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WASHINGTON

OFFICE OF THE UNDER SECRETARY

27 September 1977

MEMORANDUM FOR MR. W. BOWMAN CUTTER, OMB

SUBJECT: RAND Studies

During our recent briefing to you and Randy Jayne,
I suggested that you read the original RAND report which
discussed the feasibility of a satellite reconnaissance
vehicle. Attached is a copy; I think you will find it

interesting.
%AQLLO kL&m%iza

Hans Mark

1 Attachment
RAND Study
(2 Vols)
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i, cnpinzoring anelysis of the pescibilities of

sotallites The guootlons ¢f power planss, siruc-
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turel veisnts, oultisle steces, optiaun desgisn valucs, trejectorles,

ctability, end 1=ndins ere considsred in detsil., The rooults ere used

to furnich dcgime for tus mroposcd vehieles. The first is a four

sters rocvet using cleolol and liquid oxygen &s propellsnts. . The second

L

is o two ctaic voeket usins liquid hydrosen and liquid oxygen as pro-

prts

ellants., The latter rocket offers Letler specific consuription rates,

»

but this is found to be‘pértially-offsct by the greﬁtar gtructural .
woight necessitated by the use of hydrogen. It is concluded that
modern teakndlogy hac sdvanced to & point where it now appears fessidle

to unfertsaite the design of 4 sntellite vehicle.

DOWNGRADED AT 3 YEAR INTERVALS;
DO‘}‘;%(G)L;\SSH’IED- AFTER 12 ‘:FEAB.S_.
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~In thisvreport, we ha§e undertaken .a coﬁservativé and realistic
engineeringz éppraisal of the pbssibilities of building a spaceship,-
wnich will .circle the earth as a satellite; The work nas been bésed on
our present state of technologicél advaricenent and hes-not included‘éuch
p0551ble future deveIOpmeits as atomic energy. -

lf ‘a vehicle can be accelerated to a speed of about 17,000 m.p h,
and aimed properly, it w1ll revolve on a great circle path above the
earth's atmoséheré asva'neﬁ satellite. The centrifugai force will just
Ealance tbévpull of gravity. Such a vehicle will @ake a_completévcir~
. cuit of the évarth in ‘approximately 1-1/2 hours. Of all the possiblé or—-
hft) bits, most of them will not pass over the same ground statlons on succes- -
sive circuits because the earth Nlll turn about l/lé of Y turn under the
orbit during-each circuit. The eqUator’ls the only such repeating path..
and consecuently is recommen ded er early attempts at establ;shingisatel;
lites éo,that a single set of telemétering stations may be used; '

Such a vehicle will undoubtedly prove to~be of great military value, _
However, the present study was centered‘around a vehicle»té_be used in
obtaining much desired scientific information on cosmic‘rajs, gravita—
téon, geophysics, terrestri%l magnetism,-astfonomy, meteorology, and pro-—
perties of the upper-atmusphere._ For tais ourpose, a ﬁayload of 520 1lbs. .
and 20 cu ft. was selected 25 a reasonzble estimate'of the reéuirements

for scientific apparatus capable of obtzining results sufficiently far-

reaching to make the undertaking worthwhile. It was found necessary to

establish the orbit at an altitude of about 300 miles to insure sufficiently

«
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low drag so that the vehicle could travel for 10 days or more, w1th—-

- out power, before losing satellite speed.

The only type of power plant capable of accelerating 2 vehicle to

=

f=1

speed of 17,000 m.p.h. on the outer limits of the atmosphere is the
rocket. The two most important'performance characteristics of a rocket

vehicle are the exhaust velocity of the rocket and the ratio of the

weight of propellants to the gross weight. Very careful studies iére

made to establish engineering estimates of the values that can be ob-

tained for these two characteristics,

 The* study of rocket performance indicated that while liquid hydro-
gen ranks highest among fuels having large exhaust veloéities, its low

den51tj, Llow temperature and wide explosive range cause greab trouble

oy
‘ ;) _ On the other hand, alcohol though having a lower

in engineer:ng design.

exhaust velocity, has the benefit of extensive development in the German
v-2. C(onsequently it was decided to conduct parallel preliminary design

studies of vehicles using liquid hydrogen-liquid oxygen and alcohol-
‘llquld oxygen as prooellants.
1t has been frequently assumed in the past that structural weight
ratios become increasingly favorable as rockets increase in size, and
,h fixed weight ‘items such as fadio equipment become insignificant weight

items., However, the study of weight ratios indicated thst for large sizes

the weight of tanks and similar items actually becorie less favorable.

Consequently, there is an optimum middle range of sizes. Improvements
in weight ratios over that of the German V-2 are possible only by the

slow process of technological develop:ent, not by the brute force methbds

of increase in size. This study'ahoﬁed that an alcohol-oxygen vehicle
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could be built whose entire structural weight (including motors, con-

R

trols, etc.) was about 16% of the gross weight. On the otner hand,
the difficulties with liquid hydroga;, such as increased tank size,
necessitated an entire structural weisht of abou£ 25% of the gross
weitht. These studies also indicated tnat.a maximum acceleration of

about 5.5 times that of gravity gave the best overall perfommance for

the vehicles considered. 1If ﬁhe.acceleration is greater, the increased
structural desien loads increase the structural weight. if the accelera-
tion is less, rocket thrust is iﬁefficiently used to support tne welght
of the vehicle without producing the desired acceleration.
Using the ab:vé results, it was found that neither hydrogen-oxygen
{ " nor alcohol-oxygen is capable of accelerating a single unassisted vehicl§ 
o ) §  to orbital speeds."By tﬁe use of a multi-stage rocket, these velocities
cen be attained by vehicles feasible within the limits of our present
knowledge. To illustrate the coﬁcept of & multi-stage rocket, first coh—
sider a vehicle composed of two parts. The primary vehicle, com@lebe_
b vith it s rocket motor, tanks, prooellants and controls is carried along
as the "payload" of a similar vehicle of much greater size. The rocket
of the large vehicle is used to accelerate the combination to as great
a speed as.possible, after which, the large vehicle is discarded and the
small vehicle accelerates under its own power, adding jtSIVelocity in-
crease to that of the large vehicle, Ey tnis means we have obtained an
effective decrease in the amount of structursl weight that muSt be ac-
celerated to hirsh spéeds. This same idea can.be used in designing ve-

hicles with a greater number of stages. A ;areful analysis of the ad-

vantages of staging showed that for a ziven set of performance recuirements
gp \‘ § A-.- oo P e, MY :‘( " ? .' g I .
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an optimum number of stzges exists, 1If thevstages are téo_few in num; B
"ber, the required:#elocities_can-be attained only by the ﬁﬁdesifable
proéesé of exchanging payload for fuel, 1If théy are too many, the mul-
tiplication of tanks, motors, etc. eliminates any possible gain in the
effective wéight ratioc. For tne alcohol-ox gen récket it was found that
‘rqur'stages were best. For thé hydrogen-oxyzen rocket,’preliminary analy-
sis indibated that the best choice for the number of stages was»two,-but
refinements showed the Oppimnm nﬁmber of stages was three. Unfortunatelf,
insufficient iime was available to change the design, so the work on the
hydrogen-oxygen was completed using two stages. The characteristics of -
the vehicles studies are tabulated below. Skeﬁches of thé vehicles are
shown on the‘drawings preceding page 203. | |

~Vehicle'Powefed by Alcohol-~Oxygen ROckets

Stage  _ : SR 2 3 4
Gross Wt. (1bs.) 233,669 53,689 11,829 2,868
Weight less fuel (ibs.) 93,669 21,439 4,"729 o  1,11,’8
Payload (1bs.) 53,689 11,829 2,868 500
Yax. Diaméter,(in.) ‘157 - >138 | 105 _éO

vehicle Powered by Hydrogen-Oxygen Rockets

Stage _ 1 2
Gross Vit ' C 291,564 15,364
height Empty 84,564, Lyh6l
Payload (1bs.) = 15,34 500 -

llax, Diameter (in.) 243 167
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(had three stagzes been used for tine hyarozen—oyv en rockbts, the overall =

gross weight of tnis vehicle could havo been reduced to about 84,000 1lbs.
indicatinz this combination should be ziven serious consideration in any
future study); |

In arriving at tne ébove desién fiéurés, a detailed study ﬁ§s5made
of the_effeéts of exhaust velocity, strucfural_keight, gfavity, drag, .
aécéleration,vflight‘path ihciinatibn, and relative size.of stages on the
ﬁérronnance of the vehicles so that an optimum design could be aﬁhieved
or reasonaﬁlé compromises made. |

It was found that the vehicle could best be zuided during its ac-
celé}atedtflight by mounting cont rol surfaces'jn thé rocket;jets.and.ro- '
tating the entire vghicleiso that laterai’components'of the jet thrugt"‘
could be USéd_tovproduce the desired control forCes;‘ It is planned‘to‘
fire the rocket vertically upward for several miles and then gfadﬁally ’

curve the fllgnt vath over in the dlrectlon in which it is desired that

‘tae vehicle shall travel. 1n order to estabhsb the vehlcle on an orblt

at an altitude'of about 300 miles without using exce531ve_amounts of»con—
trol it was found desirable to allow the vehicle to coast without thrust
ob,an extended elliptic arc just preceding the firing éf;the rocket of |
the last stage. As the vehicle approaches tbp suimit of’this»arc, which
is at the final altltude, the rocket of. the last stage is flred and the
vehicle is accelerdted s0 that it becores a frecly revolving sqtelllte.
It was shown that excessive atounts of rocket propellants are re—l
cuired to make corrections if the orb;t is incorrectly establlshed in

dlrectlon or in vexoc1ty. Therefore, considerable attention was deVOted

to kLhie stability and control problem durinz the acceleration to orbital

B e ew
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sveeds. 1t was concluded thot the orbit coula be estaﬁiished with suf-
ficient precision so that'the‘ﬁehicle.ﬁould not inadVertentlybreéenter
the atmosphere because of ‘@ eccentric,ofbit;
. Once the vehicle 1as been established on its ofbit, the quéstiéhs
arise as to what are the possibilities of damage b?'meteofites, What temg
‘- -perutures will it experieice, and can 1ts orlcntatlon in. space be con-
i trolled? Althouzh the probebility of beinz hit by very snall meteorltes

is great, it was found that by using reasonable thickness plating, ade-
cuate protection could be obtained against all meteorites up to a éiZe
where the frequency of cccurrance was very small. The tauperatﬁres pf
the satellite vehicle will range from about LO°F when it is on the side
of the earth facinz the sun to about —20°F when it isLin thé earth?é__
shado@. ‘Either small fljwheels or small jets of‘comoreésed vasfappear'to:
offer feasible methods of controlllnh the vehicle's orientation after the
cessation of rocket thrust. | |

An investigation'was.made of the poSSibility of Safely‘landing the

vehicle without allowing it to enter the atmosphere at such great speeds

that it would be destroyed by the heat of air resistance. 1t was found

that by the use of wings on the émall final vehicle, the rate of descent :
could.be controlled so tiiat the heat would be d1331pated by radiation at
temperatures the structure could safely withstand. These same wings 
could be used iq land the vehicle on the surface of the eafth. .

An interesting outcome of‘the sb;dy:is that the maximum acceleration
and teméeratures can be kept within limits waich can'be‘safély withstbod :
by a hunan beinz, Sinbe ;he vehicle is not likely to be déﬁaged by
meteorites and can be SafeLy brouzht back to earth, there is good resson

R o ;\i -
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to hope that future satellite venicles will bas built to carry human

beings,

1t has been estimated that to design, construct end launch a satel-

93]

lite vehicle will cost about 152,000,000, Such an undertaking could be

zocomplished in approximetely 5 yeers time., The launching would probably

be made from one of the Pacific islands near the equater. A series of
-§

telemetering: stations would be established arcund the ecuator to obtain

; fhe date from the scientific apperatus containsd in the vehicle., The

: first vehicles-will probably be zllowed to bum up on plunging back into
the atmosphere., Later veniclies wiil te desigred so that they can be

; brouzht back to earth. Sucli vehicles cén be used éither as long renge

; missiles or fér carrying humen beings. |
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PRELIMINARY DESIGN OF AN
EXPERINFITAL WORLD-CIRGLING SPACESHIP

1. INTRODUCTION
Technology and experience have now reached the point where 1t 15
possible to design.and construct craft which can penetrate the atmos-
phers end achieve sufficient velocity to become satellites of the
earth. - This statement is documented in this vrepdrt, which is a de-
sign study for a satellite veh;qle.judiciously based onndarman ex-
perience with V-2, and which relies for'ité success only on sound
engiheeriné\dévelopment which can logically»bevéxﬁected as a cqnsa-
qusnce of intensive application to this effort, The craft ﬁhiéh'ﬁculd‘
‘result from such en underféking wédld alﬁost certa1nly do the job of
becomiﬁg a satellite, but it would clearly ve bulky, éxpensivé, §n§
inefficient in terms of the Spaéeshipvwa shall be ablé-to design aftei .
twenty years of 1nxenéive‘work in this field. In making the decision
asvto.wbether or not to undertake construction éf such a 6raft;now,ﬁ
vit is not inappropriate t0 view our ﬁresent,situation_éslaimilar tob
that in airplanes prior to the flight of the Wright brothers. ﬁe can
seééno‘more clearly all the utility and implications of spaceships
- than the vlright brothers could see fleets of B-297s bombing Japan axid‘
air trapsports circling the globe., ' '
" Though the cfystal ball is cloudy, two things sesm Glear;
1. A setellite vshicle with éppropriate 1nstruméntation can de

expacted to be.one cf the mogt potent scientific tools of

the TWentieth Century.
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2. The achievemsnt 6f a satellite craft by the Uniied'States
would inflame the imagination of mankind, and would probably
produce repercussions in the world comparable to thé explo-
-sibn of the atomic bomb. | |

»Chaﬁter 2 éf this report attempts to indicate briefly some of the

concrete results to be derived from a spaceship which ciroles the world

on a stable orbit.

As th'e £irst major 'activity under contract W33-0384C-14105, we
have been asked by the Air Forces to explore the ;ﬁoasibuities of making
:a satellife vehicle, and to present a program which would aid in‘the.de-
velopment of such a vshicle, Oﬁr approach %o tﬁia task>is along two re-

iatad lines:

) ,; o 1. To undertake a design study which wilivevaluate‘the'possibility

of making a satellite'vehicle using known méthdds of enginéef-
ing and propulsion, | |
2. To explore the flelds of science in an attempﬁ to discover
and to stimilate research and develOpmént along lines which -
will ultimately be of benefit in the design of such a |
satellite vehicle and which will improve its efficienmcy or
decrease its complexity and cost.
This repbft conoerns itself solely with the first line of approach.
It ié a practical study based on techniques that we now know. The
implicgpions of atomic énergy are not considered here, This and other

possibilities in the flelds of science may bé.the'subject of future
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reports, which will cover the gecond line of gpproach.

In the preliminafy deéign study analytical methods have been
developed which may be used as a basis for rutﬁre studies in this
new field of astronautical engineering. Among these are the follow-
ing: .

1. Ansglysis of single and multi-stage rocket pérformancé and
methods for selecting the optimum npumber of stages for any
givep application, |

2, ‘Dimensionsal analysis of varying size and gross weight of

b"rookats, deriving laws which are useful in design scaiins.'
These laws are also of assistance in appraisal df the |
effect qf shape'and proportions on the design of multi-
stage rockets. ) '

3. The_éffect of acceleratiéﬁ ahdvinclinatioﬁ of the trajector&
on structural weight and pefformanée of a satellite rosket.

