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additional evaluatlonu A preliminary analySLS of the system for a

1. SUMMARY

The objectives of tan progrdm are to perform a d651gn study ot a

vsolar-hydrogen propuls1on and power system for apace appxlcatlons.

The study was inltlated on. 17 May 1963 under Contxact NAS 7- 231, and
is plduned for completlon over a period of six (6) months. This

informal quaxterly report covers the work pcrformed during the flrst

: throe (3) months uﬁ the program. .

During the report period \gost of the component studlgs were
complete land ralatlonshxps were formulated for the cryogenlc storage

system, solar concentrator size, thrust levels, electrical power, and.

efficxenc:es at different solar dlsLances rSubaysLem integration

. studles of the cavity with comblned hydrogen heat exchanger and

“thermionic converter were 1n1L1ated.s Preliminary studies of the

combined cavity- absoxbor indicate the feasiblllLy off the concept;
howovex, pxoblem arcds adsociated with temperature dstributmon,

thermal energy storage, and materlals compatibillty will require

solar pxobe mission was completed, and results indicate that the

[
;3

combined solar plOpulsion-power system may offer smgnlflcant por-
formance advantages. over electric propulsion or chemical rockets for
this application.’ Tﬁese’étudies will be refined and completed during
the remainder of hheVprogram, with primary emphaéis on integrated
cavity-absorber deéign studies. | |

During the reporL period apprwklmately ,032 manhours and

:$16,000 were. expengeda




2,  INTRODUCTION

Atrthe earth's mean distance from the'sun the solar flux in .

‘space is 130 watts/ftz, and as the sun is approached this value

lncreases as the 1nvcrse of the square of the distance from the sun.

It is thercfore natural to examine ways of utilizing this energy,
wheneverx energy sources ‘are under consideration for space m1551ons 1n’
the solar system. The ideal situation would be to convert solar
radiation direct1y‘to electricity. Unfortuﬁately, this is only

possible to a limited extent. One of the most promising approaches

is to convert solar energy directly into heat, then utilize the heat

in an energy conversion device. The drawback here is that for reason=

‘able efficiencies we are confronted with thermodynamic considerations

requiring high temperatures,kthus high temberature materials technology
is necessary, , o | | ‘

The sun's image is finite, hence the sun' image on the focal
plane is finite,  This fact, coupled with ever present mirror inaccura-

cies, spread-the'sun's/imgge on the focal plane, and limit the maximum

cavity temperature available. Hence, a high-precision mirror technology

is’necessaryo ’Until'recently, these advanced technologies were

inadequate fox englneering purposes.

The conver31on of heat to clectr1c1ty by thermionic dlodes is

capable of achlev1ng an estimated maximum efficiency of 20-25 percent,

; Currently lf is possible to engineer systems with about 10-15 percent

'e1f1c19ncy, The 1emainder of ‘the heat is normally dissipdteda If a

signiiiganr fraction of this wasted heat is utilized: for pxcheatlng

. the hydrogen in.a solar-hydrogen pocket(scux),the sverall-system

effiéienéy-will be much better than that'for the separate systems,

4000-1 2
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The SOHR propulsxan systpm has four ma jor components: the liquid

hydrogen stotrage system, the solar collector, the'cavity'heat‘eXChanger,
and the rocket nbzzle; uolar energy is concentrated‘by a light-weight
all metal parabollc reflcctox which. ranges in diameter from 5 to 40 feet
depending upon the thrust needed for a particuldr mission.
The solar radiation is reflected into a cavity absorber with aﬁ'
apcrture diametex of 1 percent of the ‘collector diameter. This black
body cavity &ncloses a refractory-metal heat eAchAnger through which
hydrogen gas 01mcu1ateso After it absorbs the hedt, the gas is evpanded
through a nozzle, EOS has dcvcloped 11ght’weight cavities which have
~ operated at about 4500°R for' extended durations, These cqviqies'were   :> . <?
fabricated from rhenium;‘molybdenum, and tungsténo | L
A prerequisite ﬁo the development:of.a use ful solar-hydfogen
rocket is the attainment of 3000 to 4000°R gas temperature exiting
from a cavity (corre3pond1ng to 600- 800 sec, specific impulse), Until

recently nelther the hlgh temperature ‘metals technology noxr the - B

«i ;ﬁ\:\.‘,\‘

necessary hlgh precision mirrvors were available. At present EOS build
5«foot diameter mir:orsjwith almost 90 percent mirror reflectivity
-and mirror to cavity aperture .concentration ratios in excess of$104
These reflectors welgh approximacely 0.5 pounds per square foot of
pro1ected area, and havo a mdximum deviatlon of the surﬁace contour of

lesslthan ! minutesol EOS is also fabricating elements. of a high pre-

T

cision 40=-foot diameter concentrator, and has recently demonstrated the
feaéibility”of the solér hydrogen rocket propulsion concept on ‘
Contract No. AF 04 (611)-8181 with thu nporleon of o 51nunu dumonstrady
tion modcla :;'“ . :

The thermionic dlode is an electronic dnche for the conversion

of heat directly into electlitmty, fIL is a device in whxch the cathode
is raised to clectron emission temperature by exposing the ekternal |

‘ surface of Lhe cathode to the radiatxon of a high temperature heat g

Jsourcﬁe The interelectroda gap is filled with low pressurL cesium o :
vapor for space &harge neutrallzation s0 as to incxease the energy ” > . ' ) ©

avazlable to an external load Thermionic diodes at present have low

woo-¥ 3
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thermal efficiencies, hence in practice‘from'fiQe to tén‘times the
electrical power delivergd'muét be rejected as heét via thé éndde,:  ’
The diodes deliver high current density at low voitage} ré Soiar-energyd
thermionic (SET) power'conve;sébn‘devigé has beén successfully built and
operdted by EOS under contract tO‘Ehe‘JeE.Proppléion Labq;éto:y \
(Contract No., JPL-950109) . The generator produced a maximum of
45 Watts~~the largest power level achieVed.by such a device to date.
Currently,. EOS 1is bulldlng improved devices (JPL Contract 950349)
to deliver 75 watts, , ,

The present day SET generatof fejegts ovér ten times the équivalent

“electrical energy generated. Part of this waste heat can be saved if

it is uscd‘td préheat the workingvfluid7for a combined SOHR-SET ‘device.
Such devices, in largef sizes, éoulﬂ be;made to. produce Seﬁeral‘pOUndé
thrust with many kilowatts of electrical odtput. |
: The SOHR-SET system envxsloned W1ll dlfter from the 1nd1v1dual
1SOHR or SET systems only by the fact that Lhexe will be a common cavity
w:th the diode emltter operating at a temperature slightly lower than T
the rest of the‘cavxty. It should be capable of opetatlon at Vdrylng W
distances from the’sun. 1f desired, thermdl ensrgy storage can: be
~incorporated for operacingfin,the sun s shadow, It is bxpecLed_to
operate és aSCOnsﬁanﬁ thrust device duiing thrusting, and at a constant ’ ';q

power level, ‘ - S oy
; o o ‘ o Y
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3. PERFORMANCE ANALYSIS OF COMPONENTS N

| The SOHR-SET System is best suited to d”class of missions intermediate -
between chémical and ;1e¢tric'prdpﬁ1sion systems. Charactéristic'of'the

{-SOHR SET _system m15310n CdpablllthS is low thrust thh specxflc lmpulse;
and large payloads in 1ow gtavxtdtxonal fields at the cxpense ~of flight

| tlmg 5>Slncc the propulslon aspect requires the stordge of 1arge volumes of
liquid -, (the SOHR aspect of the syetcm requ1res largg mass frchlons) then
cryogenlc sLorage LORSldtf&LlOHS mqu be taken lnto account, . Furtbermore,-‘
since large areas are involved and 1ong flight times are antlcxpatad micro- - ;é

‘”‘jmeteorlte protection may become a sxgnlflcant factor, | | ;

3.1 Propellant Storage and Feed Svstem.

The folloW1ng scctlons deal w"th the analysis of the tankage
welghL required for typlcal SOHR-SET m1551ons.

3 1 1 Vonted and Non-vented Systems _ o ] i

lhe designer of a 11qu1d hydrogen storagc system for prolonged

space. mlelOﬂS must decide very early on ‘the disposition of hydrogen boil oft

due to heat leakage into the system, If it is decided to vent the system to’
prevent exce351vc pressure build up, then the best tham can be doné is to
optlmlze the boil=-off= 1nsulatlon Lelatmonqhxp. For long duration missions
ﬁLhe penalty is severe. Reference‘l(blves aphdndlyS]ﬁ of the boil-off
penalties involved in a vented system. This study will be based on a non=
vented system de31gn concepL. ” |

11 a non- yented sysrem thexmal 1eakage must be Lransferxed

"from the body of” the st01ed hydrogen to the a: titing 11qu1d This can be

NG o0 oy
i RN

donc by throttling the hydrogen, “then pa531ng the wet mixture of 11quld V?:
ﬁ‘hydrogeu droplets and atuzated vapor througn coils immersed in tho vtorage

tank. Vlgune 3-1disa schematic of a non-venLcd systh.u81ng atored gas ‘
,kpreSQUpLzatlon. The»syqtem ‘donsists of the shield, tank plus suitable valves, i%

rcgulators, e*pulsmon bladdex throttling andrwarm-up coile, and. bther items.
A schgmutic of Lho fuel tdnk wall is shown at the botLom of the page. The
tank wall COﬂSlSLS 6I the 1nchnd1 Skln Whlch contaxnc the prcssurized hydrogen,

;a 1ayer ofi thermal 1nsulatxon, a meteoroid sh1e1d, and a tank suppoxr structurc.

o

, )
SR B 1he tank wall shown should not be ‘considered as" balng thé

li 7

‘final form, since more optxmlzcd arxangements are possxblL‘ The intcrlacing
J‘of sevepal layers of insulatlon and sh1e1d¢ng lb a distxnct possibility as

' ffar as a lownr weighL des1gn is concerned
R

400041 o 0 v s
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However, no further consideraflon need be glven to this problem uanl

further knowledge is gained concerning the meteoroid envxronment and .

the relative merits of one type of ahleldvcontlguratlon over;he oLhex,is

determined. ‘ | | ”
Flgure 3-2 is the Temperature-Entropy dlagram

for 11qu1d hydrogen controlled vaporization, State 1l corresponds to.

