realézed that there are mny unimowns left, particularly with respeet to cosmis
dust and the effeat of sxpomure of this material to those parts of the solar
spsctrmum vhich are abasorbed by the atmosphere. However, it appea;'n 3till too carly
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to rule out this type of a.pplicqt_lon. Moreover, further directed development
my lead to additional improvements. The problems encowntersd in this design
are characteristic problems of an adwvanced space technclogy and must be aolved
jointly by industrial and satellite researoh.

A welight sumnary of the yrototype is pmesqntod in Tabls 4. Both mollectors
together weigh only 740 1b or, with acceesories, 1,000 1b. This is roughly the
equinment which replaces the 44,000 1b oxygen otherwisy needed to heat the
hydrogen (11,000 1b) chemically. It is this fundamental advantage which nakes tho
solar-powered space ship a aignificant»possibyility’and well worthwhile the effort
to solve its numerous existing problems., Of course, this advanfage is not 2ll gain.
There ars certain pemalties in the foxﬁ of design and operational difficultiss.
Another, most aignificant penalty, namely the flight mechanieal performence loss

" due to the low thrust-to-weight ratio, will be dissussed in the subsequent section,
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The dnalc charsstaristics of zon-cheziecal propulzion sevitnds are
purvaved, The prineipel resson fm?a change %o thexe asystens 18 (o3 attempt
to g2% awsy from the Digh masz comsumptire vhich repressnts s esjor disedwasiage
of the chswiew] propulaion aetiod. However, it is pointed cut that 13 doimg ao,
a host of other, rartl~ osven more severs difficuities is enzcimisyed. All nom-
chamical mothodz require donsidersble rescarch szd devslopment of?urt, bafors they
can becoms rsectleal,

Yeosuns of its adwanisges in simplicity snd higzh epergy cogversion
efficlency the selar-powered space ship is ‘discuseed in more detsil, This wshiole
{s potentially capahie of csrrying out operetisna in adislwmar and lunsy sruce
(vitheut landing) on a much more scumomical Bmais as far ss =mupply requirsments

are concernsd. Howsver, the syatem is a good ezmsmple for the msaileld d4iffisultlas

engounterad when chenging %o anmcther rropulsien systen. These diffiouities zve

pot necesesrily insbracwiiable, dbut their severity is smsidsrable and the resuli-
ing prohlens present many shallenges to ougineering and solsccs. In the anse oof
“ha aolar-powered space ship the requirement for eztremsly 1ighi consirustisn is
voe determining fector, to & grester exient thaw sver before in the history af
recket developmort which is the atory of man's flight sgainst weight in wors than
cne mense. IY appsars thev this preblam can be ovorcems by radically zev designs
wiieh sust be based or the bagt materisls industry cum provide. 7The prototype
ryogsnted hare may Indisats a vosslbls z-lutlon. It appcars likely that if at &
leter (s indoatrisl 29’ selontifis ingenuily canm be put to work om a uroader besis,
¢ wrachical solar-powored sréce ship can be devsloped and man'e {readom of cperation

1 the earth-mosn 1ol te Increassd lect lwely,
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Appendix 3 Apalysis of the Spherical Refleqtor

Figure // defines ths notation used subseqpently. The optical or
prinoipal axis passes through the vertex V and the center O of the spheve. For
the mh of simplicity of the geomestrical relations involved, solar radiation is
in this connection assumed to oonsist of parallel rays of light. The reflection
point R of an inocoming light ray oan be desoribed by the center angle w , measured
from a line norml to the incoming light and into the direcllon of the optical
axis toward the vertex V, It is then

:ll =°°,’p

T

-7l-7—=ain21

wad - 1-2)

The last relation definas the length f of the reflected beam in terms

(1-1)

of the radius of the spherical reflector. This length, times the angles subtended
by the light source, datermine the diameter of the image. In the case of the sun
thig angle is known to be 32' = 0.00931 radians = {5 . The smallest pozsihle
image dlameter is therefore r{s at any station of the opticsl axis irradiated,
and it lies in the plane normal to the direction of f. If the element lies in

the axis 70, the inoident radiatien will spread to form an ellipso of light rather
than a circle. The mjor axis of this ellipse is given by

= E{S = f;p (1'3)
I-XS (90-{.') St Z,a

The radiation intercepted by the minimum area ‘m.tn = (ﬂ'//.)f2(1,2 , &8 compared
to the total eliiptic area irradiaied is,

~ 2, 2
Flliptiec area Aell = ab =1 ":', ;é-,e—lp' é f/s = 4 "'2'@'

_A_".'_‘.ﬂ-— = gin 2 ¥ | (1-4)
Aetr .