4. Methods of determining the optimim trajectory for satellite
rockets.

5, Variation of rocket performance with altitude and its effect
on the proportioning of stages, - | |

6., Preliminary study of effect of atmospheric drag on.thé rocket
and how it affects the choice of stages, acceleration, and
trajéctory. | »

7. Analysis of dynamic-stability‘and control throughout the

entire trajectory.
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8., Yethod of safely lending a sstellite vehicle. -,
It cannot be emphasized too strongly that the primary contributions
of this report are in methods, and not in the specific figures in this

design study. One point in particulsr should be high lighted: - the de=-

sizn sross weizht, which 1s of the greatest importance in estinating cost

or in comperine any two proposals in tuis field is the least definitely

ascertained single feature in the whole process. This fact is fundamental

in the design of a satellite or spaceship, sincs the siightest variation
in some %f the ninor detailé of construction or in propulsive efficiency )
of the fuel may result in e large change in gross weight; The figurés_in
this report represent a ressonable compromise between the extrenes which
b> ‘} ' are possible with the deta now 1@ hand, The most important thing is thét-
a satellite vehicle can be nade af all in the present sﬁate of the art.
Even our more conservative engineers agree that it is definitely possible
to undertake desipgn and construction now of & vehicle which,yould becoie a
satellite of the earth. | |
Another importent result of this &esign study is thercohclusion on
1iquid hydrogen end oxygen as fuel versus liquid oxygen and alcohol (the
Germans' fuel). The relative merits of these fuels have occasioned spirited
econtroversy ever since liguid fuel rockets have been under development.
In the past, the fact which haas clinched the arguments has been the diffi-
culty of handling,_storing, and using liquid hydrogen. The present design
study‘has approached this subject from anoﬁher viewpoint. On the assump-

f’ tion that all these pasty problems can be solved, a design analysis has
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been made for the etrﬁctu_re and performence of rockets using both types
of fuels. Because of the ldw density of liquid hydrogeﬁ, thé greater
tenkege weight and volume tends to offset the incresse ln specific im-
pulse. Early in the design study it was neceaaary‘to make & cholce of
the nuzber of stages for both proposed vehicles., Based on the design
information evailasble, a decision wes made to use four stages for the
alcohol-oxygen rocket and two stages for the hydrogen-oxygen rocket.

Of these two designs, the alcohol-oxygen rocket proved to be somewhat
smailer in welght end size., However,the problem was later re-examined,

when more reliable dsta were avalilable. It was found that,while the

choice of four stages for alcohol-oxygen had been wise, the hydrogen=
oxygen rocket could have been eubstantiallyv improved by using three
stages. The improvement was suffic ieﬁt to indicate tha.t‘ the three
stage hydrogen-oxygen rocket would have been definitely superior to the
four stege alcohol-oxygen rocket., Unfortunately, the work had progresse
8o far that it was impossible to alter the number éf steges for the
hydrogen-oxygen rocket. : ‘ i | | ‘
ne of tke most importent conclusions of thie deslgn study 1s that
in order to echieve the required performence it 1s néceasary to have

multi-~stage rocketes for either type of fuel. The general characterlstic

of both types ere shown in thke following table:

k Stege Alcohol-Oxygen Rocket

_ : Payload S500# _ Y

- Stage 1 : 2 : L
- Gross weight (1lbs.) 233,669 53,689 l-J-.%E'EQ plars
Fuel veight (1bs.) 140,000 32,200 7,100 172
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2 Stage Hydrogen-Oxygen Rocket

Payload S500# »
Stage 1 | s
Gross weight (1bs.) - 291,564 15,364
Total Fuel Weight (1bs.) 217,900 . A 10,000

The design represents a series of compromises. The payload is
chosen to be as small as is consistent with carryingz enough experimsntal
equipment to achieve significant results. This is done for the purpése'
of kesping the groas weight within reasonéble limits, since the gros§

-weight increases roughly in proportion to the payload above a certéin
minimum value, The design altitude was originally chosen as 100 mlles,
since previous éalculafioﬁs indicated that the atmospheric dreg there '
was not great enough to disturb the orbit of the esatellite for a féw 
revolutions, and since for communicatiqns purposés it was desirabie,to
.keep the satellite beléw the ionosphere. The more refined drag studies
"made in the present design study show that these early‘estimates weré
in sérious error, and indicate that the satellite will have to be es-
tablished at altitudes of 300 to 400 miles to insure the completion of
multipie revolutions around the eafth&

It is interesting that the design_aﬁaiysis shows that the Optimuﬁ .
accelarations aré well within the limits which the hﬁman bod& c#n,stand.
Further, it appears possible to achieve a safe landing with’the t}pa of
vehicle which is_required. future developments may bring an 1ncré§se'
in payload and decrease in gross weight, sufficient to produce & large

manned spaceship able to accomplish iﬁportant things in a scientifiec
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We turn now from theidésign study phase to the basic regearch
approach of the soieptisfs. Our consultants have -all made suggestionsr
which haya been taken into consideration in the preparation'orvthis.
report. In‘tﬁe‘future it is our expectation that the services of thege
scientists will be of the greatest benefit in planning and initiating
broad research programs to explore new fundémental approaches to the
problem of space travel;

The real white hope for the future of épaceshipa is, of course,
atomlc energy. If this intense source of energy can be harnessed for
rocket propulsion, then spaceships or moderate size and high performance
may become a reality, and conceivably could even serve efficiently ag
intercontinental tranmsports in the remote future. We are fortunate'in
having the consulting services of Drs. Alvarez, McMillan, end Ridenour,
woll knovm in sclentific circles., Alvaréz and McMillan were'twé of
the key men at the Los Alamos Léborétofy of the Manhattan Préject.
w1th the benefit of thelr advice, we hope to achieve a degree of compe~
tence in the fields of application of nuclear energy to propulsion.

Alvarez and Ridenour, who are also radar ezperts' have made baaié
analyses of the radio and radar problems essociated with a satellite. _ii
These are of service 1n planning the new equipment which seems to be
necessary to make the satellite a useful tool,

Kistiakowsky, =a specialistkin physical chemisiry, has made valuable

suggestions for the development of new rocket propellants,
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Schifr has contributed to our knowledge of the optimum trajectories
to be used in launching the vehicle, |

More 1m§ortant than the ideas and suggestions received to date is
the fact that these consultants, wh§ are among the leaders in ﬁ.s.
science, have begun to think and work on these problems, It 1s our
earnest hope that under the terms of this new study and research con-
tract with the Army Air Forces we may be able to enlist the active co-
operation of an important fraction of the sc;entific resources of the
country to_solve problems in the wholly new'fieldsvwhich man's imggina-

tion has opensd. Of these, space travel 18 one of—the most important

and challenging.
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! 2. TME SITIFICUICE OF 4 SATHLLITE VEZHICLS

4 Attempting in 2arly 19246 to estimnbe the valaes te to derived from

k

i a develcpirent pro-ram zimed ot the establishment of a satellite cireling
. the earth chove the alnospiere ie as di7ficalt 25 it wauld hove been,

some years tefore the it brolhers flew at Kitty Hawk, to visiallize

the current uses of aviaticn in war and In
vhich important results are to be expected are obvious;

may inclunde some o7 the most iaportant, will certzinly be overlookad be-

suse of the novelty of the undiertakins. ‘The [ollowioz considerstilons

assame the future developmernit of e matellite with larye payload. Only

©

= portion of these may be accomplished by the satellite described in

: " the design study of this report.

‘ . The Yilitary Importznce of a Satellite - The military importance

of establishing vehicles in satellite orbits arises larzely [lrom the
£

¢ ircumstance that defenses avainst airborne attack are rapidly improviag.

R s et

T o

todern radar will detect aireraft at distances up to a few hundred milss,

and can give continuons, precise data on thoir position. Anti-aircrafi

artillery and snti-aircraft ziided missiles are able to enzaze such
vehiieles at considerzble ransze, znd the proximity fuze increases several

fold the effectivensss o>fanti-aireraft fire. Under these circumstances,

a considerable prealiumn is pat on hizh missile velocity, to increcase the
E Y M

-

difficulty of interception.

his bein: so, we can assume bthat an z2ir offensive ol the future.

will be carxded ont larrely ovr altogsther hy hish-spead pilotless mise

siles. The aminimirwencrsr irajectory for mich a space-aissile without

N

»




DATE:

TITLE:

G ntE  piant

P R PPN 4 0y I
Do T TSI PRl .
e e Yoo ke M s

: Ii:::::::;::j (el B cnepter 2

zerodynamic 1ift at lon: ranze is very flat, intersecting the earth at 2

shallov ansle. Tnis menns szt smll errors in the trajectory of such a

missile will produce lmrfe van:2 errors in “thie point of impact. It has

been suvcested that the accuracy czn be increased by firiny such a misg-

sila alon: the same -eneral course as that bein~ followed br 2 sntelllite
Ly i ? - S 5

and &b suci 2 tliome tihat Lhe ©wo 2re close bLo one an011vr ¢ tae ceater
oi Lhe trajectory of the missile. Under these circumstances, preclise

observations of Llie positisn of the missile can be maie from the ua.nln

3
iite, ant a il

.

W a inal contral fwpulse applied to bring the miss 2 down om

its interded Larset. Thie scheme, while it invnlvgf considerable com-

plexitx in instrumentation, seeas entirely feasible. Alternatively, the

satellite itself can be considerced as the missile. 4fter observations

of its trajectory, a control impulse can he applied in such directbion

and amount, and at such a time, that the satellite is broughtvdown on

its target,
“There is little difference in design and performance betwesn a

intercontinental rocket missile and a satellite., Thus a rockeb missile

~

with a free space~tralectory of 6 003 miles requires a minirmum enevzy ..

of launchinz which corresponds to ar initial velocity of 4.4 miles per
secon”, waile a sabellite requires 5.1. Conseijuently the development of
v : Rttt

a satellite will W Alrectly dpfli?ﬁbl“ to the dﬂvelqpmont of on inter-.
s ——————— . : s e

cantinental rociot.slssile.

It sheald 2lsd bhe remaried iiwt Lihe sabellite offers an observahion

—

ajreraft which cannot be brousht down b:r an enemy who has not raster edw«*

similar techni,ues. !n fact, a sinrle computotion from tie radar
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equation siows that sach a satellite is virtually undetectable from the
zround by woane of ni=Jzv rador.  Porhans the two most Laportant
clessas of oneorvaling frae en a2 satellite ere the
) Tched bug, and bhe ohe
R g

et

\S remary
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errvation o westhar copditiong over enomy {or»itn
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ghort-reiase weathar forecesting cuywiare in the vielnity of tnre

ol tae catellite is extremely simple.

Certainly the full military usefulness of this technligue cquht

be cvaluated today. Thare are doublbless many i%port‘nt rossibilities

whish will he reveslad onl as work on the project proceeds

an 432 Lo Pesearch - The usefvlness of o satellite

in scientific reseurch 1s very great. Typical ~f the outstandini® prob-

lenms witich it can help to attack are the folloving:
One of the Testest-movine Flelds of investi:stion in moderr nuclear
phyzics is the studr ~f cosmic roys. Tven-at the hizhest altitudes whiel

heve bheen reached vith anmanred sounding bzlloons, = cob sidorwwle depbhn
’ <

nf atmosphere lias Leen braversed by the cosmic rars belore thoir ohserva-

tion. Ou Yourd siuch o satellite, the srimer: cosadie rays conld be

tiudled without the cormlications which erise within the wtmoqﬂiire.

Frou thils stndy sav core aore Laportant class to unleashing the enersgy

IS RO
of the atomic nuclens.

Studies of rmravitatisn with precision hitrherto impossible wmay be

"

made,  thiz 1a possirle becsuse lor the Tlvsh tine i hlstory, a gatellif

(‘)

-]

woild provide wn acesliration~frae laboratory where the evar present pol)

of Lhe sarthts sravitational fleld is camcelled by £z cantrifursl force
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of the rotating setellits. uUCh stua*es might ledd to an understdnding

of the cause of grcvitat‘ on - which 15 novw the greatsst riddle of physlics.

The variations in uhe earth s gravitatlional field over the facs of
the earth could be measured from & satellite. 7This would supply one very
fundemental get of dete needed by the geologists arnd geophysicists to
understend the ceuses of mountain-building, etc. |

Similarly, the verlatlone in the earth's msgnetic field could be
measured with a completenese and rapidity hitherﬁo impossible.

The satellite laboratory could undertske comprehensive research at
the low preesures of space. The velue of this in comparison with pressures
now attainatle in the latoretory might be great,

For the estroncmer, & satellite would provide great essistance. Dr.
Shapley, director of the Earvard Cbserveiory hes expressed the view that
measuremente of the ultra-violet specirum of the sun snd stars would con-
tribute greatly to en understending of the source of the sun's swrface
energy, ¢nd perhaps would help explain sunspots. He elso locks forwsrd
to the satellite observatory to provide ¢n explanaticn for the "light of
the night eky." \

Actroncmical observetions made on the surface of the earth are
seriously hampered by difficulties of "sesing," which arise because of
variations in the refractive index of the golumn of alr through which
any terreetrial telescope muat view the heuvensn. Thege difficultles are
grestest in connection wiilkh the olservation of any celestial body whose

Image ie en actusl disk, within which features of structure can be

N A 4am§%_f””"

. /:’ /wwﬂﬂ;;\”’/;/”"' ’ A N "“”'-’"“‘:~»»:.'.«-.g.‘,_7"

‘
‘“AWJ‘&WW"R“B’W&V S & AR B (85 AT B R SN T AT e I ey oV ot TR B TR S N Lk S M Rt R s SRR S




S e T N T S L o o o AT T4 - A A ¥ W (Y 31 TR o (A v § e B < v ek A

DATE ... .7 &y AV \LOIT. waA G ot s oV dU PLANT —  MODEL__] I
RN A PR ST U P TE P o omTWLTT T R § ST l,“/' P
sree . AbiiLDnAnY DLUICH CF ROTRLLITE VAOICLE | merorT no.SM=ll
SRS T g WS a-.;r” .
e I - Chapter __?2
—

recornized: the moon, the sun, the planets, and certain nebulae. A
telescope even of modest size could, at a point outside the earth's atmos-
plere, make cbservations cn such todies which would te superior to those
now marte with the largest terrestrial telescopes. Because there would

be no scaftering of 1li/ht by an a*tmosphere, continuous observation of

the solar coronz and the solar prominences should alsé be possible, Ais-
tronomical imagss could, of course, be sent back to the earth fromn an
unmanned satellite by television means.

From a satellite at an altitude of hundreds of miles, circling the
earth in a period of about one and one half hrours, observations of the
cloud patterns on the earth, and of their changes with time, could be made
with great ease and ccnvenience., Tiis information should be of extreme
value in connection with short-range weather forecasting, and tabulation
of such data over a period of time might prove extrenely viluable to long-
range weather forecasting. A satellite on a North-South orbit could
observe the wiole surface of the world once a day, and entirely in the
daylight.

The properties of the ionos;here could be studied in a new way from
such a satellite. lresent ionospheric measurements are all made by
studying the reflection of rucdio waves from the ionized upper atmosiphere.
a satellite weould permit these neasurements to be extended by studying
tte transnission properties of the ionosplere a* varicus frequencies,
anzies of incidence, and times., heflection measurenments co:ld also be

made frow tle top of the iones here. Since we nov knor thit disruption

%

. -of the icnospher: accompunying auroral displ:ys is cuused by tre impact
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of a cloud of ratter fron eterning tlhe nature,

and maybs the source of that cloud,

Sioloziets und nedicel sciantists would went to study 1ife in the
accaleration=Sreae environment of the satellite,” Thie is an inportant
pra=rocilsite to syaee travel by man, and it msy salso lead to important
new observations in louwer foros of life.

Jay Station = Long=-range radioc

cormunication, excent ut exiremely low frejuenciszg (of ithe order of = fev
ke/sec), is barad entirely on the reflectlion of radic waves from the
ionosvhere, Since the propsrtiss of the earth's icrizzd layer vary pro-
foundly with the time of dsy, the season, sunspot activity, and other
factors, it is difficult to maintain reliable long-range conrunication

by means of vadio, 4 satellite offers the poseibility of establishing a
relay station above the earth, throurh which long=range cormunications can
be maintained indepsndent of any except geometfical factors.