< the cond;tion of bulk storage. The fluid is stored under saturated

k*Liquid condition at a~preséurc' P1» temperature Ti, and enthalpy hj.

At state 2, the fluid is thrdttled resuflihg in a decrease in pressure

and temperature, and an increase in quality Xéa At state 3 the fluid

is recirculated through the fuel tank where its enthalpy is increased

to h3, and its qualitykincieased to Xso At state & the f%uid is

throttled resulting in a decrease in pressure and temperature and an

increase in quality from X3 to the near saturated vapor; At state 5

the snturated vapor enters thc first of a set of heat exchungers, Here

it 1s»warmed up sufficiently so that it can be handled easily in a

flow coﬁtrol systemo Another functlon of this heat exchanger is to

make absolutely aure that no hydrcgen dropluts remain, thereby prov1d-

ing,sxnble phdse,ygp“; in the higher temperature exchangers.

The thermal leagagc_to the‘hydrwgen'will depend upon, among other thing&,‘

e ey

ﬁhe distance of the space craft from the sun, In actual practice we
can anticipate sdyeral situations. We can envision the space-drafg
- being on u ﬁission so that at the end, it is closer to the'sun than

Jat any other point. We can also imagine this space-craft being further
away from the sun at the end df‘the missioﬁu, There is the additional
case in which space-craft is alternately close to and far removed from
the sup, and finally, the>cra£c‘muy always be approximately the same-. -
distdntc ftomfthé‘suno For the case iﬁ“which*thé'space-crnﬁt is closest
to the sun at the end of the mlssion, the insulatxbn must be adequate
Pncugh $0 that at the end of the mission the thermal 1oakaﬂe is not

_ greater than the rate’ which cnthalpy 1s being removed from the system |

by thaexisnmnghydrogen etream., This-being the cdé& the hydrogen

qoog.gfl’ W .
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leaving the tahk will aLwayé be of a quality 1ess,phaﬁ 1, except at
‘the end of the mission when its quality is 1, so that the first heat
exchanger will in essence also be a vaporizer., For thé‘caSQ‘where the

-~ space vehiclé is closest to the sun at the beginning of the mission,
then the reverse case is true, Then again the first heat exchanger
will also be a vaporizer, For the case where the space craft is
alternately near and far removedffroqﬁthe sun, then the design must be
for the’ﬁbint of closest approach to the sun, and for parts of the
missidh‘againbthe first heat exchanger will also be a vaporizér. The
orly missions on which the exiting hydrogen stream will be essgntially
a saturated vapor:willkbe those in which the space craft diskance from
the sun remains dpprox1mateiy constant. |

3.1.,2 Propallant Storage and Feed System Ge0met1" uﬁd
Structural RQQULYGm@HL%

The propellant stoxage and feed syetem Wel&ht consxstb
of prcpelldnt weighr plus the weight of the structure used to store
and feed the propellant. The propellant we:ght consistsg of the hydroben-
consuned forkprapulsian»plus the pxopqlldnt Lemalnmng after mission s
completion, ‘The structure weight conéists of pressure tank insulation
. and meteoroid shield. The pressure tank weight is derived partly frdm‘

internal pressure considerations, and partly from other incremental

i aeg T

factors described below, Since thermal insulation can serve as a

me teoroid shield, and a meteoroid shield does have some thermal
insulating,propertiesf;then the sum of the weights of thermal insula-
tion and meteoroid shield should be optimized for a particular‘mission,
In this analysis this has not been done, B | |

As‘stated above WSYS = wprop + wstfuc R 5

e g ST v i oht
wherc , wsys system weight

Worap propellant weight

W = gtorage ard feed system structure weight,
struc AL dauidets

4000-Q-1 | | o
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- The make-up of the structure’ welght is as follows.

= +w u
struc
where W, = weight_qf the insdlating layer
W = weight of the meteoroid shield
Wo=W + W MW+ W W
v pre55~ ba sa e st

The contributions to W are defined as ﬂoLJomQ- _‘ L

= theoretical welth of propellant tank

ress
pre due to internal gas presquregﬂ
awba = incremental weight of glopellant tank due to
boost phase acceleration.
A sa - the incremental weight of tank due to state of
e -Lhe are restrictions in materxal gauges,
o= lncremental w01ght due to weight 6f expu1s1on

bladder and associated structure of expulslon
~system (valves, regulators, etc.)

éws = 1ncrementd1 welght due to factor of safety
requlremﬂnts.‘

i

The propellant,t&nk geometry is arrived at by placing
two constraints upon the over-all‘pxoblem of propellant tank design.
lt is assumud thdt the tank has the minimum surfdce to volume LdLLO,

" and Lhat it is adaptabla to present beoqter veh:clc systems,

The minimum area is necessary, not only to reduce the overall weight -
of the tank, but also to reduce the weight of meteoroid‘shielding;'
‘thermal insulation, and the necessary strﬁctural supports. Figure 3-3
shows the lClathnbhlp ‘between tauk diametex (lbs. of 1LquL hydrogen) ’
and the tank diameler and surface area,

- Figure 3-4 shows the propelluucﬂtank weight for stovage
of 11QUid hydrogon at 50 puia u&ang Ti-541-2.5 $n alloy. Note that
the uppex curve w glves the propellanL Lank weight, whereas the .
lower curves are plors of the Lheorelical mi.nimum value, and the

incrcmental values

4000-Qé1  ~ . 10
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23,1.3 Tnsulatxon chu;rement

; The heat tLansfcrred to a spacc vahl(lc in a solar
‘ sysLLm depends on its locaLIom in space lblaLIVQ to the sun and the
oLhe1 planets, and also on its moLlon and orientation relative to them. o
For the case of a mnon-venting system the propellant
~ use rate is equal to the boil off rate at the point of closest approach
of the space vehicle to the sun. ,
Let X = insulation thickness

F temperature drop

|

k = thermal conductivity
A = surface area

F = thrust

D = nmirrvor dismeter

+ = insulation density

‘ : : . le M
‘Therefore, the heat input rate per unit avea = =
: : . ; <

%

" The total heat input is now

J‘§ at dAs

’ surface , ;
We will now define a mean temperature difference as equal to .
‘fﬁm dA £ R ‘
g s L
A ‘

&

,,Thereforé, the total heag*input‘race,is~cqﬁal‘to
A KT
9 m

e i T K

the»heat of &aporizatxon.

\\ \

£

so0-g-1 Mo T gy
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Hence boil off rate is equal to
' A K AT
s m

X H

v

where H is the heat of vaporLZAtlon of the 11qu1d hydrogena Let T .
, - s

»be the specific 1mpulse of the hyd1ogen 1cav1ng the cav:.t:y° Therefore

the use rateé is equal to

i PSR 1

Vo

Sp , :
Equatxng the boil off rate to the use rate and no ting Lhat the insula-

v;lon weight is equql to ¥ X A ve find that the insulation weight is =
, equal to - e : ' o
| Atk 1
8 . sp .
H_ F ‘ :
v ,

Thermal conﬂuctlvity values for evncuatcd lamlnated
f01l lnsulatxon hdvu been reported as folloWS 55_

,012 05 x 10 3;btu/thEL-9R,(36o-530Q)R

P = 7.5 lbs /fL. . Io/obta;n high performénce space Vacuhm
conditlona»must he maihtaiﬁed be tween tﬂe-manyklayers of aluminum
foil, or dlumlnized mylar; | , ' '

The mean temperature di£ference w111 now be estimated
first for an orbit around the earth, and then Ior ‘any point in space
as a function gfbthe dlatapce‘from;the sun, Flrst we deh;ne the follow=-
ing terms: | | o L

Qe = rate of thermal radiation emltted from an
arbiLrnry element of tank surface.

Q %xthe rate of tlanSmlSSLOH of Lhermal lea age to
the stored hydxogcn - , ,

Q. = the rate at which radiation is being ubsoibad by
. -arbitrary element of the tank suxface. This
radiation may be dllect;solar radiation
emission radiation or reflected radiation,

B



. = the surface emissivity of the tank,.