[T
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Assuming a fist plute reosiver, the radiation absorbed is (for & = &)
oK =€ = Q“MS(‘?O*ZL:\) = 6,,' 54'4.\?.;‘ (1-5)

For a smll reflsctor surface elsment the incidsent flux is then given by
Q=5cos 135 ainy {1-6)

L3

where S is the solar conalant. This reduction in intensity is of courss due to

the sp.ocading of the incidert fiux over a larger area than in the case of vertical
incidence {at point V). Tha reflectivity of the surface elemsnt follows from
Kirchhoff's law (assuming & =€}, 2€4+R = 1; € = (1-R)/2 and lamberi's law

£ =€,008 1 = £, sin @, whence

R= 1= (1-R))sinep (1-7)

Tie amount of radiation absorbed by a lat plaie receivsr (diameter { ,(3 ) from

‘ » syrface elemsnt af arc length ds, revolved about the optieal axis, iz therefore

dg=Ssing R Amle 5 27 (2n) rdy (1-2)

e

AAI.L
vhere S sin 1s'the incident flux, R the reflectivity, 4,4./As31 the fraction

of radiation intercepted by the minimm arec, o¢ the absorptivity, 27T (2h) the
cirounference at the given h about the aptical axis and f dy ths arc elemsnt.
Baing Eqs. (1-7), (i-4), (1-5) awd {1-1) and setting f d p = ds, ons obtains the

flux density uer areas elomsnt

;’}liﬁ.: drr Seq f, () [1-0-8n)smp] @)
S

where
£,(¢) = smzzp sin @ cos (1-10)

-~

Integration of this equation ylelds the overall flux from the reflector surfse

~n the iiradiated portion of the optical axis,
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Q=8 ¢ s,gnl-é:(s"h tPMGF#-j-SIm yp) -
(1-11)
i- R [ A, . 2 4
.'..g_z:(s.m fosP+ L osim \,:')]
The flux density in terms of the minimum area Ay, is at any point

_.325¢, | |
T e

where

fulp) = § (smPpem®p v £ simiy ) 00
fz(‘m - smlpemty b 3 sim T (1-14)

Be. (1-2), (1-4), (1-10),(1-13) and (1-14) are tatalated in Table 5. The
tabulation begins with £ = 30°, because ap this value the incoming ray hits the
vertex aftsr reflsction. At mmal'er valuss of nfthe ray follows a polygoa rth
before it hite the optical axis. No attempi has been made in this first surwy
to analyz®. this portion of the incoming madiation, Qualitatively, it incrsases
the radiation inIlix in the outer portion of the focal line (N.7<r 21.0).
m™e rmtiio r/r as well as .q/ds are nlotted in Fig, |2 . The curve

£/r shows the well-known fact that for spherical reflectors of very smll
arerture a focal point exists which ic located at 0.5 r. The curve dq/ds indicates
that for large aperturs spherical reflectore the meximum differential radistion
thae is at P'= 45°, corresponding to 0.7 r.

- Using Fq. (1-11) the integral rediation {lux can be computed. The

result is shown in Tigure 13 , where Q is given in terms of r*

5¢,.68
function of f . In accordance with the trend shown by the dq/ds curves, the

Q curves Iniicate tnat there ig little or no contribution “rom rediation infliv~
at the extrsmo values of @ . This trend s the same as for d in (16) for the

mrabelic mirror.




By computing average values of q, By. (1-12), ohe can find ths
tempsrature of a black body receiver (flaii) aleng 0.5< r < 1,0, by using
tos Stefan-Boltzaam relation T = (/G )* where G~ 1s the Stefan-Boltzmm
constant.Thds has been dome by using average values of q in intervals of
five ‘egrevs. The result is shown in Fig. |4 for the radiation flux density
pe: e of winimm area and for the tempsrature. This temperature, representing
the highest theoretically attainable in a re“lector of this tyrpe (PS1 = 1.0), 1s
1,000°K or 1,200°R lower than the theoretical maximon found in (16) for the
perabolic mirror. The values of q are also presented in Fig, 10 where they
are presented in the enginesring system,
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Table 2 Comparison of Hvirocen and Hollun

Molecular Weight
Freezing Point

Boiling Point (760mm)
Sp. Gravity (1iq.,760m)
Critical Pressure
Critical Temperature
Critical Sp.Cravity

Spocific Heat
{Average between B,P. and 3000°k)

Heat of Vaporization (760mm)

Hydrogen Hellum

2.016 4,003
=436°F (12)  -459.4°F
~260°C -273°C (13)
~423°P(12) ~452,2°P
~252,8°C -269°C (13)

0.071 0.13 (13
(4.43 1b/0t313) (8.1 lb/g‘tj)