The encrmous biniuidthe attainable at microwave freguencies enable

a very large number of indepsndent channels to be handled with simple
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equinrent,; ani the omly 3iffi
that a Jow-altitude (302
single grouni station orly

For communicatlosus pursoean b would be degirabls to operate the

i

satellites at an altituds seestor than 300 millas, If they could be at such

an altitude (apprexizataly 25,000 miles) that their rotatioral pariod was

ths sarme as that of the esrtl, not only would the "suadow" effect of the
earth ‘te greatl; reduned, tit ulso a givern relsy stebtlon could be asmsocl-

ated with a given coimusdesiion Lormimus on the sarth, so that the come
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Tz developnent

e fonosphnere is now used zs the equiva-

in Jong=line:; and is Jamred to ihe

-t
e
o

[
r

e .

o




patec___ Moy 2  AGh6 . L EATRA MONICA . PLANT mooeL: 3 103

QI.S«?L:AML veeEws e _ REPORT Noéﬁ_-_l_;
SRV S T g W e g R . P U G T

o

TITLE: PrrToMTARY IS CTGN

PRSI

o e TE—— Chupter £Z
. s AL

The Satellite as & Forerwncer of Interplenetery lravel - The most

fescinating aspect of successfully launching a esicllite would be the
pulec quickening etimulation It would give to considerations of inter-
planetary trevel. Whose imagination is not fired by the possibllity of
voyaging out beyond the limits of our earth, traveling tc the Moon, to
Venus and Mars? Such thoughts wher put on paper now seem llke idle
fancy. Eut, & men-wade satellite, circling our globe beyond the limits
of the atmospnere is the first step. The other necessary éteps would
curely follow in repld succeseion. Who would be go bold as to ssy thaet

this might not come within our time?
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3, GERERAL CHARACTERISIICE OF A SATELLITE VEHICLE

Within the limite of our everyday experience, the trajectcries of
freely moving objects ere nearly parabolic. The departures from itruly
perabolic trajectories are ceused largely by air resistance. However,
there is an edditional factor vwhose influence ie emull at low speeds
but rapidiy becomee larger as the epeed increasses, This factor 1s the
curvaturs of the earth. Because of it, even a vehicle traveling parallel
to the eerth ie gubgected to & centrifugel force and at high speeds thie
force can becoms of equal importance to the force of graevity. ©Since
gravitaticnel force 1s inward aﬁd the centrifugel force 1s outward, there
18 & speed at which the two would just balance and the vehicle would re-
volve about the earth like a new satellite. The espeed to accomplieh thim
is eselly calculated. If, for the mament, we disregard aerodynamic force
then & satellite near the surface of the earth would be balanced between
a gravitetional attraction of mg and a centrifugal force of Eggi'where m
and v are the mess and velocity of the satellite and g end R are the
acceleration of gravity and the radius of the earth. FPlacing —E%E = ng
end ueing the equatorisl values of R = 3,965 miles and g = 32.086 ft. pex
eed%, we readily find that v = 25,810 ft. per sec. or 17,600 miles per
hour. If this mction vere to take place in the plene of the equator we
would hove to add or subtract the velocity of rotation of the earth, de-
pending on whethoer the vchicle were rotating with or sgainst the earth,
These new vulues sre 24,285 ft./eec. end 27,325 ft./sec. These values

are only epproximately correct because the effect of the earth's rotatio

on the grevitaticnsl attrecticn of stetionary otjecte has teen neglected
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A more deteiled calculation ie given in Appendix C. Traveling at these
speeds, the timee to make & complete circuilt of the earth would be 1 how
and %0 min. end 1 hour end 2C min. respectively. It is of couree imprac-
ticel to attempt to move at such great speede within the atmosphere of
the earth. However, at a height of 300 miles above the surface of the
eafth, the air is so thin that such speeds eare practical. If we repeet
our calculations for this altitude, teking into account that the attrac-
tion of gravity falls off as the sguere of the distunce from the center
of the earth,we find that the new velocitles are 27,655 ft. per sec. and
26,705 ft. per sec. and the nev times for complete circuits of the earth
ere 1 hour and 32 min. and 1 hour and 22 min. Interestingly enough, the
energy requiréd t0 estabtlish an orbit at an altitude of 200 miles is not
very much larger than that regquired at the surface of the earth becausé,
although the potentiel energy is considerebly greater, it is partly com-
pensated by the lower kinetlc energy of the higher orbit.

mve .

It 1é interesting to note that in our equation & ° mg the mags
occurs an both sides and cancels out. Coneequently, the epeeds for
orbitél motion do not depand on the mase of the object nor on the materic
from whkich it is made.

hs mentioned above, we normally
expect the trajectoriee of freely moving
objects to be parabolic. However, 1if we

take strict account of the curvature of

the earth, our msthematics telle us that

all such trajectories wre arce of
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Keplerian* ellipsee. If the velocity is emall, the trajectory is only

a emall portion of the outer end of the ellipee, as ehown in the preced-
ing figure. Thie tip portion of an elonguted ellipée is very neearly but
not quite parabolic. As the speed inoreuses, the portion of the ellipse
lying outaide the earth likewise increases and the.first trajectory lying
entirsly outside the earth is the circulsr cne whose speed was computed
above. As the speed increases stlll further, the crbits will become
sllipses extending far out Into
space as shown in the figure at
the right. Owr own moon 18, of
coﬁree, traveling in an orbit

that ie very nearly circulsr.

So far, only the effsct of
velocity on the orbit has been mentioned. However, there is another
factor of importadce in determining the characterisﬁics of an orbit,
namely the initial direction with which the body was lawnched. This, in
turn, will determine whether the orbit is a long flattened ellipse or a
nearly circuler one. Both kinds can correspond to the same velcclty of
launc@ing, differing only with the direction of leunching.

Suppose now that our sstellite, mentionsd above, is launched directl
upwerd with the same velocity, instead of on a circular orbit parallel tc
the surface of the earth. The simple egquetlion of its motion shows that i
will trevel out Into space a distunce egqual to the diameter of the earth

before retwrning to the earth. If the velocity is incresesed, the vehicle

(\ ,%?;t‘" L T R
1430) &Jﬁ)”* G iy
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will, ol oourse, trauvel evei farther out. Vhen the initial velooity has

been increused to a value equal to theVé (or 1.41) tires the orbital speed

of 256,310 ft. per sec. or 36,500 ft. per sec., it will travel out beyond
the influence ol cur planet and never return. This speed is appropriately

called the escare velocity.

Returnin: now to a riore detui led exuminutioh of the charucteristics
of & vehiole rotating in a ocircular orbit a few hundred rniles above the
surface of the enrth, we note thau the balance between gravitational and
centrifugal forees exists not only for tho vehicle itself, but ulso for
all objeota within whe vehicle. Consequently there wiil he no "up” or
"down". Bverything will flout weightle#a ingide the wvehiclo.

Vhen we consider the pussible orbits in which the vehicle could
truvel, as seen fron the earth, we reulize that they rmat all be pgreut
circle paths, i1.e. in planes puassing through the center of the earti. Gf
all suoh paths, only the one’'lying in the plane of the equator will repeat
1tsell on eaoh revolution because for all ithe others wiien the velilcle has
oompleted & oircult in upproxinately 1-1,2 hours, the earth has turned
under it 1,/16 of & revolution and the vehicle is over a new spet on the
earth's swiuce. Consequently, the firs®t atterpts at estublishin;; satel-

.
lites will be around tho equator so that they may be repeatodly observed
frow fixed ground stutions.

So far, we huve purposely avoided considering tho seans of supplying
the enormous energies necessary Lo obtain the speeds culculated uhove.

This is such an inportunt problem that it will be given gspecial consideru-

tion in the next chapter.
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4, POWER PLANT SUIT.ABLE FOR SATZLLITE VEHICLES

In order to be sble to establish & vehicle in a setellite orbit, a
power plant ruet be.cupable, not only of lifting its own weight and that
of 1ts fuel and the sssociated structure and payload, but also to acceler
ate theese components sufficiently to attain the enormous velocities caley
lated in the preceding chapter. Clearly thie will require & power plant
capable of producing thrusts many times its own welght. At the present
tine, tﬂé only quasi-conventional power plants that meet this requirement
ere the rocket, the turbo-jet and the ram-jet.

The turbo-jet end the ram-jet both depend upon atmospheric air for
their comiuetion. Thelr maximum thrusts fall off rapidly with altitude
go that thelr useful range is well below 100,000 ft. When speeds of the
order of 24,500 ft. per sec. (Approximutely & Mech number of 25) are con-
sidered, the compression and friction of the air give calculated tsumpera-
tures of the order of h9,OOOOFT Even at 100,000 ft. the density of the
alr 1s sufficlently great to burn up the vehicle in short order. Conescw
guently i1t would appear thet the turbo-jet or the ram-jet could be used
only in the very initiel stages of launching mon-created satellites,

Tt ie concelveble that these power plants may be found to egerve @
ugeful purpose as initial launching engines. However, for the present

invéstigation, thie scheme hes been left out of considerstion in ordexr

to avoid the camplication,

*Long before sush tenmperstures are reached, the conventionel metheds of
celeculstion bvecame invelid, Howsver, the conclusion that the temperatuor:
are rrohibitively high is 6411 valid.
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The rocket motor, carrying its own propellants, oan traverse the
atmosphere at limited spesds and after entering the rarefied ionosphere
be free to accelerate to the apeeds required for orbitel motiom. The V-2
hes demomstrated the practicality of such a scheme. The greatest queetion
to be ansvered is whether within the stern accoumting of engineering
reality,successors to the V-2 can be built capableé of accelerating to
speeda of the order of 25,000 ft. pexr sec.

Before attempting to answer this question, it will be of interest to
examine rocket power plants in some detail, At present these power plants
can be divided into two general classes. The first is the familiar solid
propellant type of rocket used extensively in Fourth of July celebrations.
When used to obtain high performance, the propellant containers muet with-
stand such great pressures that their weight becomes prohibitive where
weight is an important considerstion. This has led.to ths. dévelopmens.
of the liguid propellent rocket in which the propellants are forced into
the combustion chamber under gas pressure (frequently compressed nitrogen)
or by means of pumps ag in the V-2. For installatioms vhere large thruste
are required this -latter system has proved to be of lighter weight.

It ie heip:ful to have an understanding of the parameters which are used
fo;' avaluating"'ihe performance of a rocket motor and which, since they are -
unigue to the field of jet propulsion, may be unfamiliar to the reader.
From Newton's familar second and third laws, 1t may readily be shown that
the thrust T 1s equal to the product of the exhaust velooity, ¢ and the

mase rate of propellant consumption, %’E , thus T = ¢ %"% The quantity

g—‘% may be made as large as we plesse sinoce it is only & matter of arrenging
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adequzte means for delivering and burning the desired emounte of propel-

lants. However, this 1lg not the case with ithe exhaust velocity which is
more strictly a characteristlc of the propsllants used. The exhaust velc
1ty 1= dctermired to a largs extent by the moleculer weight; the tempera-
ture, end the specific heets of the combustion products. For a given fue
we have little control over these quantities. The pressure in the cambus
ticn chamber, the external atmospheric pressure and the overall effilcienc
of the power plent (which are the factors over which we have greatest conm
trol) also affect the exhaust velocity but tb euchh 2 lesser degree that i
is poesible to assese the exhaust velocltles of an inetallation largely
from & knowledge of the propellants used.

It will be seen later that the exhauet velocity of & rocket installs
tion 1s of prime importance in determining its suitabllity for use aa’a
satellite-producing power plant. In addition to the exhaust velocity c,
two other peremetere are frequently used. . . The equation for the
thrust of & rocket motor showe that & given quentity of propellants, if ‘
consumed under comparable conditlons, represente an ebility to produce a’
glven impulse, elther as & large thruet for a short time or a smell thrus
for a proportionately i&rger time. Conseguently, it is in order to ask
for the pounds of thrust obilained per pound of propeliant per second. 14
ie seon a8t ouse thet thils perameter, known ae the specific impulse I, is

glven by the formuls I = ~2- = —— _ i.e, it lg obisined from the exhuui

a8
4t

velocity simply by division by the acceleration of grevity (I is the sam

in toth c.g.e. and ft.-lb.-sec.8ystens since 1t conteins wnits of force

T i
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in both .numerator end dencminator). Agein, we may ask for the pounds of

propellant consumed per pound of thrust per second. This 1s known as thﬁ

specific fuel sonsumption end is merely the reciprocal of the impulse:

§.5.0. = % = %- . Typicel velues of thcse parameters are ¢ = 6,434 ft.
per sec., I = 200 scc., and 8.f.c. = .005 secTy

In the discusslon above, it waes mentionsd that external atmospheric
pressure played a leeser role in determining the exhzust velocity. VWhile
this role is emall, 1t 1s not insignificant and enters inte the problem
of establishing & man-made satellite in a very helpful feehion. As we go
to‘higher altitudes, the atmosphere exerts lees of & tack pressure on the
exhausting gases, allowing‘their velocity to increase until at extrems
altitudes it hae increased by some 20% to 30%. This will be found to be
of significent magnitude in our vroblem of determining i1f rocket wotors

sre cepeble of imparting a sufficiehtly large romentur to the proposed

eatellite vehicle, & problem to which we now retwm.
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Let us begin by considering the simplesu poseible case of & rocket
motor accelerating our vehicle to high speed. We shall temporarily neg-
le~t gravlty and elir reslstance in order to dstermine what ere the funda-
mental factors occuring in our problem. If m is the mass of the vehicle
at eny instant, %% the acceleration end T ths :hrust, then gz T.

In the preceding chapter, we saw that T = -c%%, Placing this Iin our ",

P
.

eguation, we have m%% - -c%% . This can be integrated to glveaV¥ = ¢ 53@%
where oV is the change in velocity of the vehicle thet the rocket pro-

duces and m, and m; are the masses at the beginning and end of the &cceler
tlon, their difference being the fuel used in the process., This formula,
although 1t will be successively modified numsrous times, brings into
focus the two most fundemental parameters of our problem; namsly, the
exhaust velocity and the mess ratio. In fect, these iwo pearsmeters are sc
vital that the next two chapters will be dsvoted entirely to a critical
engineering analysis of what values we can reasonably expect to achieve.

It is clear that the gain in velocity of the vehicle is directly pro-
porticnal to the exhaust velocity and any lmprovements in this fector will
be immediately reflscted in the performence of the vehicle. The mass rati
entering the logarlthm would appear to be a factor of minor lmportence.
However, this appearance is guite deceptive as we shall presently see.

If we put W equal to the initial grose weight of the vehicle, P egual
to the payload and S equal to the entirs structural, power plant, tenk and
cantrol weight (i.e. S includes all iteme except the fuel and the puylgad

*'ho minue sign i necessary here becoues é? le the rate of change of moas

. - . A _ .
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then our formula becomes & T I =¢ l;;(% + %). As we have seen befors,

¢ cannot be mude erbitrurily large, but i1s limited by the state cf develop
ment of uwr technology. Likewise, %,the ratic of the entire structural
wolght to the groas welght, cennot be chosen erbitrarily smsll but is limit
by technological progress. Conssquentily, the qu&ntity within the pagen-
theces of the logarithm has a emsllest value when the peylead is zexro (thi
will meke the loggrithm, with a negative sign in front,have ite greatest
value). Actually, in engineering application we ususlly must view this th
other way around; that is,the peyload is given and the gross weight must
be varied. This has been illustreted on the accompanying graph. Eere we
haVeiplotted the ratlo of veloclity increzse to exhaust velocity agelnst
the ratio of gross weight to peylozd (l.e. the gross weight for a 1 lb.
payload) for various velues of the structural weight retio.- The extrenmo
importsnce of this latter parameter'is irmedlately apparent.