C = §£efan-Boltzman constant
Ts‘= kank surface temperaturu,'
Tdkmng a thermal bdlancq»about a tank element at. tcmpdrature T grve
find that \ '
= Q, *Q,
Slnce the Lhermal 1eakage g wuch smallex than the emLLLed
radlatlon from the tank burface QV is muuh less than Q and Q = Q
Thexefore Q a:e o‘l‘4 . From this point on in, the analysis
we w1ll assume tht all Lhe rad;atlon is solar radiation, andzrhat

the orientation of thL space crn:t WLLh respect to the sun is always

the same, FLgUIG 3-5 is a plot of the average temperathre drop,

versus the abaorpL1VLLy-emlss1v1Ly ratic of the space craft OIblthg

the earth. Curve & is applicable to our de51gn since the SOHR~SET
space craft must always be accnrately focused on the sun, and also
since any lateral hhormul conductivity in the inéhlation can be
asoumgd negligible. Over the range of low surface tcmperatnres:
- 600 °R surface coatings composed of organic base whxte pdlnts have
achieved G/G ratios of G.2. Hence, a de51gn point of nﬂ of 160°F is
reasonabl; for design COﬂd]tlonb at one Astronomical Un1L (AU)

To. estimate thg.varlanlon of surface temperature with thc
dJsLance to the sun we define | | |

R = the dlatmnce of Lhe space craft from Lhe sun.

4
: R ‘Qa/*
Futhermor , We can assume Lhat )
| Q, ~H
; and - H~1/R
’,t:he‘ré;fore‘ e T (1/11’1/ 2
~ Now Iét'ﬁhefsubscgigt 0 refer tb;conditions‘of‘one AU, dndilet,ﬁhef
 subscript 1 refer to cbnditionsselséwh@ﬁe;‘ ﬁ_;l a
T, = the temperature inside the storage tank -
‘therefore, L= T -T, S T
and . s 4IS.= T +~I1'
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" This gives. = E ‘k/2 - e ]

.

Hence , RS - e

AT B T T :

AT =] l:'lf.,'*f R
m :

S 2 e ; r o T
lnsulation‘weight=fﬁ§ K Isgrl—- Ti  , '(Qmm +~Tq

3 1 4 Meteor01d Shlelding L ’,;  . R

\‘Any vehlcle\operatung in space for a prolonged pexlod

3

of time mUat be protected from meteoroxd damage by a protectxve shleld

Estimatcs of. the meLeoxoxd effects on Lhe space structure depend on

- two sets of data, namely, the frequ qu wiLh which the surface will o

stxuck by a- particle W1Lh a given s zg,velocity,direction,and cump031-k

tion,and the penetrating abxlity of n pa1tic1e on a parﬁluular surface

,of a given thickness. Figuxa 3= -5 gives penetxation data for qteel and'
“p‘aluminum as deduced from the w01ks of Whipple and Bjork. Also inc]uded

R
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 ; : . -1'11 Figure 3-6 is penetration data based on the 1963 findings of
R Exploxex XVI, reference 2, It should be noted that the Explorer XV1
‘data were obtained only for penetrations of stainless steel material
a few mils thick, éndvthat extrapolation to material thickhess of say -
1/4 inch has yet to be verified. Note that the curve derived by
~aSsuming metecoroid densities of 0.5 gms. per ém;S forms .an upper
‘boundary for recent Exp]orer X1V data, '

The effectiveness of thc optlcal surface of the solar

|
|
]
' concentrator, and of the surface coatings used for structures and
l " for the thermal protection of pyropellant tanks will be affected by
the average depth of the surface coating destroyed by meteoroids.
I Analysis has shown that much less than 1 percent of the mirror surface
will be affected. For long periods of time meteoroid punctures follow
I a brarndom arrival, or Poisson _distribdtiom This assumption is used to
caleulate the meteoroid shield weight necessary for prolonged space
l craft opératidn. We define P(n) as the probability that n puhctures
of a sensitive areca A w111 oceur in a given time X, Assume that the
.shlcldlng material is berylllum of densiLy O 006 1bs. per 1nch?
" From Figure 3-6,we can find the expected value of the number of
puﬁctures for any area or for a given time. |
| ¥ = pqumber of punctpres/mz-sec
A= exposed,ﬁréa,»m? |
A =kexposure time, sec.
t = thickness in wils
the ‘expected value of the number of punctures i YAX, hence P(n)

= YA . ¥
and PLO) Q\p -(YAL) are known Since beryllium = 1,45 % el

3 ' ‘l}_‘f_—.—.
t = 23.5 7500

for values of P (0) =0.90, ‘
Figure 3.7 is the plot of the ber:,'llium bhield thickness
R required for preventing meteoroid pemﬁtratzxons, as a function of time,
The Tequired ahiuld thicknesgs based on Whlpplc dat:a, is approxmately

three times greater than the thickness based on Explorer XVI data,

4000-Q-1 18

l R 7 the shield thickness for bmyllium 13 expressced by
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Figure‘B-S givesva shielding'tequirement'for various qﬁantities of
stored hydrogen. The shieldiﬁg figures are based onytheftankﬁéonfiguraf
tion. dlscuseed provxously. |

The results indicate that for a 90 pexcent survival -

probablllty of no penetxatlonb, the wmteoroxd gshield xequlzement bagcd

on the Explurcx ¥VI data will be only abouL 6 percent of the propellant

weight for a 100 day mlSSlOﬂ, and about 3 percent of propellant weight
for a 10‘day-mlssion. Of course, if the design is based upon the carlier

Whipple data, then the figures would be approximately thrce times larger.

3.2 Collector-Absorber Characteristics

The paraboloidal reflcctor is_&ithOut'question the logical
selection for the high-temperature SOHR-SET"uppliéution} Tt is tha,only‘
concentrator that allows the attainment of high temperatures at high
efficiency. Figure 3-9 illustrates the cross section of a paraboloid
reflector, as well as the shape cf a £heoretically idealAfOCalbimageu
‘ The parameteﬁs of interest in the selection of a specific‘
paraboloid c0ncénLiator are summarized below. Each paramctor is
closely 1inked to Lhe othexs, and edch must be consxdcmcd in a flnal
selactlon. .
1, Géometr&

a. Diameter
b. Focal length
2. Accuracy

a, Angular and 1inear surface devxation% from true
paraboloid

h. Figure distortion

3. Physical chardcteristics

a, Weigh“ b ‘
~ b. Type of fabrication techniques
c. Folded Volume
d. Support member s
e, ‘Uﬂfoldiﬁg mechahisms -

S

3
&
i
CH
2
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4: Space env110nmental effects

5, ;Vchncle intcgratlon
a. Volume,and dimen81on limits o
b. Interfarence’with other vehlcle functions

It can be shown that the only type of absorber that will

.result in hlgh efficiency at the temperatuves of 1nterest,ls a cavity

where the emitting-surface area is much smaller than the absorbing-
surface area., This is demonstrated in Flgo 3«10 Whlch shOWS the losses
due to re-radiation and reflection from a black-body cavity and flat-
plate dbqorber° Actual performance of flat-plate absorbers based on
presently available refractory matermals,wou]d be extremely poor, '
since absorptiV1ty-emlssiv1ty values of less than 0.5 are normal

for typlcal operating condltlons. “Another advantnge of the cavity
absorber is the d031gn freedom atfordcd by its relatlvc 1nsensit1v1ty

to shape and size. |

3,2.1 Collcctom-Absorbor Ffflclcncy '

: Analyses are available in the opcn leeraLuro
that describe the pcrformance obtainable fxom low=thrust systems as a
function of thrusting qime, evhaust velocity, pdwerplant specific
welght, thrust, impulsé,rand other‘faétoxsa These’anaiyses have

assumed that the powerplant specific weight is constant over the range

~of exhaust velocities of interest. This assumption is inaccurate in

rhe case of solar progulsion.

The pecific welght of the powerplant for thu

'wojdr~hfurug;n propnlsxon &ysrem,lncrcases as the hydrogeu -¢xhaust

valoamLy 1ncrbaseb, Lhuxeby effect;yely l;miting;thc practical exhaust
#eloeitidb (specific impulse) that can be achievcd‘ This weight iucrease
is due to the efficiency drOp at high thperatures, as axplaincd in

the followiug slmplified ahalvsis¢,.¢

The powerplnnt specific wexght is defincd ass
, querplﬂnt SRR B T
{'specific weight f “n (;b/kw),! Hr (lb/kw)

¥4
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RATIO OF RERADIATED OR REFLECTED RADIATION FROM ABSORBER

" TO SOLAR FLUX

INCIDENT ON ABSORBER

T
L L 2 _, BLACK - BODY
-El?ﬂ-—-—f:f-[p—‘-’-] (2X10°) T CAVITY
P absorber @ ‘ o
€ = absorber emissivity
‘@ = absorber absorptivity )
21
Cavity "
e/ Flat Plate

o

Tabsorber = 4000°R \
Solar Constant = 130 w/ft
Dy = .0093 ¢

_ Operating Range
~of |Inferest for
Cavities

: ’ ] L " ‘
0 e 2 4 | 6

VLG, 3-10  BATTO OF RERANIATED OR KEFLECTED RARIATTON
S  FROM ABRORBER O 30LAR FLUX INCIDENT OR
T ABSORBER VS RATIO QF ABSORBER DIAMETER
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where: o ,
' n = propulsion system efficiency
o = effeétive weight of powerplant per kw of
~ solar power incident on system.
B = effective 1b/ft' of concentrator (including
" Structural supports) '
H = solar flux K/ £t