13,5 atm (12) 2.28 atm (13)
12.8 atmn (13

-240C -267.9°C (13)

0.031 (13 0,069 }13
(1.94 Ww/e¢?) (4.3 1bv/r¢I)
3.7 Btu/lb°F 1,13 Btu/lbv°F
3.7 001/g°k(5) 1.13 cal/g°k (5)

108 oal/ 4,93 cal/g (4.93°%k) (14)
194 am/gb (12) 8.87 Btu%.b



Malting Point

Specific Gravity

Thermal O8mnductivity

Thermal Cosfficient of Linear Rxpansion
Light Transomission

Tensile Strength

Burating Strength
Oxygen Perneabllity
Tydrogen Pormeability

250-255°C (ahout 490°F)
1.38-1,39

3.63°107% cal/em ses °C
20010=6 °F

about 90% in visible (> 4,000 %)
gero at ¢3,000 A

25,000-30,000 pei (about O°F)
10,000 psi = 300°F (150°C)

45 1b @ 1 mil thickness

P

0.9 g/100 »? hr ¢ 1 mil thicknes:

No Deta Available

P SR SR SR S

T T X 5 Sy g



S

)

Tablef4' Characteristic NData of the Selar Powered Smcechin Prototymm

1. "eights

iadiation Collectors (2)
Polvester Svheres (2)
Cold Tubes, Yires, Sorings
Connections,Reflector Nrive, Misc.
"n* piping “ystem {for > Collectors)
e Hanting Flements
Hot Pininp
Padiatinn Jacket for Hot Pipes
"-nlccinr.
Turbine and Alternator
l.ow-Pressure Booster Pump (0.37 1b/sec V)
Yi-Pressure Punp % Motor (2 sets) )
viring (2 sets) (electrical)
Hotor
Connections & Shut-off Valves
Array of “olid Prop.Starter Rsckets
L:ouit Mvdrogen Tank (17 ft Nia.,90 ft< Surface)
~eninle, Crew & Tquipment
linu § Hvdroren
Gross Weirht
ry Yeipht

2. Miscellaneous Da

Collector Sphere: Niameter
Intercented Arvea, A,

Circumference
Surface Area
Volume
lviroren pas wt. in sohere (0.0l p3i) - 300°F

~157¢ %

"nlium pas wt. is roughly twice that of W,

1,700 1v.
740 1b. .
199
7
Y%
2 1b
350
150
500
60 1b.
10
5
29
50
1n
3
#00
2,400
11,000
16,400 1b
5,600 1b
124’, ft.
12,470 £t.2
402.1 ft.

51,4655 rt§
1,092,000 ft
2.7 1b

6.35

Intrresnted area theorstically required to oroduce 20 1b, of

thruct at. Tq = LSO sec
Teflecter e??iciency 9,3%/12,-71
Throreticnlly nroduced thrust per reflector
nercy theoretically collected by retlector
Theorertical srecific enersy consumotion
Actua] thrust asrumed to be oroduced ner collector
Tatal thrur-t oroduce:d
“hrust-to-weirht ratio: initial
~aximum final

3, Inecal.Performance
Facter (1 4. /“roas W)
Parsih’s *nFrc fatiec Bane! on losding Tacter
Immul 20 Asrcured
< en ‘bave Mta

"o iine
e
SEXIm
Treraticngl Tee i

METER S

PR ST
SLOTTN

s martermanee chamcleristices indd
wovshiepa s 21kt ant paturn ints the
AL T e sopr e al the arotatyne 1o ta

taris niviracteristies of

P -l

,“l . ye - "".""‘.

2,300 £t
0.725
111 1b
1,257 kw
12,9 kw/1b thrust
“0 1b
160 1b
- n.976.10~2
2.9"30 10-2

.67

3.03

250 1b sec/1b
15,739 ft/ace

eate that thic nrnatotyre i~ not
ortit of emarture, taken 4t 7N
stuiy rnreblean of de-ipn, and
the vehicle.
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t/r f (p) £2 () r(f)
(dog) (=) 2y - -
30 1.0 0.3248 0.03541 0.07812
35 0.2717 0.4149 0.05048 0.12675
40 0.7778 0.4775 0.06658 0.18554
45 2.7071 0.5000 0.08250 0.25000
50 0.6527 0.4775 0.09708 0.31441
55 0.6104 0.4149 0.19945 0.37325
60 0.5773 0.3248 0.11907 0.42187
65 0.5517 0.2248 0.12585 0.45785
70 0.5321 0.1327 0.1300% 0.48107
7% 0.5176 0.0625 0.13224 0.49358
80 0.5077 0.0200 0.13310 0.49866
€5 0.5019 0.00261 0.13332 0,49990
29 0.500
90 - 0 0.13339 0.50000
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