This graph algo illustrates enother cheracteristic thet will confront
us time an@ agein; nemsly,ths extreme variability oi the groass welight for
a fixed payload when we attempt to cbitain high performences. For cxample,
guppose we could obtain en exhaust velocity of 11,000 ft. per sec. and
bulld the complete structure for only 5% of the groge weight. Then to
accelerate & peyload of 1 1b. to £k,750 ft. per sec. (A%E = 2.25) would

roquire & vehicle having a gross wslight of 200 lbs. However,if ihe de-

gired velocity hed been only 2% greater, the smsllest vehicle with which

THere and throushout the reet of the report we shell refer to toth the

. fuel end tho oxidizer sizply us the fuel end designste its welght by F.
If we call thew propellante ond desimmate thelr weight by P, we should
have & conflict with cur desiguution for payload.
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ve could accomplish this would have & gross weight of 1000 lbs., a fivelo

tnorease. The reecean for Such extreme sensitivity 1s clear; the perform-

ence gain was made by edding & bit more fuel at the expense of payleed an
then enlarging the entire project until the payload returned to its .
original value. What was & fracticn of a percent increase in fuel amonn%
to 80% of the poyload. Consequently the multiplication factor was five.
Simple clarity of reesson does not slter the fact that the gross weight is
a varieble of questionsble reliability.

Ve ere now in a position to meke aﬁ elementary examination of the
feasibility of using rockets to establish new seatellites. To do thils we
shall enticipate a few of the resulis of the next two chapters. There we
5hell find that by using alcchol and liguid oiygen (these were the propsl
lents used in the V-2), we can obtain.average exhaust velocities of about
8,500 ft./sec. end a correcponding entire structural weight of about lé%l
the gross welight. Both of these figurces heve had a certain amounf of opi
nism injected in them, to represent wheat we might resscnably expect to
accomplish in the foreseesble future. I we select 500 1bs, asg our goal
for a payload, then our formuls showe that a vehicle of 5000 lbs. initial
grose weight could be ascelerated to 11,420 ft. per sec. If the size of
vehicle 1s Iincreasecd to 50,000 lbs. groes weight, the velocity 1s 15,000
ft. per sec. and a 500,000 1b. vehicle only gives en increase to 15,510
ft, per aec.* 411 of these velocltiles are lmpreesively large, but fall
considsradbly short of our round figure of 24,500 ft. per sec. reguired fc

orbitel velocities.

*Tven 1f the vshicle were mnde indefinitely large the veloclty could not

1.0 ¥
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The guestion immediately ariees: Iy using liéuid hydrogen, the fuel
that tops the list with en exhaust velocity of sbout 1%,500 ft./sec., can
we echieve our desired velocity? Unfortunately, liguid hydrogen hee e

nurber Bf‘characteristics (which will be discuseed in detail later) that
neceesarily ceuee en incresse in structural weight, Our figure of 16% fa
structurel weight 1s increasecd to 25% for use with liguid hyérogen. The

following teble summerizes the velocitles celculated for both alcohol and

liguid hyérogen:

Groes wt. for Velccity of Vehicle Velocity of Vehicle
500 1b. peylead Using Alcchol Using Ligquid Hydrogen

5,000 1bs. 11,%20 ft./sec. 14,180 f+./sec.

50,000 1bs. 15,090 ft./sec. . 18,160 ft./sec

500,000 1ba. | 15,510 ft./sec. 18,620 It./sec.

Indefinitely large 15,600 ft./sec. 18,700 ft./sec.

The liguid hydrogen shows improvement* over the alcohol but is still
considsrebly short of producing the orbital velocity figure of 24,500 ft.
per sec.,

We are forced to concluds that & realistic appraisal of ihe problem
shows that owr technology, even allowing a reasonable note of cptimiem to
cresp in, kas not sufficlently advanced as yet to permit us to build a
single unassisted vehicle ca=pable of acoulring sufficient speed to remzin
in space 28 a satellite. This 1g doubl; erphesized when we remember that
ag yet we have noeglected entirely the eifects of alr resistaencs and grav%

Since we cennol attain ouwr goul with an unaseisted vehicle, we nexi

examine the problem of giving the vehicle enough iritial speed so that it

tite slmplified annl

cunglilercd pragentl
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cen subsequently attain ortital velocities under ite own power. Since
rocket power plante have been ehown capable of supplying more than half ci
the velocity required, it appears logical to ask if they camnot be used tc
supply éhe other half. 7To enswser this auestlon in the afilirmatlive we in-
troduce the concept of a multistege rocket. We shail find this ldea
fundamental to our later work. To 1llustrate this concept, let us conside
& two-stage rocket. The primary vehicle will be cerried along &8 the "pay
loaﬁ" of & larger sscondery vehicle. When this larger vehicle has exhaust
ed its fuel, and hence 1te usefulness, it will be discarded end the small-

er vehicle will continue to accelerate under ite own pover, adding its own

R 5B G et S PR

Fu

velocity increase to thet lmparted by the larger stege. The particular

SANC A T

example sslected above 1le a special case of a'xmch.more general ldea, n&ég
that of dlscerding welght once it has served its puwrpose and is no longer
necessary. A moment's rcflection shows that this can be of great ald, he-
cevse as the fuel 1s used up, the structural weight end the peylosd,
initielly insignificant, become major iteme and if substantial reductionse
in the structural wsight ere possible at ikls point, the remaining fuel
will te capeble of suprplying correspondingly greater accelerations and
velocitiesg.

In ploace of the methol proposed above, 1t is canceivabls that the
fuel could te centaired in mltiple tenks and as each s dreained In twrm,
it snd its coseccleved struscture would bz Jettisoned. With this reduced
welght, tho ccceleraotion would increase considercbly end it might be de-
girable to shut down a porticom of the rocket power plant to keep the londs

on the remalnder of the etructure within reseor:ble limits, The rem:indces
b . 1
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of the fueiwould be used to produce smaller thrust over & longer period

of time. If thils is dGome, it is of course advisable also to Jjettison the
¥*

idle power plantse.
It will be readily appreciated that such staging schemes are limited

only by the fertility and ingenuity of the designer;s imagination, For
the sake of definiteness, we have confined our attention in this report
to the clearcut scheme originally proposed, but it is not intended to
imply that this is & final arrangement.

Let us return to the problem of exsmining the possibilities of
echieving orbital velocitles. We found for & single stage, that
Va==-c¢cln —§-§;2. If we now have & two stage rocket, and we designate
the larger vehicle, which is fired first, by the subscript 1 and the

smaller by the subscript 2, then

S+ + W S, + P
- 1 2 2 2
vtotal"cln'“““‘“"w 'ClIP——-—W ..
1 | 2

Here we have used W,, the gross welght of the smaller vehicle, as the
peyload of the larger, With this notation Wy is the gross welght of the
entire aggregate.

It is now logical to ask: For a given peyloed and s fixed value of
aggrecete welght, what is the correct proportioning of the two steges to
give the greatest total velocity? If the large stage can be built so
that 1ts entire structural weight is the same percentage of its gross
welght as'tbat of the smaller stsge, then simple differentiation shows

A

*iewed from this etrndpsint, cur oviginel propoe¢l of & peries of pro-
greepively lorger veilclen erch currylng the precediry momber as puylosd,
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grose welght is the sane for each stage, i.e. WI EE o, Y

If we apply these results to our aleohol and liquid oxygen powered
vehicle; (and zssure that the entire structure of the large ctage can
also be buil£ for 1657 of its gross weight) we can échieve the followirng
velocities with the correSponding aggrepgate combinations:

THO STAGE ROCYET V-HICLE, USING ALCOHOL ARD LIQUID OXYGEH ALD

CARRYING A PAYLOAD OF 500 LBS.

Gross Weight Gross Weight Total
of 1lst Stage of 2nd Stege Velccity
50,000 iis. 5,000 1bs. 22,849 ft./sec.
5,000,000 ihz, 50,000 lbs. 30,180 ft./sec.
500,060,000 * 500,C00 1bs. 31,020 ft,/sec.

(This teble illustrates two salient points:
lst, a two stage rocket vehicle, using feasible values of exhaust
velocity and structural weights has been shown to have a
reascneble margin over the minimum essentiel requirement to
attain orbital sreeds. It only remains to be seen if this
margin is sufficient to account for the effects of air
resistonce, gruvity and the like,
2nd, we notice, upon compering this table with the results of our
single stege calculetions thut for a given total weight,
(e.g. 50,000 1bs.) we can attain a grester total velocity
q from two stages (22,840 ft./sec,) than we can from one stage
(15,0% ft./sec.). -And this is in spite of the fact that we

hove the welhh of toro rochives instesd of ore.
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This seccnd pbint irmediately poses the‘following questions: 1Is it
always better to use two steges then one? If two stages are superior,
would three or more stages give even greater velecities for a fixed "
aggregéte weight? These questions are answered by the accompanying grapl
on which hes been plotted the total velccity with the availeble exhaust
velocity taken as a unit, against the gross weight of the sggregate for
& one pound payload for 1, 2, 3, 4, and 5 staées. This has been computet
on the assumption that each vehicle could be built for an entire struc-
tural weight of 1€% of its gross weight, In each case, the stages heve
the optimum proportions mentioned above.

We see immediately that two stages are not always superior to one,
For small aggregate weights, a single stage is better, but abthigher
weights the two-stage curve crosses over and gi&es higher velocities.
For a better understundirg of the reasons behind this it is helpful to
refer back to our remerks on the great.variability of the gross weight
of a single stage. Tnere we saw that in our attemrt to get higher and
higher performances from a fixed exhaust velocity, we were exchanging
payload for fuel and then swelling the size of the entire vehicle to
return the rayloed to its specified value. As the payload betcame a
diminutive rortion of the vehicle, its exchange fer fuel could affect
the performance but little, while the ruldtiplication in size became

actronomical, It is at this point of diminishing returns that it is

*¥For additional graphs of the sanme tyre but with %w = .1, 143, .182,

e At o xpttasmns 1 rtin oot = amere s

and .25, see Chapter 8.
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better to use two steges. This same line of reesoning answers our

question about larger numbers of stages, because as the two-stage
vehicle reaches its point of diminishing returns, it is advantageous '
to use 3 stages and so on for 4, 5, 6 and higher numbers of stages. . .

It is interesting to note that this simplified andlysis would indicete

7

‘that the Germans could havé>accomplished the nission of the V-2's with -
an approximate 25% decrease in total weight if they had used two staées
instead of one. Undoubtedly, with ali factors taken into account, in-
cluding the uréency of the situation, thej were well justified in
using a single stage missile, . ‘

Thus far, by neglecting the "practical" detalls of gravity, air . A
resistance, variation of extaust velocity with altitude, ihclinatibﬁ |
of fliéht path, control, maneuvering and the like, we have indicated
the possibility that our technology has advanced sufficiently for us

to launch a new satellite into space. Now we must determine how great

will be the influence of these "practical" details.

First,'let us consider the effect of gravity, So far, it has
madé no difference whether we used our fuel to produce a large thrust
for a short time or a small thrust for a longer time, A1l that
nattered was the veloclty of the exhaust products and not the consump=-
tion rate. However, when the vehicle is accelerating vertically upward,
this is no longer the case. If the.thrust is insufficiently large td
exceed the weight of the vehicle, the rocket will ineffectually expel =

its fuel, accomplishing little more than a display of {ireworks. It

can easlly be shown that for vertical acceleration, larger
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velocities will be attalned as greater thrusts are used for shorter

times, Ab the thrust beCO”eS infinlte, the veloc1ty will approach: '

that calculated by our simplified aralysis. This concept of en in-

finite thrust, frequertly encountered in more abstract treatises on

rocket vehicles, Nould indicate that the effect of gravity'coull be’ made
negligibly small, However, closer examination shows this is ot the

case. As we increase the thrust, the weight of the rocket combustion

charber, pumps, piping, controls and associated structure goes up.
Furthermore, the remaihihg structure such as tanks and supports is sub-
Jected to increasing loads as the thrust increases, with a consequent

increase in weight of these items. Since we have seen that'the per-

fornance is crltlcally sengitive to the structural weight ratio S/W,
the 1ncrease of thls parameter will rapidly nullify the benefits of
increased acceleration; in fact we wou-d antlcipate that an optimum :
acceleration exists, representing the best compromlse between the ad-
vanteges of high thrust and the accompanying disadvantages of high

structural weight. Unfortunately we have not as yet laid the founda-

tion of structural analysis necessary to pursue this investigation

further at this point.
If we attempt to examine the other "practicsl® factors in detail
we shall find that corresponding fourdation data are lacking for them

too. Conseguently, it is advisab]° to turn our sttention now to a de-
tailed exarmiration of the capabilities of the rocket power plant and
an analysis of the feasible weights of structures. Later we shall’

resume our investigaiion of the ®practical” details. in the anslytical

work that preceded the writing of this report, performance studies,
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-structural analjsis,'and‘the assessment of rocket power plant capabilities

L et e Ao

wB\  Chapter _5_

all proceedsd hand in hand, ansequentiy, in the next two chapters, which"
deal in turn with rockets and structural weights, we shall find frequent '

 references to the results of our more detailed performance analysis whidhv

will be presented later., Unfortunately there appears to be no way of
avoidigg this lack of straightforwardness in the presgntatiqn'of a sub-
Ject wg;se parts are so closely interrelated, | i
As an aid to the readsr, a few words of coordinatioh mﬁy prova ‘
helpful. It was decided to investigate two vehicles,  One employed
aleohol and 1liquid oxygen rockets as representative of an éstablished
technique founded on the Germans' experience with the V-2, vThe second
p v employed liguid hydrogen and liquid oxygen rockets as repreéentativa of g
’( : the top class of high velocity propellants. It was found best to use a -

four stage vehicle when‘using alcchol and oxygen and a two stage vehicle

when using hydrogen and oxygen,
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The inportance of selecting propellants which give high exhaust
velocities is obvious from Chapter 5. High exhaust velocity cannot be

the sale criterion, however. One or both propellants of every systen

TITY

proposed to date possesses physioul propertieé which ure so extreme as
to present najor engineering 6r operational problems, in sone cases, to
a depgree almost precluding use of' the propellant. Consequently, along
with a considerution of specific impulse nust go a c;reful weighing of
the other advuntages Aﬁd disadvantages of a particular system. The
disadvantéges of some properties such as inflarmability, corrosivity,‘
toxieity, sensitivity to detonation, availability and handling and stor-f
ing qualitises are obvious. Others;such as high vapor pressure; low één;
sity, low boiling point, high average molecular weight of the products
of combustion are not so obvious and require u few words of explanation.|
Ywo types of liquid propellant systems are used: bipropellant Qnd s
monopropellunt. In the bipropellant systen a fuel gnd an oxidizer, boﬁk_
of which may be a nixture ol two or nore compounds, are mixed and burn-
ed in the conbustion chanber. In the cuse of thé nonopropellant system
& liquid or m mixture, which is stuble ut ordinary temperutures, is 15?%
ted into the combustion chanber where, after ignition it deconposes at
the teuwperutures and pressures prevailing. The bipropellant system is
more cormplicated than the monopropellant gince it presents proﬁlcms of
desipgning injectors to give good nixing, of feeding the propellants at afa
constunt nixture ratio wnd of providing tanks, tubing and pumps forltwo

propellants. %he monopropellants have, in generul, lower specific in-
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2 Cnapter 6

pulsés und sre inherently unstable, deconpusing explosively under high.

temperatures or shoek.

Motors operating continuously for perlods longer than about 30

2 seconds riust be provided vith cooling. One msthod, known a3 regeinerative

COOllnb, brings cns or both propellants to the conbus vion -chanber throug

"

ducts in the nmotor walls. This systen is linited by the ability-of.thel

propellants to absorb the necessary heat without boiling or decomposing.

Ancther method oulled film cooling injects a liquic, preferably one of

the propellants, through numerous small orifices so ag Lo provide a

-
cool film between the hot gases und the motor wulls. This systen was ug
on the German V-2 motor in addition to regenerative cooling with alcoholf

(( ¥ : Temperuture o the pases may also be reduced by using en excess of fuel

or oxidizer, by addition of waber to the fuel, or by injecting water di-

rectly into the ohanber. If carried to oxtreme the latier metliods are L
costly in specific impulse.
Unless gas pressurigation is used pumps ufe'reqnired to supply the [
propellants to cthe combusition chamber &t high pressureé and nass flpw
rates. To keep the weipht of the pumpin;; system low it is deSirable to
use high epeed contrilupul punps and us FLW'punp stages us possiblg.