Sev ral eff1c1enc1es assoc1ated with the solar—hydrogenk
rocket therm10n1c power plant are shown in Fig. 3-11.. These are:

%‘10 Mirror cfficiency - the amount of solar radLatlon

‘that is reflected onto the useful area of the
absOrber, dividcd by‘the amount of sunlight
falllng on the system.‘

2. M:rror-absoxber efficiency - the amount of energy

kept by the absorber after re-radlatiOn losses
d1v1ded by the amount of sunlight on the systemo : o

3, Propulsion System Efficiency - the power in the

propellént flow idivided by(che'sunlight on the

sysccm.‘ B B,

A
7

4, §ystem EfflClenux -~ The sum of the power in the

pxopellant £low. plus the electric power output
divxded by the nmonnt of sunllght on the sys tem,

For prellmlnary ca)culatlons, it is assumed that Lha

. absorber,located at the focal plaﬁo of the concentrator,is a cavity

designed so that the maximum amount of sunlight will enter the cqvityg
without an excessiVa amount of rc-radiatxon from the entrance. 1t can-
he shown,that the use of a combined flan-plate and cavity-type

absorber,will rasult in highex efficicncy than obtainable with a single
cavity absorber. This improvement is significaut for poor quality :
mirrors. and only a £ew preccnt beetet for an ideal concentratorq‘ T

[T
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Equations‘déscribingtthe heat balance of the absorber

and mlrrox-absorber eff1c1enoy are given below. i
. € - # -
HAmn = A cav c"Tcav cav. Ggp,(To m)'¢ Qlost + Qnd

A 4 - »
U ‘ - ( : h B R .
= 4 A'Cav LTcav ~Pca;v + J;lgst - ,Qnd‘ ) (3-1)

ﬂmv‘z_ i HA,, 8 : HA

4 + Qﬂ

cav lost

o(f} o

*

nm-a
m

Tmea = Mm ~

. where

n ol %
S | ‘ Qnd - P,+; Q‘rac,i W .
| o co 4

’ e € =
Ay vTcav “cav ° re- rad;ation from anLty

a = absorber-mirror eff1c1ency

My mirrox efficiency &

Acav= entrance area ot the cavlty

S
/

o = % ephan~Boltzmann constanr
Tcavqﬁ"effective cavity. reuradiation temperature

t

: . G‘év = effectlve em1851vity of cavity
o v - I ] N . i

~a)

H -‘solar Lonstant at r

{3 ﬁ H ol qolar constdnt = 130 w/£t2 at 1 AU

E 15!

T distance‘from sun, Al

-‘Am — mirror;atea.

- -

3; P = electrlcal pover output from diode

Q, = unavoidable hedt losses die to radlation from :
lost
‘ o supporL structures, etc.

T
.
fand
&
<

) ;" , B Qgédl=: thermal radiation ﬁrom diode‘ -

Cirine n
. ‘

G = mass-flow rate of propellant

‘Cﬁ - heat capatity of propellaqt

T
i
id

Td = propellant outlet temperature o

f~Tm = propellant cavity 1n1et tempetature

40001 i 28
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.The - mirror‘efﬁicieney‘aSSOeiated with any‘given*
"{-paraboloidal coucentrator is a- £unct10n of the ratio of cav1ty-entrancea
i:dlameter to the qun s 1mage dlametero For a concentrator w1th a
vf‘perfect surface, all the sun' s energy will be focused into a- cav1ty-
l5;entrdnce diameter that 1s about 25 8D where D is the #un's image’

,dldmeter at Lhe focal plane deftned by

i : ; s , 2l r ‘ ; ‘ L

where “;l‘~7~" : ‘i;:t ,"- :

J o=33t at r=14U

‘e”,D5,= sun's 1mage dlameter « 3 B e "fa

v f = focal lenth of concentrator

I
o

, . The mirror effic1ency,as a funcrlon of cav1ty-enttdnce
diameter for a theoretically perfecL conceniratox,is shown in Figa 312
AR ,_f the SPQlelC case ‘where  the concentrator 11m.angle is 60 (nedr
“ | optlmum value) and the surface reflect1v1ty is- 0,92, Also bhownwar
- a famlly of curves where mirror-absoxber efflcxency is plotLed ag a
‘fuuction o£ cav1ty-entrance dlameter and the effectlve Lemperature of®
_the cavxty° The curves»essume that QlOS equals zero and the dlstance
*‘from the sun is l AU q o ,
, The optlmum cavity-entrance diameter grows smaller as
i ;cav1ty temperature increases 1n order to c0mpensate for re- LadlaLlon
i losses, As shown, n i is a strong tunction of cavxty tempemature and
o agnsequently of Lhc ewhaust velocitv of the hydrogen propellantu
: ﬁbk el ,"»1 It is possible to calculate ‘the mirror efficiency.‘
- . and frOm it the mirxor-absorber effieiency, “for any concentratOr if'a
maLhematleal model is assuMed that describes the deviations of the

concentrator aurfa“

;,‘ Calculations at EOS have assumed that cach cone

" of llght reflected from the mlrror crosses the focal plane at a distance
:from the. tocal point that ean be described bv a Gaussian distribution. i

‘:Thib model s equivalent to a Gnussian distribution of the angula*




T T)m—a = MIRROR-ABSORBER EFFICIENCY ok
o = STEFAN-BOLTZMANN CONSTANT | D¢ = 0.0093 f
Tcav = EFFECTIVE TEMPERATURE OF RERADIATION | S ,
Mm = MIRROR EFFICIENCY SR N T — L0 (Dgﬂv)
B : 2. - : m
~ H = SOLAR CONSTANT =130 W/ ft o
Dcav = CAVITY ENTRANCE DIAMETER m |
- | m FOR THEORETICALLY PERFECT
Dm = MIRROR DIAMETER CONCENTRATOR WITH RIM ANGLE
o - Ds = SUN'S IMAGE DIAMETER OF 60°, SURFACE REFLECTIVITY _
| f = CONCENTRATOR FOCAL LENGTH 4 OF 0.92 ,5000r— gooooj_‘R—?
S a | » ]
i - 3000°R
S E o8| 2500°R
- 4 _4000°R |
| 5000°R
0.6 |— _ i
. 4500° R
B 5500°R o
. 6000°R .
-6500° R |
Tcav = 7000°R o -
| A ; ' l - | ‘ |
b 2 s | 3 ‘ S 4

~ RATIO OF CAVITY. ENTRANCE DIAMETER TO SUN'S IMAGE DIAMETER, Doy

Ds
: vz o h et pvie e piry  whpaas e Aoy v . Caxr eI ANOD TRy QI T TMACE
CFIG. 3-12 JUIRRGR-ABSORBOR FEFICILINCY VH RATIC OF CAVITY ENTRANCE TO SUN'S RIAGE

DIAYMETER AL 1 AU




deviations of the mirror surface. Note that for the case where

, . yo ' : : , D¢,
Tcay is to be maintained constant then,the'optlmum cav. wili
Dg ' -
change as r changes, This is so because both D and H vary with r,

)

Note also that Tim=a may either be calculated dlrectly, or it may
be found graphically ( for ldeal coilectors) from Fig. 3-12, The

meLhod is as £ollows- First determine the value of Dcnv of
Ds

interest, then find the value of Mmea for v = 1, i.e., find 1.,

from Fig. 3-13. Subtract from the value the fraction of the total ‘
energy being used up by the diodes, The difference between Tim-a
(Fig. 3-13) and the calculated value of fma is now multiplied by
r? and the product subtracted from tm-a (Fig. 3-13) to give the
desired value, ; t

The area between curves 2 and 3 of Fig. 3-13 represents
the area of anertainty for the future performance of 50 ft,
diameter mirrors, Curve 3 is an estimate of the type of performance

that cauld result by 1966 if dcvclopment worlk continued in ths area.

Figure 3-13 also shows the maxlmum mlrror-absorber e£f1c1cncy for X »

sevcral paraboloidal conpentxator as a function of cnvmty tempera~ ' "

ture. The curves are for a coucentxator rim angle of 60° , and they f;ﬁf@
K . ‘t" ¥

show the effect of various types of surface degradation. Included
in Fig. 3-13 is an estimate of the pcrformance of 50 ft, collectors,
Case 1 is for an ideal concentrator with no surtacc obscuration

and a reilchmvxLy equal to 0.92 (the maximum obtainable with
aluminum), Cases 2 and 3 are the resultant curves for values of
0,3 and 0.25 degrees fag the angular deviation, As ShOWn, Nm=a
lrops to zero quite rapidly for high temperatures., Case 4 comes
close to havingﬁa perfect surface geometry with a reflectivity of
G.88 antead of .92, and can be used as an 1ndication of efFICJency

loss due to reflectivity 1oss. , -: R ~ i
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| REFLECTIVITY = 0.92 IDEAL SURFACE GEOMETRY
NO SURFACE OBSCURATION.

2 —w=—=—-- REFLECTIVITY=0.92 O VALUE FOR ANGULAR 1
SURFACE DEVIATION =0.5 DEGREES
NO SURFACE OBSCURATION.

3 o REFLECTlVlTY '0.92 O VALUE FOR ANGULAR

SURFACE DEVIATION =0.25 DEGREES
NO SURFACE OBSCURATION.
~CHARACTERISTICS RESULTING FROM E.O.S.
5' CONCENTRATOR.
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is about 60

=

Thé<effect ofkmisorientdtion on collector-absorber

'eff1c1ency beromes more serious at the hlbher cavity tempexatures.’