Weight saving along these lines is limited by cavitation. Since cavi-

tation appears on the blade at the poinv where the pressure drops to ths

vapor pressure of' the fluid, a propellant with high vapor pressure leads
to lower rotutive speeds and rwore stages and so to excessive fosd sysben

waights. Low density of the propellan® anlso incresses pump weightg.

(« ‘ This i3 due to zhe fact that lower density reduces tThe pressure rise
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rer stege of a centrifugal pump so thut nore stapges are required.

The specifie impulse of & propellant systen at optimum expansion

ratio cuan bs csloulated Trom the formula

Ty

=4

(1) I 2 6.6«

4
o

1
 d
J—
o |
-

if T,y M andy (respectively the terperature, average roleculer
weight,und ratio of the specific heats of the gases'in‘the chamber}are‘
bknnwn for'ﬁhs pressure ratio pe/pc. How pe/bc, with‘minor reservations;
cen be chosen without regard to the propellant systen gn&, although ¥
varies sone fbr the different systems; its effeotbis oonparatively snailg
ilence the ratio TC/E accounts for the najor port of the variation in
speoific impulse exhibited in table (1). Stoichionetric mixture -
ratios give a raxinun for T, but no% necessérily for T¢/ﬁ. For
exanple, stolichionetrid mixtwure ratie for liquid hydropgen ana

liquid oxyren occurs at approxinately 895 by vwelpght of oxy-

gen, but fipure (1) shows that the maxirun of TC/H &8 reflected

in I lies at about 75 which corresponds to nearly five méles of
hydrofen to one of oxygen instead of the stoichionetric ratio of 2

te 1. The reuson, of course, is that the low molecular weipght of the
excess hydropgen .n the puses reduces ¥ und more than off'sets the

decrease in temperature.
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Chapter _6
- »
TABLE 1, - Summary of Rocket Propellants
Bipropellant Systems
System (#t, percent) Srec. P, T Te M I
Grav. atmos. °R. CR. sec.
(1) sg.gﬁl}iqg%d hydrogen, 248 23.0 4y 960 2,650 8.36 362
. iquid oxygen
(2) 45.8% hydrazine, 54.2% 1.061 20.4 6,850 . 292
liquid fluorine :
liquid oxygen
(4) 32.6% methyl anmine, .985 0.4 6,100 3,560 251.5
€7.4% liquid oxygen
(5) 31.9% liquid ammonia, 20.4 5,880 257
8.1% liquid acetyline,
6C% liguid oxygen ’
(6) 25.4% liquid acetylene, 23.0 6,230 3,960 . 256
74.6% 1liquid nitrogen
tetraoxide
(7) 41.5% liquid ammonia, 20.4 249
61,6% liquid oxygen '
(8) 58.5% hydrazine, 58.6% 1.237 20,4 4,890 2,900 249
hydrogen peroxide
(9) 9.8% liquid acetylene, 23 5,530 3,600 244,
21.1% liquid ammonia,
69.1% liquid nitrogen
_ tetraoxide
} (10) 40% ethyl alcohol, 60% .966 20.4 5,720 243
_ liquid oxygen
§(11) Zégé ;igzii}zxygen, 978 20,4 5,930 3,460 22,66  242.0
$(12) 24.0% liquid acelylens, 21.4 4,140 2,070 240
) 31.4% liquid ammonia,
44,.€3% liguild oxygen
‘5(13) 19.4% liquid propane 23 - 5,580 600 3
- €0.65 liguid nitroge; ’ 7 238
tetraoxide

*Table I (slightly vevised) from "Fuel : systems Lor Jet Proru‘0ion" (nrenared for
Commander in Chief, J. o. Fleet) Ly xleis |, Lewnon, Jr. :-
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. Chapter _6
TABLE 1, - Summary of Rocket Propellantg(Cont.)

Bipropellant Systems

System (wt. percent) Spec. Po Te Te M I
v Grav. atmos. °R. °R. sec.
8 (14) 46.6% liquid ethylene, 74 2004 4,040 15.00 236
; 53.4% licuid oxygen A
f (15) 40% nitromethane, 60% 20.4 5,350 24.3 227

hydrogen peroxide

£(16) 70% nitromethare, 217 20,4 4,950 21.1 226
X hydrogen peroxide, 4% '
water, 5% methyl alcohol

F(17) 92.9% nitromethane, 1.139  20.4 5,160 2,910 225.5
7.1% liquid oxygen

§(18) 21.44% neibyl alcohol, 1.239 20,4 4,590 2,960 225
78.56% hydrogen peroxide

§(19) 22.2% gasoline, 54.5% .931 20,4 5,290 3,020 23,92 221,5
’ liquia oxygen, 23,3%
liquid nitrogen

f(20) 57.1% methyl alcohol " .911 204 4,120 2,350 - 221
: 42.9% liquid oxygen :

£(21) 25% eniline, '75% red 1.390 20.4 5,525 25.41 220.5
funing nitric acid

#(22) 17.9% mono-ethyl ani- 1.396 23.0 5,060 3,400 210.0
: line, 82,1% mixed acid

3(23) 33.6% liguid diborene, .706 0.4 | 200
i 66,.L% water

§ (24) 24,.4% ethylere diamine, 1.174 20.4 3,140 1,780 196.3
: 55.4% hydrogen peroxide, ‘
2C.2% water

£(25) 48.4% liquid ethane, 760 20.4 1,910 - 12,40 180
i 51.65 liguid oxygen

?Vé
&
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Chapter _6_

TABLE 1. - Summary of Rocket Propellants(Cont.)

Systen (wt. percent)

Nitromethane (100%

8C% methyl nitrzte,
20% methyl alcohol

70% nitroglycerine,
3C% nitrobenzene

Witromethane (100%)

Diethylene-glycol
dinitrate (1C0%)

Diethylene-glycol
dinitrate (100%)

89,6% nitromethane,
10.4% nitrobenzene

90% nitromethane,
10% nitrobenzene

83%
17%

nitromethane,
nitroethane

90% diethylene~-glycol
dinitrate, 10% nitro-
benzene

Ethyl nitrate (100%)

61.9% nitrometnane,
38.1% nitroethane

Hydrogen peroxide
(160%)

87% hydrogen peroxide,
15% water

Lkonopropellant Systems

Spec.
Grav.

1.139

1.139
1.483

1.483

1.181

1.123

1.105

1,403

1.381

Pe
atmos,

0.4

20.4
20.4

20.4

<0.4

20,4

20.4

20.4

Te Te M

°R. °R.
4,590 20.3
4,370 20.0
4’950 22-9
4y 590 21.8
by 540 2,520
4’450 2)400
3,980 19-4
3,940 2,050
3’%0 20.6
3,530 18,2
3,310 1,650
2,258 1’173 22,68
1,668 840
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sec,
222

221

217

216.5
215

”13.1

212

211

206

204

203

195.¢

146.:
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g
tmmwmxmm, - RIS R e BRINRE 15T & DT AR ARRIR A APPSR S5 N N TR AN e R T Y L SR




ant 445(&136»4 Ne..

U

i

o

i
ot

v

'
i

P
v

PERFORMANCE .

i e Sy e e o SN 8 e

#ES

e
A7 23 ATMOZLHL

STICE. O

/.

CHARACTER,

R

i

_SYETEN

HYDROGEN — OXYGEN

52"-

I

L

P

Y

\
-
Sy

i &

A

i

L

PR

Ly@UID OXYGEY i

.

| A

Bo

Lo

R ke

B 4
s
5

v

i

g e

v

H

B5 .

¢

h 4

S,

PERCENT

i e

[N

 WEIGHT

{

. .
PN
B

e e

A

- ;3.;_,

6200 e

- 6100~

. w o
o e D
PN w o o . i [ _:

USSR U

aaa-~~f?—~ :
5@5--5«.:)::-- — i

5500«.. pr

M%hkw%m%ﬁk 1 tww\%\

5300/ B

R

b




' emeraneo wy: G Ul Puebles DOUGLAS AIRCRAFT COMPANY, INC.  eer 42

Wa, TGl er R . il (g
oATE._. . . D0y, iVal 3LV MOLT A o e PLANT mopeL _ Fal0d
e S e eea ey e e ey e
TITLE. . . L ekt e b cadias b A it ety N tre = vaaky - - e . . REPORT NC wlwmilis’/

The quanuities TO, M oand ¥ of formula (1) are oalculable for a given
chamber pressure. Their values along with specific impulse and density |
are riven in table (1) for a number of propellant systens. This list
does not contain all possible svstems bubt is reprosentutive of roclets
obtaining; their ererpgy r'ron coubustion. At first glance it might seem that
in view of the variety of fuels available for consideration, the perform-
ance rizitht well rise beyond the limius indicated by the table as unnoticed
fuels with higher heats of coribustion are bronght to attention. That the
problen is not quite so simule is shown by conparison of liquid uxygen-
alcohol with liquid oxy-~en-gasoline, The heut of' conbustion of pasvline
is appreciably hipher (60% Wigher if n-oclane is used for pasoline) thon
ethyl aloohol. Yet the specific irpulses o:' the two systens are approxi-
mately equul. The underlying remson s tho uppeararce of dissociatlon atb
about 4500°R whinh absorbs large srounts of energy. Both systems are
corposed of the elements curbgn, hrdrogen and oxygen. In addition to the
equations of exidization oi alcohol and rasoline to carbon dioxide aad

water, the reversible reuctions of dissociation
L4

£ H,0 G2 1, + 200,

O H, 0

H o 2H, ¢

2 T e
H, - i
COZ+}£2 Do VRN Hz'i),
enter into the equilibriurnt of the produets of combustion for the two
cases. The digsociation procsssss are ucco:panied by the absorption ol

large amounts o heut so trwt the greater seat of conbustion of asoline

18 absorbed chie 'L; by i cvense]

.
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Chapter 6

i ' Se d
genoral behaviour it is evident thut the common oxidizers &nd fuels oonpc
principally o curbon, hydrogen, oxygen, und mitrogen nuas oe feirly rep%

sented. by the exanples of tuble (1) since the same dissociations mus?d:

e

appear to limiv the chamber temperaiures. The use of liquid ozoune, for

instanoe, wilch hus a negative heat of forrmution, instead of liquid oxygg

may inecrease specific impulses but not signiricantly.
Since corrion fuels and oxidizers pronise nothing phenomenal it is

rnatural to examine the wicommon reactunts. If we turn to the halogens,

fluorine 1s the logical choice because of iis low molecular weight.

Furthernore, hydrogen fluoride dissociates less easily than water. Hijgh

nolecular weights, however, linmit the clwvice o fuels to the non-sarbone

sceous, since the best carovon compound which could appear in the produocy

of conbustions is carbon tetrafluoride which has & nolecular weight ofﬁ&

twice thut of 1ts oxygen-formed counterpast, carbon dioxide. Another -
disadvantuge ol fluorine is thas it is one of' the nost reactive substans
knovmi and therefore extrenely difficult to handle and store. Also
aydrogen fluoride 1s sufficiently boxis to nave had considerauvion as a
weapen oi ebemical wurilare.

.-
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Metuls have also been consideréd as'fﬁels‘because of their high’heat
of combustion. However when the nolecular welbhts of their oxides are
viei ghted abalnsn their heats of cowbu331on it is not olear Lh&ﬁ this

approach leads to hipgher spocific impulses. Pre Ae Je Stosiok* calls

aaa L

attention to the fact that the heut of férmution pf’the gaseous orm of
the metal oxides is considerably less than that of the sclid form. The
latter is fhe one ugually quoted.in the present qonnection.

Table (1) shoﬁs that the spegific inpulse o liquid hydrogen and
liquid oxypen exceeds by an Qppreciable nargin that of any othgr syaten

listed. If we consider that liquid oxygen is pure oxidizer, that Tc

cannot be incredsed apprecaubly and thet an excess ol hvdrogen is the

(‘ . most effective practical means of obtaining low average molecular weight
it seems probable that the oxygen - hydrogen system will muintain its L
The

theoretical supremacy in specific inpulse for sémo time to oone.

' systen has, however, & large number of disadvantages which must be
overcome before use in a rocket motor. To begin with the density of the
system is {ar below that of any other systen. Low density increases the

' ; size und vherefore the weight aund drag of tho vehicle. The boiling poini

of hydrogen is o course very low, -259.16°C. which means that the vapor

pressure will be high. The combinution of hipgh vapor pressure and luw

’ density nakes a light weight simple purping system almost impossible. -
*HMost of the ubove wrpument ageinst the lilelilwod of remsrkeble propell
. - -—

svstena wus rained througha verbanl discussion with Dr. Stosick o GALCIT
Jet Iropulsion Iabemtorys  any inuccuracies in faot or theory nust be ehe
to misunderssunding or nisguotation on the part of the writer. &y




parr: MRY &£y 1740 \VOITe J25K4=40)  &2fia BhsusMs e ~—FPLANI MODEL: e d 0

S  PRELININARY DESICH OF mmu [ VENICLE é&g P PORT NG -118
— M - r iy o or o e Bt b AR R NI AR IR NN s e P TIR R TTTRRART
Nw '
. i &g L
S T et fi Chapter 6

The low boiling point, small temperature range (6.4°C) of the liquid phase
and low heat of vajorization of liquid bydrogen make almost imperative use
of thermos piping and pumps. High diffusivity of hydrogen makes sealing
leads nearly impossible which, combined with the fact that hydrogen and
oXygen are violently explosive in mixture ratios anywhere from 2% to 98%,
makes accidents inevitably frequent. Cooling a hydrogeﬁ rocket is es~-
pecially difficult. Neither liquid oxygen nor liquid hydrogen are usable
for regenérative cooling because of théir low boiling points, Liquid oxygen
could not be used for film cooling since the more nearly stoichiometric
mixture formed along the wall from the excess hydrogen would give intense
heat. Nor could liquid hydrogen be used since it diffuses too rapidly

to form an insulating film. Experimentsl investigation is difficult and
hazardous becausae the excess hydrogen in the rocket exhaust forms a huge
ball of flame on coming into contact with the atmosrhere.

The difficulties enumerated tend to reduce the effective engineesring
use of the hydrogen-oxygen motor, In fact, the German V-2 engineers, from
whom some of the information on hydrogen and oxygen was obtained, state
that compafative designs, made for a rocket using hydrogen-oxygen and
for the final rocket using alcohol-oxygen showed that the alcohol-oxygen
rocket was superior in overall ?erformance when all factors were taken
into account.

Vhile the difficulties of using liquid hydrogen as a fuel are disg=-
couraging, no cne of them can be said to be impossible of satisfactory
solution. It 1s conceivable that our technology may advance to a point

vhere pumps can be replaced by a lirhter pressure feed system such as a

P

e —— W* o
T e o
s e . t-m-....w . .._%V_v

e,
i

L R e G RN SO R BRT Y L, I R 5, S U A T N R A 2 A R N T R R Y G T il S BT I MR I Y e




AT

oave._ WAy 2, }946 _(COI‘T_o_ 5"24"46) . S“““A FHORIGA_  prant MODEL-___TTAVID
47 T 1o OM= 118

T YT
Y TLE- _

_ FHRELTNINARY DES SIGW OF :mu.uL.uu A TCYE Il L e

4 S v ey
3 K
@'*M ‘v, \L Chapter _6

gas generation system, The need for cooling may be reduced by more heat
resistant materials and the inclusion of a third fluid for the specific
purpose of film cooling, and so on down the list. Of all the disadvantages
of hydrogen, only the effect of low density on the size and weight of the
vehicle is ag irremovable difficulty. Consequently in a study of the
feasibility of a satellite vehicle, the liquid hydrogen;liquid o¥ygen motor
must be included as an evasluation of the worth and necessity of.a high per-
. formance motor.

By the same token it is desirable to include in the present study
some motor with less spectacular performance, but which has had sufficient
development to insure that this somewhat lower perfofmance can actually be
attained in practice. Only four systemg, liquid_oxygen-alcahol, acid-
aniline, hydrogen peroxide-alcohol (with hydrazine hydrate) and liquid
oxygen-gasoline, have passed out of the theoretical-experimental stage and
become production or semi-production moﬁors. One of these, oxygen and
gasoline, is dubiously placed in this class since satisfactory cooling has
not yet been achieved. The most successful motor, to date, particularly
from the important standpoint of specific impulse, is the V-2 motor which
used liquid oxygen and alcohol. The theoretical value of the specific
imjulse is se=n from table (1) to be appreciably higher than any of the
other four excert oxygen and gasoline, the least successful of all. Con-
sequently, if the choice of motor 1s restricted toc those now available,
both theoretical and past ;erformance force the selection of the liquid
o>ygen-alcohol motor,

The thecretical wvalue of the specific impulse of a rocket motor, as
would be ex;ectad,-is never reachea in practice. It is generally apreed

that 0L of the maxdima “4"mrn+‘v11 111v1"o j~ o}+11nzhls Tlls fivura
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Ceynten so 5 Lo ebbain “betbar nixing,

"w1ll ultlnu.helv be brwmht to Lha ghme dcegree of ne1~fe~tion whi ah is

‘equival»ent to a’ssxmin,;j' z'zpecific impulsos of about 220 nnd 526 sec.

. an ox‘*,rg;eneal'cohbl"no‘u‘or’ wa',t‘-l»thg iifo?"émﬂnfioﬂéd expected impulsd of 22()
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ig supported by experiente with sccid-uniline rotor whieh has boen subject to

Bv irproving the cooling do us 4o

extensive investisstion nnd developmerit. -

ullow use of the rost fuvoruble nixture réxtio;,;m;l by improving the injector

she specific impulse of the noid-

?)eeé,_r\, ‘b'r'c‘u_i[;ht wp o 907 of its the‘c'retio’_al milXinm.i.-f It

aniline _motor“ heig

Fis-reasrmable ' theréz‘.‘ur'a to suppose beth o /cvzron-ulvohol zmd oxylfen-hydrd :

S

B

respéotively. In the cuse i oxygen-aleohol, 220sec. ie not overly

pti]"\iﬁuic 83 nc:e tho V~J mo tor is estimated o have }md a spe ifio impulso

o.t'f_j aboun "1‘ sefc':. -

CAval, luble ,11“19 permi Ltexi Qtud* as of” ﬂntellite va}u oles emplo‘flmf bot_

Had

seos fnd an oxypen-hydrogen 1otor vith a specifio irpulse of 326 sec.

ti}n'e' boen uvailable a atudy based on. the liguid oxypen-hydrézine would

have been interesting

ug & happy moon betwesn the Hipgh perfornance and

excessive dignlvantages of the oxygen -}‘\rdr' wot r\otor and the lover. perforn-

»

ance. bt prmmn_:‘f(--usi.bi_lit;g/ 0! the. oxy{;dn—u,lcohul notof_. According to

‘cabln (J) the sneaific impul se of the svsver: with 60 hydrazine is 264

seo. and the pr‘opollun't. den"ltv is 1.061. Both figures ar.: higher than

thoeé for oxygen and alcohol. The Bbili:ng; point of' hydrazine is 113.59C

whlch is dlgo hlp‘hm' t.hml u.loonol, mwther'advahtagd lies in the fauct

t,hat the motm ou.‘n be cuoled by usin: an excess. 6f fuel without seripusly

.

*These values ure those ob.ained at sea level with a cortbustion chumber
pressure of 20 auruspheres which is representative of current rocket

designs.
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Chapter 6

lowering the specific impulse, the loss in chanber temperature being part-

ially offset by the appourance o.’ frae hydrogen in the gases. No obvious

.

di sadvantuges enver except unavailability of hydrazine in large quantities
Y

and some toxicity. The former is said to he due to lack of cormerocial

demand and to be easily overcone.

A Tew items in connection with the propellant feed syster:, the chanberj}

?

pressure und the confipguration o' the combuation chuamber and nozzle remain

for discussion. Time has not permitted a study of the feed system but,

on the busis of prosent knowledge and experience, turbine driven centri-

fugal pumps should be the most econonical in weight for each stauge of the

satellite vehicle. Recently the notion of using u gas generator for

providing the pressure hus been considered and some work hus been done on

developing the method. Such a scheme looks pronising from the weight

standpoint. A% present the turbine driven punp is the riore advanced, al=-

though the margin is rather smull since only a few pump-feed systems have

been designed.

Gases for the turbine ocould be generated by burning the propellants

in a firepot separate r'rom the combustion ohamber. However, gases gener-

ated from most systems must be cooled by some meuns suoh as introduoing

water as a third oomponent. 4 notuble exception is the monopropellant

hydrogen peroxide which under the action of sultable oatulysts decoupose;

to steam und oxygen. This system was used to generate steum for the V-2

turbines.

An optinmun chanber prassure exisgts for uny given installation. This

optimum is fixed by two faotors, the favorable incrcase in specific impulse

and the unfavoruble increase in weight of ohiiber and punping syatem as the
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crnamber pressure increases. Since, for rmost instvallations, the optirum
works out to he asoout S00 psia, this value was agswed for the satellite

vehicles considered. A motor designed to operats wt w iven chanver

Nl

§ vy +

pressure nar also be run at a lower pressure, as long aus the lower lirnis
et which the propellusn.s burn stably is not passe:d. Consequentl; thrott
ing to a lower thrust is possible, s maneuver which will be seen in m
later chapter to offer en aidvantugs in reduced siructural weight. 1ig.
(2) shows tihe behaviour of ¢, P, and I with throttling for an acid-
gniline 1ctor. Sinoe ne suituasle duba were quickly avuilable on the
hrottlei charuoteristios of eituer alcolivl-oxyigen or nydrogen-oxyyet
rockets, we shall use for later investigetions of this problen variation
similar to those shovm for acid-aniline.
An inportant perureter governing the gonfiguretion of the nczzle is

the ratic ol the exit ares to the throat urea, oailed the expansion rati

For each value of p /p an expansion ratio
Po/ b

exists lor vwhich the specifies irpulse is & [ TReA
{
. : , \ , v
maxirun. JIn the cese of Lhe satellite ve-~ /
. Nl
| CrMBUSTICN J’/

nicle for wiiciy the rotor miust onerste at [ CNAMGER
| T~

a consiantly increasing sitituwle et Lhere- Ei——

fore conslantly desrcusing presswe ratio,

e conpronise beTviee: LhHe SOTLIALL edpsien

retles at highest and lowest aluitudas of npereticn of the motor must b

mede. Picures (5) ang () siow the varisiicon iu svecific impulse witi

wede. il o) arvi (¢ ) saow The variaslion 1 specific impulse witlh

altizude, or alccnol-oxyjen sl hidrogen-cxyvcer rockets respectivel:r.

Al + 3 v g (4 say e ~ TN b .
For these (ijures, <he cheber pressures sre nosimied o be 20 ntrosuher

A e gy . st P R T . T e,
B LR SRe0Lan 0 g teBet et s el Toconndiiregg expansion ratic are
nf’t T e gty ~«1;'r\!‘

-
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taken as 220 and 326 seconds, in agreement with our earlier values. It

»

is clear from these ocurves that Por the first stuge of tho sutelliite ve-~
hicle a smaller expunsion ratio is required than for later stages. In
the cuse of the alcohol-oxygen powered vehicle an expansion ratio of 6.waa
used for oalcoulating the trajectory of the first stage; in the cuse of
hydrogen-oxygen, 8. For the later stuges in both cases the expansion ratia
were arbitrarily limited to 20 for the preliﬁinary oulculations. As the
design progressed, it became apparént that somewhat larger expansion ratios
were both desirable und possible for these later stuges. lHowevor the work
necessary toc change the ocalculations at tnisvtime was felt to be unmwarrante
The chief consideration governing the shupe of the oconbustion chamber
is the neocessity for allowing sufficient time for mixing and burning of the
O propellants while still in the charner. As inproveunents in nixing are nade

the dimensions of {the chamber tend to decreusse since the time for combuse-

tion becomesless. This prineiple was carried to a high degree of develop-

ment by the Germaﬁs, who by ihe end of
the wur, succeqded in reducing the chamber
dimengions to such an extent that they
were able to use the so-enlled throatless
combustion ohw;he\x' shown in the sketoch.
ror Lhe V-fl, s combustion chwder wug
less than hal’ us heavy ug the one uaed

or production nodels.
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exransion ratio 18 . @rxoessive, 1L IS

suSficient te use o cursight oonioal exe / T
(8

sansion fur The rezzles  slowever, wihien

expunalon ratios of che order of 20 are reached, o conical diffusor rust

N

c3irubly lonjp in order to uvold losses in nozzle efilclency

ve nade
cuased br the lurce radizl eorpenents of

et morentun. I order o avoid this it -

is advantigeous %o use 1 nozzle shaped

6s shown: ad <ho v oghe. This type nozzle ,//’\\\\ .

o

wag used on ie nreposed deslign.
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CONSIDERATION OF STRUCTIRAL WEIGHT

AT L NN N D0 RN KA B T A L R A R s

On The Irfluence of Size on Structural Weight of Rockets, If two

geometrically similsr structures of different size are compsred for
strength the smaller is usually the relatively stronger. The laws govern=
ing thie relsationship are expressed by the doctrine of mechanical simili-

tude, whieh considers the dimensional correlations imposed by the inveri-

ance of certain of the physical properties involved.

Assure for instence, that the geometrical similarity extends te ell
gtructural deteils, esreclally the degree of subdivision of structural
members. If the loads are primarily derived from volurme forces such
as welghts and inertia and 1f the two structures will be subjected to
identical accelerationsg, assuming also that the structures are made of
identical materials, then the following relationships cbtain between
dimensions M mass, L length, T time

u/L?

L/T°

const for invariant material density

(1)

const for invariant acceleration
The proiuct of both implies
t/L27 - PN .
‘.L)V - & L34 al
¥/L const, invarisnce of forcs per unit volume
Since stress is force per unit ares it does not remain Invariant
but ircresses as x/LTgvs const x L. Therefore where strengtbh is governsd
by stress, as for instance in mewbers carrying tensile or bending stres-
ses the ratioc of stiresgs to given strength ireresses in linear propor-
tion with size., To assure equul strength, the larger member will havs

to be made huskier, hence hesvier. If wall thickmesses ars increased,

BRSO fhiadt E AT AR R oo gl o X S ST SR TRICIS - ety FO3 UL FIEms AR A e S
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the structural weigh® per volume of vehicle would tendto go up epproxi-
mately in direct propertion; actuslly this sterts & vicious circle in-
asmuch as the incresse ir gross weight will encroach on performance.

Whére etructurel merbers are endangered by limlts of structural
stebility as in column compression, there the critical carrying capacity
ie aleo incressed at the rate of the square pnly instead of the cube of
size so that the disadvantsge in strength as well increases lipearly with
size exsctly as in the case of tengile stress members. However, where
strengthening can te dcore by increasing column diameters, this would
suffice at the rate of the five-fourths power of size instead of wall
thickness increase at the rate of the square of size,

Loads origirating from aserodynamic action which are suffered by
surface impingement; inereace only preoporticnal to the squere of linear
siza. They cen therefore, as far aé velocities are invariant as inte-
grale of scceleration ("Ipvariance of time scale") be suffered without
additional burden. However, they will not evole egual transverse ac-
celeretions, hence less path curvature, in inverss proportion to linéar
slze. Hence it follows that such inertia loads ss are derived from
1ift (end nelther from thrust nor gravity) can be cerried without beef-
ing up the stfuctural rerbers concerned teyond proportionality with size.

Wrere the lesd components due to gruvity are negligible cormpared
Lo the axial inertia louds there it beccmes preferable to abendon the
invarisnce of scceleration, retsining the invariance of corresponding

velocities by adorting s time cesle prepertional to size; T = L. lNow

e I T T R
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81l irertia forces will vary just like area forces; the stresses and
the strength ¢f sll structural members will be independent of size.
Thrust will slso have to increase with area, not with volume, hence the

& jet noszle will be invariant (whereas it had to in-

throat lezding c
erease linearly witn cize under the assunmption of eéual acceleration).

The thkrust -rocess will now take loneer in nroportion to the lipear sizs
and the rarpe traveled uﬁder power will similarly be larger, but this

may not bhe detrimental. .t will reduce maneuv:srability because the same
valeocities will be attuined at lesser air densities.

This sanalysis has a bearing on the cholce of the best acceleration

peak value for a given vehicle size as this choice must be governed by

a compromise between those factors which derive an advantage from quick
acceleration and those which favor keeping it slow. The structural weight
of merbers carrying the inertia 1oad.belong into the latter group. In.
a vericle of the V2 (AA) tzpe they - tanks and fuselage - are estimated

to rake up about 5% of the gross weight. This weight component will
have to be exnected to go up in linear proportion to axial acceleration.
The weight of the thernoiynamic end mechanical machinery of the power
plant which mske up sbout 10% of the missile's gross weight, should es-
sentially be linesrly proportional to thrust, thus similarly to axial
acceleration. Since tank loads diminieh as fuel is burned at a constant
rata, their streﬁgth is ilctated] essentially Ly the inltial ascceleration
of their oun stegs or by the early surge of it ocecamsioned by the gain

of moter thrust efficlensy with alti tude. florever, they must also be

- Loas T e
SR s, el
&
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ithetarding their full fuel lead at the peak accelerations

A11 subsejuert steges will therefore require
relatively str *é“T’=tTucuL than the first cne, unless the motors
are thréttlej Juring all of the powered flight stagss except the last
one, ig meanus that a margin hes to be applied in-any atterpt to ex-
trepolate & multi-stsge aggregate from a single stage prototyps.

In terrs of the whole wvehicle it may be desirable to strike &
comprorise to balsnce the adventages and disadvantages. A slightly
haavier-struc£ure ie balanced by the relativsly lighter power plant
when the thrust cr acceleration is decreased approximutely at some ratio
like L_2/3. The following table gives & rough estimate of the weight

change in % of the ptotetype gross weight, assuming the "tanks and tank-

like structures" made up 5% and the "power plant"™ 10% of the prototype

Cese | 1inear seale factor of geo-
retrically similar enlarge-
ment: 1.4 2 2.8 4

ning the prototype ac~
celeretion sehedule, struc-
turai vaisht inereases to: 2 5 9 15 %
wiile power plant weight
rerains unchanged

1 Retai:

2 Reducing the thrust leading
inversely with enlargement,
namely to: 70 50 35 25 %
saves or powsr plant weijht by -3 -5 -3 -7 | %

end inenrs no increage of
structursl weizhit

3 To offnat atructural wel 'ht

’ inerense bty saving in rower

# 2lent wel:hit would re nire

; reduction of thrust loJu*‘~ tod 30 €4, 50 L0 ;4
;? \g. > P ‘-
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Homever, any drastic reluction of thrust loading can only be con-
sidered where the prototype acceleration is rany times gravity in the
first place. It would disastrously encroach on'performance when weight
alone exécts & lerge frection of the thrust loading. Obvicusly, a re-

duection of the apparent accelerstion of the V2 to 50% of its initial

value of 2 g would leave it burning itself out sitting on the ground.

Actually, copsiieration; of the influence of acceleration changses c¢annot
te sepersted from performance calculations; they will te treated in con=-
giderablns detall in the next chapter. |

Orr the cther hand, any complete vehicle of & typical design will be
composed oftVarious components which may be divided into several groups
whoes weights vary essentially with some more or less established ex-
ponents n of size, or of other charscteristic parameters andi these compo=-
rents will meke up certain fractions & /5’ of the gross weight.