A 11m1t of about 30 min, of anguldr error is requxred to achieve

_acceptable efficiencies at cavity Lemperatures above 2000 K. The

maximum rim dnple beforc performance beuomes serlously dcgradcd

s "‘L
PN

l Speclflc welghtq of solar collectors at present appear

to be about 0.5 1bs per sq. ft. for units ranging from 5 feet to

40 feet in diameter. Figure 3 14 gives ‘the weights of representd-

" tive collectors as a function of dlametcr. Even though the rigid

c¢ollector is the heaviest of them all, due to the accuracy inherent
in its‘fabrication, it is able to deliver more energy at a higher
temperature on a pcx unit weight basis than any of the other sysLemq.
It is likely that improved technnqueb and advanced materials may
decrease the specific weight by a factor of two in the near future,
if continuedvemphasis is placed on this area of development, It
appears reasdnabie to anticipate that values of ¢ in the range of
2=4 1bs. per kw will be achieved for relaﬁively high performance
gpace mirrors. The curves for the maximum thrust and the maximum
power'available at 1 AU are shown in Figs 3-15, 16 respectively.

To find the value of thrust and electric power at other distances
from the sun, one need only find the efficiency at the given poiﬁt
in space by equation-(3-1), or by the graphical method outlined
préviously“ The new value ofzﬁhrust or Eledtrical power output

is the product of this new value of efficiency and Eﬁé”thrust'or
electrical poer output, whichever is applicable, divided by the

value of the efficiency, at one Astronomical Unit.

R T

4000-g-1 . %




|
i
l
|
|
|
i
|
|

2606962

1-0-000Y

LA R R T g AT T

{
it

150 x 1 ] T )r — B 2

P L ;
L | | < X |NFLATABLE = .03 LB/FT2
e e s P L=

we

N\

REE i / I o N S
A - R — UNFURLABLE =.20LB/FT?

3 - = T . L ‘ . ’
B AT , | - —F = 2 L
sofl- = FRESNEL=46L8/FT2 | | R

- L RigiD=.5 LB/FT2

' CONCENTRATOR DIAMETER, ft.
\

00 200 300 400 500 — 600 700 800

WEIGHT,Ibs.

CLro. 3.1 CONCENIRATOR DIAMEIER VS WELGHI :
. . » & }
| B , ; , | ) !
| & :
| :
s :



P PR

S

=
o]
,,t .
j2
© ,
d ” B
e .
4
Q) .
e B
e
- .
¢]
&}
% -
2] .
P 5 P W
E . bl BTN S
9 ce T
WM s AN S TR
p — 1 1y
o
3 Uy =
7 s
. + 4
£ 0 ) N
o DS KRt g R T -
» H . S

L g

* 2 e - !
. Ul s
4 . o Y
= 53
x N nu
" () P
- = - o
: -3 | -
b - ~J =T =
" el ki v .
ey ‘g
Yl |3 ..
R : _ ’
N1 Y ) R
L o i
. ..,.m.u. . w.a S PR o PN
+ z t oty
i Y SRS, Joiiwbpn I G G
Y :u:.m; e kg e SRR o S
o) B e SR B RN 4 X PR CR
2 r - A Pl (N Lig
o [ pioi B
_ b R
b : ST
Avw Fromg valrw o

sy wal

o aime

< <

@ SRR ‘ ,
= | A.ahv;%zpmz4Ha,mcH«mszmozoo a

S AR oAl




o
=
S0 T T 117 ] T T T ] T
R - i CAVITY TEMP
| GEOMETRICALLY . PERFECT,,
I -coLLECTOR = 7 —470R . ]
o ‘*0"’ REFLECTIVITY =.90 3‘;38: SN |

SR Ho = l30 watis/FT?
5o _; (P)y = Ho. A'n (’Om o)
S I TP  Thng) =
o | ,(nm-o){o_, .

g

N

SUBSCRIPT
 0=CONDITION
o ATiAu

MIRROR DIAMETER, (#1)

ol v 4y L1y il Lt ll N R
| | K 100K [

S e

TS, s

R

POWER AVAiLABLE (P)o,(woﬂs)

pIOL 3.1 LIRROR DIAMELER TS POVER .vmma Z AT 1 AU

[N

e R AL T



3.3 Diodcﬂéharacverivtics

3,3.1 Thermionic diodes operate on the prlnclple vherein
hot surfaces emit electrons accordlug to Rlchardson s equation, ‘When
fsurfaces at different temperatureq, and emltLlug electrons at different

rates are connccted through an external c1rcu1tathen an electric current

- will flow. The first step towards getLing useful amounts of clectric

power out of such a device is to try to eliminate the space charge
whichytépds,to{develop between an anode and_a cathode_dfﬂsuch a device,
The most‘acéeptéd‘method used at the ptesqﬁt time is a source of
poéitiVe idns’(césium)intrdduch in the intereléctrode%gap and used

to neutralize the excess eléctrons‘forming the space charge, In
conditlons whore the space charge is absumed Lo he negllbible, the diode-

efilcjency is gaven by

;<f<’c *a) Joxe

D - e)t (¢ +2 kT ) + Q o+ Q + Q cesium

”JC’JA’B cathode and anode current‘respectively as
given by Richardson's equation

= external current
ext Sk

¢.,6, = cathode and anode work functions respectively

C’A

k = Boltzman condenL

. heat conducted away from cathode to anode by
cesium ‘

cesium vapor.,

Q' = heat lost by radiatidn firom ¢athode to anode.
Q = heat conducted away from cathode by suppoLr
structures. : ‘

T, = absolute,temparature of'cathode face,

>

i

-

i SR




B L AR RS ET R 1 gt ane e gt e e i s e e Do e e R SR R s 1 s e e, e 4 e e £ ety e vmn v s i S LA e g e e i e

‘The output vo...ge is:proportional to ¢C - ¢A’ To have a
highly efficient thermionic diode*¢c - ¢A should be made as large as

'possible, J, should be a small fraction of JC,Q and’ Q, should.

cesium
all’ be made as small as possxble. In the design of a diode care
”has to be taken to exclude any foreign gases that‘nﬁy'tend‘to upset
the neutraliziﬁg effect of the cesium ions. The design must also
«kbe such that the proper spacing results at the operdt‘ﬁv temperature.v
- The cathode and anode materials must also be such thar they have |

low vapor pressures and so pxevent a bu11d up of one Qn the other. -~

N

QDurlng operatlon the olectrodes mu$L not unuergo chdnges in crystdl
orxentatlnn or growth that may adv;rsely effect the dﬂéde performance.j,
_ Plgurc 3-17 is a plot of themionic diode performance
versus emitter Lemperqture. Although a diode efficiency oL 20 percenl
is indicated at 3400°F , such a systemKCdnnoL presently be built to
operate over any prolonged perlod of time due to maLer als 11m1LdLLons
~and systems for missiona contemplated in this report are expected to |

have an efficiency of approy1mately 10~ 15 percent at emltter temperd-
tures of about 3100°F, |

l o ae00-ger 38
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3.4 Thermal Enexgy StOrdgg

S - DR o . i
S g : : - N N
// - sy g PR "

| 'Due Lo the hlgh operatlng temperature of the SOHR SET ‘
'?.:System thermul cyclln& musc bL ellmlnated in order to prevent thei f
'_reduced operatlonal life whlch is a consequence of- such cycllng.
vacllng wall ocour 1f the bpace craft' pdssos through the shadow of -
the earth or orher planet, or if there is a momenLary m1501lentationf
of the solar colleccox. if thermal energy is stored 1n‘mhe cav1ty,
"ocycllng can be damped out by thxs heat re<ervolr. |
1‘ﬁj§‘ff/lj5;' ;;‘ S There are three bas:c requlrements for“thermal energy
g n  f,storage (TES) dev1ces. ' '

L+ 1. High thermal capacity in terms of energy
o e T ’vStDred per unlt weight and volumeo '

2, ‘The capability of many charge and d;schargei
CT e T . cycles w1thouL degradatlon. i :

3, Isothermal dxscharge temperature..