Assume for instance, that tark weight 1s proporticnal to the nth

R

rower of the fuel weight. (It was shown above that under certain assump-
tions n=4/3; under others part of the tank and fuselege structures may
Lave n= 5/4 or scwe value betwsen 4/3 and 1; an average may well be less
than 1,20). Assume that a1l other components weigh proportionally to
gross woight. Let AW dencte the fusl wmsight., Denote the quantities

in a ¥mown prototype:breukiown by index o S0 that the prototype fuel
welight Is & &  end ths prototype tank weight (l-aﬂ /j) W whers
ABw,  is the welght of everytning that ig neither fusl nor tank and
gesumed to weigl proportions) o grocs weight. Then in any article

A !: T e ET % ';‘ 3
T ed
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WA IS

geometrically enlarged (except for beefing up where necessary) the fuel
must be a lesser Traction of the gross weight, namely AW and the tank
woight (1-ot ~/f )W. These quantities will then compare in the prepor-

n
tion (vtw/g(owo)

n
{-& = =
/-¢x~a4£ .=<a§u4 )
. m_.'
Z-Q-? . s [W '
/—AO ('} d l L]

The following table of values of gross éver payload for sxponents

hence

from 1.3 down to 1.1 will give an idea of the order of magnitude of the
reduotion of fuel capacity necessary and also of the sensitivity of the
result to the choice of the assumption of n.

Values of gross weight/payload.

n = 1.10 1,15 1.20 1,25 1.30
= 20 2511 .20 .25 .20 25 |1 .20 | .25 .20] .25

A0 1 1 1 1 1 1]} 2 ff 1] 1

Ae.65 ] 130 2310 ||~ 26 179 12 50 {} 7.3 230 5.4 | 4
.60 |5580 | 322000 || 331 | 4950 g1 | a3 35 | 1l 21| s0
.55 2860 | 65600 415 | 4350 | 130 gsofl 61 {292
.50 ;, 1830 [ 23500 || 435 | 3340 §f 168 | 920 }

. A4octually there will also be some parts of the missile which will not
require onlhrgement or even duplication on mother stages, for instance the
"brains®., These ocould well be taken out of the structural weights class

and lumped with the ultimate payload. It is estimated that about 13% of

the V2 may be in this category, which would bring a worthwhile improvement
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of the mothér»stages' mass ratio and can be pitted against the weight in-
creases entalled by enlergement previously discussed. However, the ad-
vantage thus &fforded eventually fades into ingignificance when en-
largemenf is cerried to extremes. The faet therefore remainsthat un-
limited geometricsal enlargement of a rocxet will eventually bring a penal-
ty in weight. This is contrary to the contentien adv&ﬁced by some that
structural efficiency will indefinitely increase with size. |

The .very fact that scme parts of the prctotype need not be enlarged
s the protetype is enlarged works a hardship when an attempt ic made to
reduce the size, Indeed some parts camnnot he reduced proportionally or
not at all, They may have attained practical or otherwiss determined

"minimum sizes. This is a very real problem in the manufacture of minia-
ture models. For this reason it appeare that the real weight per unit
volume increases towards both the small snd the large eni of the scale.
There is an optimun somewhere in the realm of "moderats" sizes. This
optimun is presumably rather flat, its examet position will sensitively
depend on minor varistions of the components.

Thus far only geoﬁetrically similar "blow-up" with sizs hsgs been
considered. The disaivantages atteniing this method of enlargement arise
from the fact that pressurss due to volume forces go up with size. This
applies to all hyircststic pressures in tanks and the critically thin
supports of mass loads. It would equally apnly to power plant parts
built to withstand preseures, notably the rurning chamber if the latter

werd to hanile a thrust propsrticnal to the volume through a throat
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area proportionsl only to the cross sectional area of the vehicle.

The latter is nct feasible therrodynamically, there being no reason

why higher pressures ani terpzratures should become easier to hanile

as the article is enlarged in size., Within a limited degree it may be
possible to increase the nozzle diameters more then in geometrical
proportion to the rest of the vehicle, but when it surpasses the cali-

ber then peometrical gimilerity of the configuration is violated.
Both the hydrostatic pressure increase and the nozzle thrust losd-

ing increasse are avoided if the vehicle were to be enlarged in cross

section area only eand not at all in height. It would then become fat-

. ; ter at the rjte of the square root of the gross weight increase, but
§ all weight proportions would remain essentially the same. It is as
though s plurality of the prototyps vehilcles were arrayed, L2 in paral-

lel only and not aleo L in series. .Actually this method of fattening
cannot be carried to several mother stages as the grandmother would

look like a mushroom. Aerodynamic drag considerations might weigh

heevily against such malforration. The idea is nevertheless fruitful

in that it points the way to a compromise: As the vehicle is enlarged,

it mey to advantnge be fattened = 1little, thus reducing the hydrostatic

and nozzle penalties withou® growing ou®t of bounde in girth. If for in-

stance the heights (lengths) sre increased by the one-fifth power and

the dismeter by the two-fifth, instead of each by the 1/3, the hydro-
gtatic penalties should be redused to 2/3, yet the fineness ratio would

. drop orly to 1/2 for every 32 fold increase in weight. However, any such
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violation of geometric similarity conjures up new problems of structural

suviivision, larpe bulkhogis anti-sloshing devices and other structural
b4 4

exigencies whose weight penalty has to be carefully watched lest it en~

croach on the gain to be derived from the whole schenme.

The question may be posed: How will a change af fuel density ¢ af-
fect the tank weigat? If the inerezsed bulk is to be accommoiated by
geometrically similar enlarged tanks, then the linear tank dimensions
3_1/3; the hydrostatic bressure (at any given accelerstion)

-1/3. 2/3

will sctually decrease namely as ¢ o s @ . CSince for a given ma-

increase as

terial strength the wall thickness has to veary with the proluct of pres-

s

-
sure by radius, and the latter varies as ¢ 1/3 the wall thickness

will aiso decrease as ¢2/3, €'1/3= 3 1/3, The tank weight is propor-
-2/3 9”1/3 Hence

ticnal to the surface and the wall thickness viz to § . .

. . s . l .
+t increases wilth linear dimension or volume /3. This is o strike a-

geinst liguid hydrogen fuel which weighs only 7% of hydrazine or about
824 of alcohol per unit volume. This disadvantage is aggrevated by the

flimsiness of the thinner walls of larger vessels.

If agein the tanks are to be enlarged in width only and not in height,

ther the tank radius veries irndirectly and thie reguired wall thickness

diractly with tha square root of the fuel deneity, so that the tank

weight would renain unchanged. The progressive fattening of successive

stages would rapiily grow prehibitive, On the other hand fewer stages

cre rejuired to nccomplish the same perforzence with the higher exhaust

velocity of the lighter Tuel enl vice versa =o that the oversll plcture

pAN]

£




CCATTA NCHNICA PLANT ({37 MODEL:. ﬁﬁ/l\-"

n

"
STTLLITE "'“"'”’Ln REPORT NODT =11

bg-_u e ik

; affescted.

It is noteworthy that the optimum proportion of a cylindrical tank
from a viewpoint of minimun wall weight to volumetric content 1s rore
quat fcf hydrostatic pressure than for uniform (gas) pressure. A4s is
well known, the flat healed cylinder of least surfaée per volume is as
high as its diameter, (h=2r).

In order to make the tank heads stand up under any uniform interrcal
pressure, they should be bulged. Hence they would have a surface Ksr2W‘
each and s calotte volume of erBR‘. For egual wsll thickness the bulgs
roiius would be twice the eylinder redius arnd the coefficients Ks== 1,072
end Kv= «274. The lightest shape (neglecting seamé)_would be attained
with o cylinder height of h = (2Ks-3xv)r,' here = 1,32r and the total height
ineclnding caps H=1.36r, somewhat shallower than the flat headed cylinder,

On the other hand, if the tank is to stand hydirostatic pressure which
inereases lirearly with helght and if the walls could be suitably taper
the weight of the top would be negligible but the bottom would have to be
bulged slightly more than *o the double eylinder radius if it was to be
made of the swre thickress as the lowsst rart of the e¢ylinder wall., If
we £loox neglect this bulge for the saks of aifirstvrough spproximation,
then the weight of the tank will be indlcated by

s (h+r)rfw walh/s

wiere % iz the specific wsight of the tank material, s its allowsble stres

et e WP MR e At ek SR g ERT
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n the loal fector eni f the specific weight of the fuel. Defining

y

-
H*V/r“a by the voluze V and the radius r,
W (7/rw+rr) Vsmf/s
dw/ar :{-2V/r3n'* 1) anf/vrs

Zguating this to zero yields

which is four times as sjuat se the square cylinder of uniform wall

If the bottom i3 tulged to a radius equal to the cylinder diameter
and rmoade thicker in the suwp according to the hydrostatic pressure in-
crease, then the lightsst proportion turns out to be k=.325rand H=.57337
whichk i3 rather squat. Howsver, the influence of a veristion from the opt
mom i not large and cther cons iierétions such as rarufacture, bracing
and 1id, safeguards sgeinst sloshing, ete., militate against extremsly
shallow vessels, The 1id cannot be made weightless, the walls cannot
be ideanlly tapered, sears and anti-cleshing meane have to be previded.
Hance'pr&ctical vessels will probably be of preportions H/r ranging

somevhere around 17T 4.

o]

The preceding diccuscicn of scele ef ‘fects is useful for giving an
overall view of the roctet deslign problem, However, in order to make

walght ectirates for prelinliary designs & grester amount of detail is

DA A

! <

necescory.  An attenpt is rude in the fellowing pages to conslder varicus
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ht separstely, applying & sepurate scale factor

Up tc the present time, the beat (in fact, the only) long

i

rarge rocket ig the V2., For this reascn the V2 uced 2¢ & basis or

}.Ju
m

stendari for caleuistion. Sorme feutures of the presernt multi-stage de-

signg do not eprear in V2, and sepsrate weight allowances must be mede

in such cases. Since nc past exrerience or present design practice

exists Tor staged rockets, various reasonable sppearirg assumptions must

be made,
It is to be expected that the art of estimsting weights for long

range, low accelerstion rockete will progress rapidly as designs reach
y =3

the layout stege on the drawing board.
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V-2 "Detail! Rreskdown

Iter Subdivision ¥aight Sub-totals
its. 1bs.
1. Tanks & Piping 1230
a. Inteeral Tarks 1160
b, Distributing Pipes 70
% wvalves
7. Pumping Unit 1790
M ¥ 13
a. Power unit % tanks 730

b. Yourtine & end frame 210

¢, Shall structure 340
2, Nozzle & Combustion Chamber 620 620
4. Controks % Surfaces : 1120

a. Fins 630

b. Internal controls 3Q0
¢. External controls 100

5. Tuels 20, 420

a. Oxyeen 11,500
b, Alcohol 2,020
£. M"Payload® 2510

a. PFadle coamnartment 270
% frames

b. PRadio Ewuionnaent 130

c. Irstruments, wiring 260
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It is convenient, in the enzlysis vnich follows, to resroup the
items and subdivisions of Table II, so that cuantities which vary alike
vith scale of the vehicle can be lumped. Such & regrouning is slven in

Teable IIT, with sub-totels that abnly to V-2.

Table ITI

Vetghts Pesrovned fHr pnalysis

v

Group Contains subdivizions Yei ght
(From Table IT)

T. Tanks % Structures la, 2b, 2c, ba . 1920
M. Miscellensous Structure not in V-2 - -
N. Nozzle, chamber, pumos ly, 23, 2 1480
H. Provisions for HQ not in V-2 - -

C. Controls ’ La, Lb, Lc 1120
B. "Erains" not in V-2 - -
F. Fuels ‘5a, 5b 20, L20
P. Paylord by, be, b4, be 2240
Total 27,7300
Grouvs o listed in Table III are secarately discussed and analyze

s

below. & tist of notation is given here to facilitate such discussion.

¢4

a = desien acceleration for structure {no. of "g's")
o = anolicd tensile s #/3n?

Ty annlied tensile stress, #/in

Fe = 21loveble tensile strees, i/4n?
k., = <constant, mry or may not be dimensionless

L = scale gimersion o7 lensth

£ = lenrth of fuel tan%, inches

(o} = =arscriot, referpine to V-2 ss a basis for ecalculations

' 2
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p = fuel pressure #/i

r = radius of fuel tank, inches

T, ¥, N, etc. = group weirshts as captioned in Teble IIT
. ~t = wall thickness of tank or shell, inches

¥ = Gross veicht of 2 s e, considering the sum of all
succeeding (smaller) stages as vayload

Stage no.: Teken in order of firing, i.e. #1 is the largest,
¥4 the smallest

T = duration of turning for a stege, seconds

Group T. Tenks ané Structure

Since a high vercentage of the~gross weight (60 - VOZ is in
fuel, 1t is to be exvected that fuel tank weights will have a maior
bearing on the overall structural weight. For this reason, the
structural items listed by Gilliland for the V-2 projectile 2re
all lumped and assumed to vary as the fuel tank weight.

For our purposes, the fuel tanks are assumed to be integral
with tre structure, rather than separate, although this voint hes
by no means been finally settled.

Consider the fuel tanks in a manner similar to the discussicon
(p. 58 to 69 of this report) on the influence of size on th
structural welght of rockats.

p = R,Q a l

R = constant for & given wall material

N8 KO RN I S ST IR SN D A ROMIRUEREE ARG L I A SRS TR T R LT A SRR T KPR




DATE: . _. _Max__.&_,l,‘zé;é,_* e e
_ PRELIMINARY DESIGN OF SATELLITE VEHICLE

TITLE: . e

Total

mopeL: #1033

SANTAMONICE  panr
¢ 1827
J

REPORT NO.

wt of side walls
t X area = 21rk3 ea 1?r2
bottom
= Trr2
Uka pa r3
=Te* Ty : )-
Tk, pa (28°r° + £r3) = K €a I‘E{(Z L+r |
2 . . .
F (= fuel weight) = pTr<l o 2 Lrr/h
o AP Ay 1422, |
F=kya(2t+r) =ka(L+2) F s e 4
. FromV-2: : - K.,a,(z‘z*r)
T, = 1980, F, = 20,420 = g+~(é+.§)
= 243, r = 13l1.5

:.kL= .000117
. T

¥ =.000187 a( AL+ -213 (1)

Using approximate dimensions for design studies of (a) a four
gtage alcéhol, oxygen rocket a.nd. (b) a two stage hydrogen, oxygen
vehicle, group T weights have been calculated and are glven in
Table IV below. In spplying 2 value for a, jt should be noted
that the desipn acceleration for the first stage is at the start
of that stage (minimum acceleration, full tanks) whereas for
succeeding stages the desien accéleration occurs st the ena of

the first stage buming (maximum acseleration, full tanks).

For stage L of the alcohol, oxygen system, it is considered
that the extrapolation from V-2 is too ereat for a simplie scale
effect formula. fWmerefore ar. independent estimate based on a

reasonable minimum shell thickness is shown for this case in

Table TV:
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Teble TV

Groun T (tank =n< stricture weisnts (vounds)

VY

2 1

n
5
]
i
]
~

ticohol % Dxyzen 120 £Q0 4350 14,7300

- - 2250 26,070

Hvdroren & Oxyeen - -

Grour Y. Miscellenecus Structure

)

i e welrmt groun is orovided to allow for structural items that

B i

3

do rot apnvesr in V-2, There are two maior componentes considered, Firs

UL .

to sllow far coupling of stages; an amount of 24 ¥ {s a2llowed for each

starpe. Sfecond, to zllow for minimum gauges end general miscellanecus,

weight ig assumed which ie 49 ¥V for ¥ = 1000 pounds and zero for ¥ =

Group ¥ veights ae descrihed 2bove are shovn in figure 1, an arti-
trary curve,

Group N. Nozzle, Chember, Pumos

rete of fuel Tlow for their size. It has been found in vz2st desiegns
that the commlete vover viant varies neerly directly with the mass flov
rate cf fiel.