Among the possible meLhods of TES~ dre “heat stordgc by thermal

- = — a4 ——— - . o - . E — 7 N
: - T : ' g . . . ) o T
\

‘capacity, order-dlsorder tran81t10ns, heat of fusxon heat of

-*3vapor1zat10n, thermochemxcal reaction heat of sublimdtlon. NosL

‘ :lnvestlgdtors have concluded that TES ualng heat of fusion- lS a B
technique worth developlng (Ref 3, 4) and nearly all of the ;”;»'5
development work is in this,area.; Furthermore heat of fusion TES =

.is the only method sufklciently developud for con51deration reg&rd-{vr,,

o o  3 1ng applicatlon to the 2, 200 2300 ¢ Lemperatuxe range oE 1nterest s
o ~ for the SOHR-SET system. o : | | e |

e . Most TES research and development work has been,geared to,:

‘aoﬂ}gtf:fof?l }‘,the 800 2200 K range. Howe@er, the knowledge gained hcre is applic-'

Tt : able to hxgher Lomperatures. Empirioa] relationships have been “ |

i)
(¥

"deVeloped tor the estimation of heat of fusxon and ﬁhere are knOWn
materials with melting - pointq in: the range o[ interest, bﬁt the
‘~_prob19m is more cowplex.' Handling dnd ptepaxation problems are'

4000-Q-1 A b
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e Slgnlflcant progreqs is

usually the overwhelmlng ones sxnce mlxtures of Mg0, BeO CaO

: A1203 can usually be tallor made for fu31on in the temperature 0.

e g e o

-range of 1nte1est.

hedts of fusion- greater than lqg:gnd less than 250 watt-hrs/lb.,
or sealed in contalners which will b 1ocated in the caV1ty.

cation problems assocmatcd W1th TES materxal contaxnment.~

11Lerature will be checked fu cher

the very hlgh temperatule range.

e

TRGe

#

jx3

e TR TEC

Lo

These TES materlals can be expected to y1e1d

LA

TES materxal W111 elther be placed 1n thewall of the cav1ty

Deing made in the thermal ~design and fabrl-

B

&

'The

w1Lh the contlnued aim of

gettlng partlcular 1nformdt10n on TES maLerlal and technology for
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4. DESIGN STUDY OF COMBINED CAVITY ABSORBER

4. l Introductxon

There are four 1mportant subsystems in the design of a

. . : R
]

combined cavity absorber. ,
1. The cavity entrance flux éqntrolfand,top plate
2, The hydrogen heat transfer coils
3. The diodes “

4. The thermal energy storage system

4.2 Cavity Entrance, Flux ControlJ and Tog Plate Considerations

, _ The top plate is aesmgued as a flat plate absorber so that
anﬁistiay incoming radiation can be utilized as a pre-heat system for

 thé’gds entering the cavity. In this respect, top plate design

—‘ - — -

fcriteria are in no way different from that for a SOHK . With regards
{to flux control, the answer is that a rather versatile flux flap is
requlred During the period of time that the cavitykis receiving

energyifrom the sun, the ratio of the cavity diameter to the sun's

~image dlameter must be maintained constant for optimum absorber
m~°ﬁ£Lciency If the spacecraft dlstance from the sun is constantly

A‘chaﬂgln&, then the flux flaps must be capable of adJustmng the cavity

! -q

dlame\e“ yhe effectlve cavity dldmeter, accordlngly since the sun's

image dldm ‘or wmll vary inversely as tHe distance from the sun over

the ran?e of dxstdnrés iof interest to us. During the period of the

\‘

when che SOHR- -F &s receiving its energy from 1ts heat rcservoir,

energy then the Ldeal condition is to have the cav1ty openlngkclosed,
Henée, n6t only'must the system be‘capaﬁle of modulééing Sol&?,influx"
to the cavity, but it must be capable ofrliteraily closing off the
cavxty entrdnce during nlghttlme to conserve the thermal energy storava.

For a spaceoraft operatlng between 0 3 and 2 AU thms translates into a

4000-0-1 | A
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réouiremént that the flux flaps be cépdble of closing off the oavity |
~completely, and also be Capable of vernler type operation between the .
15. pexcent opening to the fully open posxtlon. It is conceivable to |
deSLgn such a flap by having the cavity temperature operate the vernler-A
like positioning mechanlsm, apd by having the presence or absence of
strxay flux on the topkplate operate a normally c¢losed device. VCurrenﬁ
design practice is to havevthe cavity diameter approximately 1 percent

of the collector diameter at 1 AU. | . - _ ¥

3
A

4.3 Design Considerations for the Hydrogen,Heaﬁ Transfer Coilv

In the cavity,the hydrogen is heated by passing it through
molybdenum, rhenlum, or molybdenum-rhenlum coils which are heated by
the 1sothermal cavity conditions, and by the direct melngement of
the incoming solar radxailon The coils must be arranged in the cavity
in such a fashion that the hottest poxnt occurs "at the point of exit of.
the gas stream. In order to do this the geometric configuration of the o
coil becomes very 1mportant since this determines the intensity of the" . | "fé

incident solar radiation. The incident solar radiation is given by

2 ,
Af( H nm ' sin3 (o + 9)

8 Rs cos? o (1 + cos,_é))2 ’ o
: | ) %
where o

Q. = 1ncident solar radiation per unlt area

f = focal length of collector

Ro = radius vector from fOCdl point to poan under
consideration o
o = half angle of conical suxface on which coils lie

(@ = 0 for cylindrical cavity)

- = angle between cavity axis and line from focal
: poxnt to point under consxderatmon

The value of  is usually chosen as 30 degrees~to minimizé the coil
length, the maximum.flux on a 30 degree coil is glven by
! 0.445 4£2HT%

fratid «uk,»f/, g

4000-9-1 43
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For a coil design utilized as per Fig. 4-1, the intensity of the incident

‘ solar radiation decreases as the dlstance from the focal nlane 1noredses.

From a heat balance about the element of the exit section of the heat:ng

coil receiving the most intense solar radlatlon, it can be shown that

Qy = &g Qg b (Twe B Tb)

(!

Q
o .
&

where

A

enexrgy transferred to hydrogen

Qy
o
.S
‘h
T R
- Twe
Tbe

it

absorptivity at solar wavelengths

heat transfer ceoefficient

I

‘wall temperature at exit

n

i

hydro en bulk Lemperature at outlet, AOOO R

If

-
H= { = 514-(078)('1? /'r)
\dy ji ‘be’ |
where ' dt‘= tube internal diameter |
.kﬁ = thermal conductivity of hydrogen at AOOOQR'
.58 B |
heﬁéé:maximum allewable value bf?Qﬁ is
. 400 1
/’ 3
Q, = (T ku- ;rﬁ 14 - (0 78)(T /Tbe>l
max “ a’ d of
. S .
where‘Q is given by ﬁquatIOﬂ;Q l
max
4000-~1 e boo o
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Design considerations leave no choice as to coil p].afcement:.fj
The coil must be placed in the foremost positioﬁ,of the cavi;y'with the

beSe of the cone,closeSt”to the focal plane and with hydrogen entering

-near the apex.

A Integratxon of the\Thermlonlc Diodes

Two major consxderations dxctaﬁe tﬁe manner by Whlch the
thermionic diode is lncorporated in a combLned LﬂVlty absorber. One
eons;deratlon is the fact,that the thermionic diode emitter face |
operates aé a'temperature approximatei§'l OOOOF less than the'Optimum
for the SOHR aspect of the designj hence, some manner ‘must be found to
deliver heat to the emitter face of the thermionic diode at a lower
temperature. The second consideration is coupled with the flrst and
is the requlrement ‘that the temperature on the emitter face must be

uniloxm. These con31deratlons rule out placing the diodes in the forward

»part of the cavity, here the direct solar radlatlon.is most Lntenqe

and the variation steepest., The diodes must be placed 1n the rear of

the cavity preferably in the shadow of the Goils and the thermal energy

; Tl
storage contziners (Fig. 4-1)., : s

// :
; ' To transfer the heat to the emx”ter face at a 1,000 °rR temper-
ature difference three general approach s have been con31dered  Two

of these approaches are shown in fig.,a -2, These two approaches can

‘be" used in congunction with the conventional type diode confxguratlon

in which both the emitter and the collector are flat~dlscs. The third

'temperature reduction mode is via radiative transfer to a secondary

cavmty in which the diode is located.

: O If theksetonddry cavity is a long slender cylxnder thh at
diameter of approximately 1 anh, it then becomes feasible to use one
1érge7diode»rathef than a set of diodes as muqt be the»case fn the
firét two design concepts; Even though a single large diode may not be
desirable from the standp01nt of overeﬁl electrical system reliability, 'ﬁ,

Vthe abilxcy to make large dxodes is desitable for h]gh-powered electrlca]

4000-1 | L
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‘ In Fmg 4 24, thefheat is first transferred by radtatlon from
the cav1ty to the surface of. the rhermal resxstance element, then

oonducted with the required temperdture drdp to the dlode emLtLer

i

element. The requlred emitter drop across the resistance element may
 be large or small dependlng upon the fract:bn of the temperature drop
wh ch oceurs. as a consequence of the rddmative heat transfer to the
surface of the thermal re31stan¢e element. \The tenperature drop due
to radxatlve heat transier will be large if the emissivity of the
thermal resistance element is Small, and - smail if the converso is the
case, If the emLSSLVLty of the thermal resmstance element is equal

to 0.9, then suhstantlally all of the tcmperétu%éydrop must oceur ,across

the thermal resmstance» Whereas if the eszsLVLty is equal to O B,then

RO D, A KT AN SO S R B M DI CONE G S A s o) g e 4 L T SN R A L i s

PP rE—

3ubstant1a11y all the temperature drop occuxs 4s @ consequence of ratlation

trom the cavxtystc the qurface of the resLstanee element. The deriva-

tion of the equatlons from which these conclus1ons were drawn are

‘shown below. From a heac bdlanﬁe about the wall face of the resx tanee

s

/ x

-element o o : G

. R 4 QD - Q o ,

Te -oee N>f ‘ oy

T o= Kbsolute wall temperature of thermal re51stance
_e.ement : f :

+3
=Y
S
Y
3
4

i

IS

i

x iz
b

it

absolutc cavxty temperature ‘
o T absoLute Lemperature of emitter face )
diode hea flux '

0 Q =‘1nc1dent solar radiation

i

O W
:H

o
1

tzabsorbtiV1ty at solar anelcnths

) =‘btefan-Boltzmann constant

o= emlssivity of wall of thermal resastance element,,
T E
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. now L S k ﬂ
p~ x 'L T
| . S+ |
e ! SRR + .. resistance element ° 7 emitter
hn r. ‘
S ‘T,ff&f'
[ where k= thermal conductivity
AT3= temperature drop
X = 1engrh of heat transfer path
‘ k' B : Sk
N : b m e ™
; - o — e —_— ~ :
“eﬁce S Tw - X ue Tw ﬁTc T X‘ce,”g 0 ' SRR
. ) . . \\..\;.
: “diode output per unit area,‘ 4
in practhe Q diode eff:ciency /o -
SR )Tth ddra ia given in Flg. 3-17 as a Lunction of emltter Lemperatufe

| Flgure 4-2B 1]lustratea the use of the radiation. and
~ conduction modes of heat Lransfcr in eeries. W1th thi Lype of . =
"axrangement it 'is possxble to have almost dll of the tempcratu1e
h}i ‘ ,. dLop ocrur as a consequcnce of radlatlon,heat Lransfer and hence,‘
o ‘reduce the distortion of the ‘temperature field. If adequate‘controlr
can ‘be dchlaved'over the emlgsivxtles of the radiéting surfaces,
' smgnif:caqt temperaturv reductions can be achieved in a single stcp.

- For example, for a hxgh temp&rature face at 4, 600°R and an emissivity

”equal to 0. 3, transferring heat to a lower temperature £ace with e b

emisslvity equal to 0.9, the 1ow tempelatuxe facc equ111bratcs at a,;:
 tempcratuLc bQ]DW’3 500 R. The oxact tcmpexaturo dependb upon the
amounL of -heat being transferred.' Hence " 1t,appearuv£eas;b1e that
| ﬁheidiodé will be able to function simply by‘fadiatiVG~haaf‘ﬁran&fer‘
}Mf“ }h ' - from thc canty wall to the emi tter alement, prov1ded that the
- A -Vem1551vity valucs can be muiatalned constant throughout the desxred
” diode 11£et1me. The relationship between the high and the low '
R o v}tcmperature surface is given by - ‘

1/4”,
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' . 2 ~ vhere the SUb}SCi‘ini\’ﬁﬂz‘S the ‘higher 'surfae"é 'tempe;«'»“a»ture. ’
me, s In order to regenerare a- ftaction of the heat rejected by the diodeu ;
' o collector, the dlode heat re_}ectlon system must be desxgned S0 that e
i during thrustmg,,al] the hedt that can be transferred xs transfé..red
l to the incoming hydrogen, and the unavallablc' remamder rejccted by |
“._. <\ :.:

- ~the d:Lode radlator. Flgure 4-3 rs a design toncept for sué,h a syst.em.
The degassuxg and scavenger chambers showu are necessary t{/ prevent
the hydrogen dlffusmn [rom the corls to the drode.k In the degassmg '

~chambers the hydregen and the’ mttal d:.ffuseo ouL mto the near vacuumn

'
i

 maintained by the scqwenger chamber.: 'lhe scavenger chamber ma1nt:zsins{_j’ i
the near vacuum by reactlng w1th any free hydrog,en to form a. Lompouhd_i’
which has a very low Oqulllbrxum hych.ogen pressure at the tempemr_ure

‘_at which it is maintamed It ‘should be noted that at times 1.t may,

;..
i
I
. 1 be best to make the radiator fldt rather thdn cvlmdrlcal
| The quantu.ty of heat recovered from the thermionlc system is =
FISESEA) B | o= hydrogen flow rate to Cavity, pounds /sec S e
l C. = mean specific heat of hychogen over temperature LN
p range of interest :

i k = 3.5 BTU/pound

| Q. = re Lnerated dwde heat -

91‘98 ’ & \\\.' . a Lo
l e R u By
remembering that S R
g SR
.’ T : ,bLn(.e the hydrogen enters at approximately 50 K andé:)’ e collector L
*‘r’?} M ‘, j!.emperdture is approximatelv 1000°K, t:hen allowing, for a 25°K temperature :
' L R ,difference for both ends of the heat t;ransfer de‘vice, the maximum ;
4000-0-1  ° e -
. ‘_. Elarttd o a . N .. o B B (//’,
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T Qreg”='5ﬂ65'x 10?4@ ;wéttﬁ

h.QD + 5. 65 X 10
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l L n . From equation 3-1 . . e
)

T
0
B

L3
g

=

>

L_._J

g : | 5,65 x 1_.L06 i r2 <

l SR :Ls the increase in the mirror-absorber efflciency due to regeneration.
8 Rt

] ! )
g

'I‘he ratio B e e T \\ S
b . o o \ -

75,65 x : 100\'6' 0!
;(?/ﬂn>‘

»

i.s the fractlon of therm:.onlc system heat: flow that is regenerated i

&

: the max:.mum poss:.ble regeneratxon occurs when

65 x 10°

t ~ Stated otherwise, when - ST N \«

. ’ T <

All t:he diode was te heat Ls’ lming ret;urned tu the cavit:ya : 'Fm:' :i o
SOHR-SET sysLem wu:h “D ® 0,15 and I .= 800 sec., P must be 1&5& ’
~than' 1, ]25 X F(where F is z,ha thrusn lavel j,n pcuﬂdb) in or ler Lo

i ,
‘ . have 100 percenL regeneratlcﬂ C’f dw e W*’*St‘u h@atr o o




make the cavity longer rather than wider. This is done in order to keep

; y ) ' _5' "4 .
operate in atmospheres of hydrogen 10 to 10 ° mm of mercury for

-any prolonged periods. In the 300-500°¢ temperature range,they become g0 %

vacuum., ‘Itlis quite possible that the equilibrium cavity hydrogen
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4.5 The Thermal Lnergy orcrane System | o _VEJiY

The thermal energ“ storage system can be placed elthcr in the

walls of the cavity or in the body of the cavity. It is preferable to . W E
place the Lhermaluenexgy storage sysLem in the rear of the cavity and

the plO]ectcd area of the cav1tv small and hence, the mirror efflCIGHCY

high. An important function of the thermal energy storage containers

is to shield the diode locations from direct solar radiatlon. v

4.6 The Hydrogen Diffusion Problem
The picture is mnot clear regarding the magnitude of the effect
of hydrogen on the functioning of diodes, nor is it clear just how mﬁﬁh‘k
hydrogen may be expected to diffuse into and be absorbed by the diode,
There are, hdweﬁer, sém@-general statements'that may be made regarding
the problem. . | 7
,Tantalum; niobium; and‘titanium are metals which are used in

diode construction. These mcetal pérts may become embrittled if they

brittle that they crumble into a powdered mass. Above SOOOC, their o
behaviour is peculiar in that they out-gas im a manner not clearly | SRR

understood, I o , o | T
| - In the 10"!Jr to 10_3 mm pressure raﬁg“, the diode emitter and .
collector surfaces may b@come a££cctcd In the 1 mm pressure range, '

dlodc operation is affected if the total elOctron ctnss section arna o£

hydrogen approaches the total electron cross section areca of cesium. » 4‘ u5;j;T

Thus, care must be taken to isolate the diode bodies to prevent the ' T
hydrogen pressure from cxceeding a pressure which is between 10"5 to 10”3‘mmf’

of meréury. ” | |

Hydrogen diffusing into the cavity will be in equilibriuﬁ

with the hydrogen leaving the cavity entrance and going “into the space

pressure will be very swall and attempts will be made to estimate this,



e

A desirable situation would be for the equilibrium pressure to be less

" than 10-5 mm of mercury.

Very little data is available for the diffusivity of hydrogen
through molybdenum,' None appears to be available for diffusionréf
hydrogen through molybdenum=-rhenium alloys. Attempts will be made to
estimate these d1ffusxv1ty values at the high Lempexatuxe of the coil walls.,
The effect of hvdlog&n on diodes is currently being stud:ed by the Radlo
Corporation of Amcrlca on a Government contrdct,and the results of this

study should be invaluable if the hydrogen dif£u51on pLoblem proves to be

ca difficulty.
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5. MISSION STUDIES.

© 5.1 Introduction

Due to its éimplicity offdesign, presumed high reliability and
reasonably high specific impulse (600-800 sec.), the SOHR-SET concept
appears ideally suited to the task of prqviding continuous thrust and

electrical power for near-sum space miSSions. A space mission of
particulayr interest is that in which a probe is sent to within approxi-
Amaéely 0.3 Astronomical Units from the center of the sun in order to
obtain datd'rega:ding thé atmésphere and sQrface of the solar body.
In order to justify the use of a SOHR-SET for this type of'missidn;
its performance must be compared with that of current, or o

-k

-fbreseeable, propulsion devices. Only two‘SuchraeviCes are considered
here, namely, the ordinary chemical rocket and the ion engine. In the
former, the thrust is delivered in a single impulse, and in the latter,
as in the case of the SQHR,.the thrust acts continucusly for a prescribed
1eng§h of time. The specific impulse, Isp , specific mass of the poWgr
plant, (¢), and engine efficiency, v, assigned to the SOHR-SET and ion
éngiﬁes,'are.given in Table 1 along with the specific impulse for the
chemical rocket, Here;rﬁ =,MQ/P, where M = mass of the propulsion’
power plant and does not inclqde'part of power plant used to generate

~electrical power for other than propulsion‘purposes. P = power ‘

- delivered to rocket from power supply. "

TABLE I

Engine Parameters

SOHR-SET ~ Ion Engine Chemical Rocket i
I, 800 sec. 4000 sec. 400 sec.
o 4 Ib/ke 40 Wb/ e |
o 0,70~ 0.63 i e T
4000-0-1 S
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The value of 0. given for the ion englne wxll, presumably, be achieved
with the QNAP 50 power plant (300 kw sybtem)

D52 Analysis |
’ In order to accompllsh the desmred mission of passing Wlthln

'.three tenths of an Astronomical Unlt lrom the sun, the probe must

flrst escape’ from.the earth, In the case of thé chemical rockct,
escape is realized smmply by‘applying‘a siﬁgle impulse to the probe,
the impulse magnitude deChdlng on the d1stance of the probe from
the earth. In the case of the SOHR-SET or ion engine, the probe is
first established (by chemical rocket) in an orbit about Lhe eerh

and then, uuder the action of low thrust, the probe s]owlv spnnals

_ out to escape, executing many revolutions abouL the earth, and

taking a great dedl of time in the process. 1In orde: to avoid the
1bng computing,times associated with this spiral motion, and the
complexity introduced by the SOHR-SET passing through the earth's
shadow, it is assumed'fhat the probe has already escaped from the
earth, and is describing a circular orbitiabout the sun at a radius
of one astronomical unit (AU) . Thus, the desired mission will be
initiated from this circular orbit with the chemical rocket, as well
as with the SOHR-SET and ion engine. A

In the case of the chemical rocket, a single impulse is
applied to the probe, in a direction opposite tokits motion, such

that the resultingfﬁllipse has,a perihelion distance equal to -0.30 AU,

Refer to Fig. 5 1. The change in velocity required to produce this

ellipse is & V = 31,300 ft/scc, If we assume that_the vehicle is a
single stage rocket, then the payload plus stxu ture fraction

delivered along the ellipse is

Mo+ M -2V |
L2, Teps = o, 08716
M
where = |
Mg, = payload
My = structure
My = initial mass of vehicle (ML + M +M

Mp = total propelldnt,

The time taken to reach perihelion is 95., ddy&, thch is half the

period of the ellipse.
4000~Q-1" | 56
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" efficient way of removing this energy is to maintain the thrust |

" In order for Lhe SOHR SET, ov ion engine, propelled

vehicle to fall towanrd the sun, enelgy must be removed from the

initial orbit over an extended period of time, A simple and
in the plane of the initial orbit, perpendicular to the radius
vector from the sun to the probe, in a direction ppposite to the

probe's motion, Refer to Fig. 5-2a, In order to minimize the

expenditure of propeliant and thereby mahlmlze the delmverua

payload, thf thrust is terminated at the momﬂnt when the perxw
helion of ‘the subsequent coast ellipse equals the desired 0,30 AU,
Refer to Flg 5-6. For constant thrust, i.e., constant plopellant
flow rate and constant specific 1mpu1se, the power supply and pro-.
pellant fractlons are‘glven,,respe»tlvaly, as follows:

M

Y 1o F ,
MO ‘ 4§ng Mob ,
M t : ‘ E
‘ g M . , , g
o] sp o - , ,

where F = thrust, t. = time of power flight, g = 32 ft/sec.?' The

1
payload plus structure fraction is then
Mo+ M M, M e o
R | B
o o o »

'If the SOHR~SET takes fullvadvantage of the sun's radiatiQn;

then the ﬁowerfdelivered‘by the solar concentrutor to the engine will

VIry inversely as the square of the distance of the probo frOm the

2
sun, i.e., P N1/x, Since F ~ P, Lherefore F “’1/1 R or,

. - o . . PR . L
. F‘O T : - . (5 4)

where r_ = 1 AU. Since M remains constant during flight,

3 N2 ‘ : , , o ,
F = FO‘(r/rb)‘. Hence, the power plant mass fraction is given by

'($*l>,VWh§?e aQo= ﬁof F= Fof




The propellant mass fraction is

I S
. 4 - .
P._2 9o dt (5-5)
M Ig M 2 '
o o "o 7.

and the payload plusﬂstructure is given by (5f3), whére'Mp]MO is
now given by (5-5). | |

Thefequatioﬁs of motion (in two dimensions of the probé
in the gravitational field‘of the sun were prbgrammed or; an IBM 1620
‘computér. Trajectories ﬁere simulated for values of initial Lhruét
acceleration, a_, in the range, 10‘.5 g = ao s 10-3g. The method of
ropulsion (SOHR?SET or ion engine) was characterized by the
~parameters I'p and o, the~former appearing in the equations.of
wotion, and the latter occuring only in equaLlon (5 1) . Constant
thrust was used for both ion engine and SOHR-SET aund variable
thrust (cquatlon;5-4) for the §OHR-6ET. The initial conditions
were the same for all trajectéries, i.e., & circular orbit about
the sun with radius equal to 1 AU,

E | Figures 5-3 and 5-4 show the time of powered flight 1nd
d1¢Lance of the probe from the sun at the instant of thrust termina-
tionm, respect;vely, as a function of ao, for the above three ehgines. R ;,%}?
From Fig._5-3‘we see that for a given v§1ue of‘ao, the powcred flight
time is longest for the ion engine and shortest for the SOHR-SET
variablé thrust, as to be expected. Figure f-ﬁ showg that the
ion engine is closest to the sun, and the SOHR-SET variable thrust
the farthest, at the instaht of thrust termination, for a given
valuL of age ' | k

Figure 5~5 shows Lhc power plant mass fraction as a Eunctlon
of initigl thrust UCCCleratlﬂn for the SOHR-SEL and ion engaan. The
mass fraction for the ion- engine equals unity at a, = 1.81 (10 )

The propcl]dnt mass fractions are shown in Fig. 5= 6 along with that
of the chemical rockét, Note that the chemical rocket consumes

“more propellant than either low thrust device, for a 10~5g.
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Employing eq. (5-3), we obtain the payload (plus structure)
mass fxactlons shown in Fig. 5- 7 Since M /M + M /M = 1 at a =

1.4 (10 )g for the ion engine, therefore Lhe payload fraction is zero

beyond this value of a . Judging trom Fig. 5-7, thefpayload.capability'

‘_of the SOHR-SET is superior to. the ion engine for. large thrust -

accelerations, and inferior for small a s the crossover poxnt being

. at apptoximately“ao = 8(10 ‘)g. Note that the payload delivered

by the SOHR variable thrust (eq. 5-4) is greaLe1 than that dPllVQer

by the SOHR constant thrust only for small values of as i.e., a_ 10" g.

. The payload fraction f01 the chemlcal rocket is generally less than

that of either the SOHR or ion engine.
Equally important as the delivered payload is the time
required to perform the mission. The total mission time is the"

time of powered\flight (Fig."5~3) plus thertime taken to go from

~ the point of thrust termination to the perihelion of the coast ellipse

refer Fig. 5-2(b). Figure'5¥8>showskthe total mission time as a

function of a_ for the three engincs. Note that the mission times
for Lhc SOHR - SET are 51gn1chant1y less than those for the ion
engxne in the region ao <10 4g. However,thxs is the region in which
rhe'ion engine delivers'thé larger payload ﬁréction; Clearly, a
complomlse must bc made between payload .and mission time.

 Having esLabllshed the plobe in an LlllleCdl orbit about

“the sun, it 1s'of interest to know the propeltles of this orbit. Two ~

elllpse. These are shown in Fxgs. 5«9 and 5=10 respecleely. From-
Fig. 5-10 we sec that the probe will return to the earth's orbit

(r 1) only if rhe vehicle was prwpclled by the SOHR SET aL lnltldl

, thrUat accelerations encecdlng 2(10 )g°
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5, 3 Conclusmons

The SOHR-SET (deflned in Table 1) is COmpCtlLlVC Wth

«the ion engine (defined in Table 1) in both paylold and mission tlme,

for the solar probe missmOna ~The ion engine cannot dcl*vcr a payload

at initial thrust aCCLlcratlonb exceeding a= 1.4 x 10~ g (refer

Fig. 5-7), and althoughﬂLhe payload- fraction of the‘SOHR—ShT is less
than that of the ion engine for agy<‘1°4 X 10-4g. ghé mission timésfof
the SOHR-SET are significantly less than those of the ion engine for
this rangerof a For thrust acceleramioﬁs less than 10-4g;bthe “
variable thrust (F ~1/1‘2) SOHR-SET delivers akgreacer payload and

provides shorter mission times than the constant thrust SOHR, but the

r

increase in payload is nor as lmpress¢ve as the decrease in mission tlme.

Both ion engine and SOHR- SET are superior to the chemical rocket in
"payload" capability, but are inferiov in mission time. llowever, it
bhOU]d be noted that power requ1rements (excludlnq Londltlonlné equip=
ent) will be available at approximately 40 1b/kw Lor the SOHR~ SET
system and at 200 1b/kwe for the chemical system assuming solar-cells
are used with th latter. Since Lh@'power conditioning equipment
‘Lequ1rement w111 be approxmmately th snmo for both systems, the

true payloau advantage of the SOHR- SEl W111 probdblv hb gven more

favoruble.

w
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