For V--2, 22,490 pounds 2f fuel are hwirmed in 60 seconds and N is

L ]
=1

N
~—
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Groun C. Controls

Percentare of gross weight taken un b electrical, mechanical end

structural controls and surfaces has been found to vary roughly with t

I s

stuare roct of a linear scale dimension, based upon vnst exverience wit

aircraft design.

gl

C
Thus = kel

. . 1/7
rut L varies as ¥ -

c o= kP

To avoid handling large numbers, write thies in the form

P!
]
o

o

TN N

-5

o]

g

i
k.J
*.—‘
N
(@)

)

2
v s
)
(@]
)

SNt N
ﬂ
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o~

N
W
-

n

For the hydrogen bturning rocket only, it is helieved that specisal
orovicions will ke necessarv to (53 maintain the limuid state inside
the hydrogen tank (b) prevent escens of the liosuid and (c) prevent
explosions due tc the wide explesive mixture ranoe. Although no logic:
tasis now exists for calculating the weicht of such orovisions, a reszsc
able amount may be 1% nf the gross weight of each stage,
Croup B. "Brains"

3y "breins" are mesnt the central puiding units which furnish com
mends to the canteol syeter in ovder to suide the vehicle on its tra.
Jectory. A veiont o 207 nounds is ar~itrarily sllowed for sich emui;
mant. Thie dtem ie annlied only tn the last stage of esrch rocket svst
.

since a sin S £ 417,y d 3 A4 e s 3 §
since a single set of "epaina® yitn aranar contral svstem connectinns

should serve 51l stares.
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Group ¥. Fuels

The total fuel weight for each stace 1s determined from a perce:
eve »f gross weight, vhich in turn is derived from traiectory calcu-~
lations for the varticular fuels and number of stages employed. Tra-
iectory calculetions are set forth elecewvhere in this report. Tt will
o say'here that for alcohol-oxyren A~§tage svstems the fuel

fp
ST T

o+

n
@]

e

+

welght s taken as 60Y of the gross welght for esch stage whereas foo
hydrogen-oxygen 2-stage systems the fuel is 719 of the gross weight.
Grour P. Payload

For the final stage, the pavlioad has Leen set arbitrarily at
500 pounds. For other stages, the payload of each stage is the gros:
weloht of the succeeding stages. Since the gross weight of stage 2

(say) includes the weights of stares 3 and 4 it can be said that the

pavload of stage 1 is simply the gross weieht of stawe 2, and so on
for the succnssive stages.
Gross weight is the sum of eroups T, ¥, H, C, H, B, F and P,

Heing the formalas and assumptions dascribed ebove 1t is vossible to

1

R

tabulate the welghts for a L-stape alcohol-oxveen rocket and a 2-sts
hvdregen-oxygen recket. These are given in tobles V and VI, resnect
ly. Yince tre solution for gross weight, fuel and structure in temm
of-escn other is & trial anderror process, these figures are not

coﬁnletelv sccurete or consistent, howevar, they are close enough fo

nreliminary ~esim purnoses.
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8. INVESTIGATION CF DESIGLH kO, CRTIONS

This cnapter hes a double purpose. 1). The first i8 to continue
and develop the stu&y of the dynamics of orbital vehicles which was
initiated in Chapter 5., Use will be made of the results gained in
Chapters b and 7 concerning power plants and structural weights.

2). The second purpose is to apply the general thecry thus developed
to the design of two actual vehicles. In this chapter we shall be con-
cerned only with tiue basic features such as nunber of stages, weight of
stages and maximum tnrusts to be used., In the following chaiter, these
values will be combiuea with the results of trajectory calculations to
give a final integrated design.

General Uynamics of Orbital Vehicle. Single Stage Vehicle.- We

shall improve on the analysis of Chapter 5 by taking into consideration th
practical details which were left out in that chapter; namely gravity,
inclination, dependency of structural weight on load factor, drag and
throttling.
Gravity - First let us consider a vertical trajectory. It will
Nighl

be necessary %o add a term, -g (the acceleration of gravity) to"fheﬂ;

right hand side of the equation of motion, presented in Chapter 5.

#e obtain
(l) 9—?— E em ..C.. 933. -
at m dt ~ °©

wrnich Integrates to

(2) Vv, =¢ln "™l gt_+7V

¥ podi B 0
_ £
Where ;. is the burning time and subscripts "F" apd "o" denots
"finsl" end "initial" res: cctivel: B T L L
‘ i e o e .
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For the purposes of our lster work we shall eliminate tB in

terms of the maximum load factor n defined by

5\l
3 n = o
( ) £ (dt) max + g

The missile reaches its maximal acceleration (i.e. thrust — mass
ratioc) st the end of burning time (we assume constant thrust). Hence

it follows that -

Thus (3) may be written as

(s) AV _q, ¥ _ F
c S+P n(S+P)

‘ Som,
(Note that o= = iy,
g

The following riumeri cal example shows the importance of n. Let
- :

-

= .6 and n = 6.5 (we shall later see that these are reasonable figures

1

Then 1n &5 = In 7l = .96 and rhap) = pogifromg - <231 = 257 of
.916. Thus if the exhsust velocity ¢ is 2,500 ft/sec, the velocity
increase during one stage is 7,200 ft/sec neglecting gravity, but if
gravity is considered, the velocity increase is oniy 75% of this or
5250 ft/sec.

Inclination - In most oracticel cases the trajectory will have
variabls inclination. In this case the formula for acceleration along

the path of flight is

(6) . ¢ ¢

Ty -5 ¥t - F sin G

There 6 {8 the anele the tratectory mskes with the horizontsl.

This eruation 15 not readily interrable unless 6 is ccnsidered constant.
?N'ﬂﬁ}'i‘?’?ﬁ‘éﬁ.ifﬁf%?ﬁ%m-ﬁkﬁmwm WETH N L AN T L I v L SR T LT RO PR TR B RSO
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Ve shell mave this assumption, because in spite of its inaccuracy, it

vill furnish ue valuable information on how € affects our choice of n.

8 will be referred to as the average inclination. Instead of (5) ve

then obtain

F 6
(7). - 1n iy - _Cgig)_,

Clesrly, the more horizontal the flight vath, the less is the loss in

performence cauced by finite acceleration.

Dependency of Structurel Veleghts on Load Factors - The example above

shows that a low acceleration like 6é.5g has a detrimental effect on perfcrm-
ance. 0On th= other haend, it was shown in Cheonter 7, that a higher load
factor necessitates a heavier structure and the resulting lower value of
the mass-ratio parameter gives a lower value of 1n E%. To study how these
factors balance each other, let us censider 2 missile whose total initial
weight ¥ 1s fixed and whose weight empty may be expressed in the form

(2) S+P = C+R.n where ( is that vortion of ihe weight vhich is
unaffected by the maximum acceleration and E*n is the weight of the re-
maining structure which is assumed to be directly proportional to n.

Actuslly, © represents essentially the weight of the payload and the controls,

whereas R'n is the weight of fuel tanks, power plants and accessories, etc.

E Then (7) reads

) 4V . W V- (7 + Bn)
(°) . 1n 0+ En -:sin 8 x n(¢ + Fn)

. | a4y - . . ,
In figure 1 we see how =" is affected by n in s vertical trajectory where
£  we have uced the values C/V = .275 end R/¥ = .016. These figures correspond

to a payload whicn is 207 of gross welght, a structure indevendent of accelera-

tion of 7.%57 (.20 + 075 = .275) and 2 remaining structure which weishs 1.9%

of rross weight for each gross acceleration. .
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Chapter _8

It can be ceen from the figure that the adventages of high accelerati
to reduce the loss from the effect of gravity are counteracted by the
poorer structural veight in such a manner that an optimum acceleration
exists. For this particular example, the optimum acceleration is 7.g.
This could also have been obteined by the aid of calculus. Namely, if

24V is ecuated to zero, one obtains the following cubic eocuation for n

an
10) (E)7020 B2 v aB)n?y k(0
(10) T (v dy)n trag (g -l /n¢

(/ = Q, vhere a = sin B,

ﬂh)

In Figure 2 the solution of this equation has been plotted against
R/% with parameters of % and 8., This chart is very useful for a rapid
determination of the approximate value of the optimal acceleration.

Tvio corrections vill have to be added for a more refined analysls:
1). A correction based on a more ez xact weight formula. 2). A
correction for drag.

From the discussion in Chapter 7 it is evident that the expression
of the welght empty as a linear furction of n is over-simplified.
However, if we use a more accurate formula for the weight varistion, we
are forced to abandon general analytical méthods and shall have to
reduce ourselves to a numerlcal study of a concrete example. In
choosing this example we anticivate some results to be established
later. The oxygen-alcohol missile to be proposed in this renort will
be a four-stagse missilie. Itslfirst (larsest) stage will have a gross
welght Fl of 233,669 lbs., its payload (R?) will be 11,829. Ve select

this stare as one example. The tvo weishts mentioned will te kept
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constant, but the load factor will be varied from its design value 6.5.
The enalysis given in Chapter 7 shows that the weight of the
structure Sl will vary with the load factor n according to the eauation

F1 4/3 2
(11) S, = 1L,300 (—-———-—-—) N+ 7,720 x g222 [ Fy
)5 170,000 5.3 B 1157555

+11,LOO<%~§;‘5‘675> 7/6+ %‘)% (233,669) gn—5

The terms on the right hand side represent in order the weight
of tanks, power vlant, controls and various miscellaneous weights,
The desien values of these weights are 14,200 1lbs., 7,790 lbs, 11,400 lbs
and 2.0% of ¥y respectively. 55.2 and 6.5 are the design values of
tB and n. If we select a value of I of QLC#sec and put Wl and WQ
equal to their design values, then every term on the right hand side is
a function of n only. The other veriables may be eliminatedywith the

aid of the equations W, = Sl+Fl+W2 and tg = E;fifl; . The result of

n(Wl—Fl)
this rather cumbersome numerical calculation is given in Figure 3.
Once Fy, Sl and ty are known zs functions of n, the final velocity VF
may bte computed from (2) (with ¢ = 32.2 x 240 = 7,750 fos). The result
has b=en plotted as curve 1 in Figure 4 (the other graphs in Figure 4
will be discussed shortly). The optimal value of n is seen to ge 7.5;
VF does not fzll more than one percent below its maximum if n is kept

betyveen 6.5 and R.75,

¢
This represents en average value during first stage.
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Drag - For & rapid estinate of the effect of drag on performance,

the method of successive approximations is recomnended., The equation
for a vertical trajectory is (D denotes drag):
(12) &V --¢ dum- D

dt » at ° T w’

A zero order solution is obtained by putting D = 0., Then (12)
reduces to (1) and by integration one obtains the vacuum tiajectory,
i.e., velocity and altitude as functions of time. Using these functions,
g may be expressed as a function of time. The right hand side then
depends on time only, and by integrating one obﬁains the first order
solution for V as a function of time. The method has been elaborated
in JPL-GALCIT Report No. 4-11, "Vertical Flight Performance of Rocket
Hissiles" by ¥. Z. Chien. It has been applied to the example discussed
above (first stage) and the result is plotted as curve 2 in Figure 4.

It can be seen that drag moves the maximum from n=7.5 to n=7.0,

Totil Energy - " So far, we have measured performance in terms of

? the final velocity Vp. Fowever, it would seem that one really should
consider the total energy gained which consists of kinetic & potential

energy. This total energy may convenlently be represented by an

"equivalent velocity" Vg, defined by Ve :v 'VF2 + 2gh where h is the

altitude gained. The equivalent velocity has also been plotted with and
without drag a8 curves 3 and 4 in Figure 4., The values of n for maximum F]

are 6.0 (vacuum) and 5.5, as compared with the values 7.5 and 7.0 for maxi:

e L
ch .
If our vehicle actually were a single stage rocket Vp would clearly

be the significant value, However, if it is one of the initial stages

g 1ti- ha el : '
3 of a multi-astapo rocket, the situstion is more conplicated. The reason
%’f‘mﬁa. LIPS IR TR R e R B e FUIRRR S, W RT e S T T e g T IR A
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i8 that s rocket motor is characterized by its thrust T which is
essentially independent of tlying conditions, ts power on the
other hand is T x V and hence dirsctly proportional to the speed

of the vehicle)and the totzl energy gained during one stage is equsl

to the = ork done =Jf}ds ijrtBF x Vdt (neglecting drag and gravity).
This shows the importancecuTzhe initiel velocity, But the initial
velocity of the second stage is the final velocity of the first stage,
Thus by trying to get as much total energy as possible during the
first stage one might lose out on later stages.

Returning to our specific example we conclude that the optimal
n lies somewhere between the value for Vp(7.0) and that for Vp(5.5).
Considering the flatness of the graphs, the design value n = 6.5
represents a reasonable compromise.

Throttling - On the basis of the above discussion of thse
influence of maximum acceleration on weight, it seeis logical to
investigate whether weight can be saved by throttling during the
later portions of the burning period where the accelerations have
increased consideradbly. However, a noment's reflection shows that
this will not reduce the critical design condition on soms of the
structural components, Motors and pumps will have to be designed
for maximal thrust rather than maximal acceleration ard hence nothing
is saved ir: the weight of the power plant. The load on the tanks
of the firéi staire is greatest durin, the first part of the burning
period wnen tne tanks are full. Conseguently, il.e weizht of theso
tenks will ve unsffectod & throttling.
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¢calculacions have shown that if the maximum scceleration is
reduced from 6.5g to 4g by throttling, the gain in structural
welght is sufficiently greater than the loss in efficiency of the
rocket, that a gain of about 3 on velocity is obtained. However,
it is felt thet this gain is not sufficient to warrant the

sdditional complication in the present study,
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Provortioning Steges
Iltiegtare Vehicle - In Charnter 5 the eorncept of a multi-
stare rocket was introducel. A simplified ap 1g showed th
if the structural welynt vatio ig the sars for all stages the
varfermance is g mexinum 1 the payload ond the weipghts o? the
various steoges form a gecretrie pregrescions
(11) I = ia = = txe
P “n IYQ
. , : L t,
Tre firal velosity at the end of burning of the n h stage
is thus
V. 1
. F S Pl =
1 2= -pdni= <+ = n
(“'2) [ i

[T AT PRI W v o

TN N R R LRSS T S M R IR TR S

This tasric formila was plotted in 15243,4,5

3

i\ of this
1

‘._J

and .16, On the next pages four additions

-
o=

Vﬂ

type sre given Tor & = .1, .143, o182 and ,25 (Figures 54 - 5D).
J¥ g x! ’ s . g

The value .182 was achieved by the Germans in their later redesign
the V-2,
¥e now tmrn to a detailed consideration of the problem of

proporiioniy

o .
AV N

are intreoduced,

ticn, variable exhauvst veloeity, ete., will cause deviations of ths
cptinai jroportions given by the zeonetrie serviss,  Howsver,

tieove deviaticus will fn gerersl be sosll; cometimaes insigni-
ficsrt, It will alze le :n that tha
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in pnneral ere fairly flat i.e. déviations from the thporﬂtiCal
maximas will cause but emell loss in verformance. In order to bring

ut the trends clearly, the various factors vill be censidered
separately. Vhen concrete numerical computations are made a tw -stagg
rocket will he considered. If values sre desired for rockets having

a great number of staces, these results may be applied to the stages
in pairs. The following formulation of the oroktlem spolies to all
such two-stage rockets: The gross weight of the first stage (W&a

and the pay load of the second stage (P) will be fixed. The weight

of the second stage (VQ) will be varied and the performance plotted

T

W
amainst ¥, (or some emivalent variable like ?2). Cuantities like
S
n, ¢, v will also be considered fixed except vhen otherwise stated.
They may or may not be the same for both staeces, devending on vhat

factor is being studied.

Gravity. Inclination - If grevity is considered the ontimal

orovortioning of the stages is still a geometrical progression as
long as performance 1s being gauged by the final velocity VF'
(Ve thereby assume that the maximsl lozd factor n rather than the

burning time ty is kept the same for both stages.) This result

may be proved by standard methods of calculus or by a cualitative
rmetiiod to Le discussed later in this chepter. A plot for en actual
conicrete case (Figure 6, curve 1) shows this maximum to be rather
flat. If the equivalent velocity Vi is considered instead, a small

displacenent of the maximum to the rieght takes place as shown by

4 and 5. The first stere {c gssumed verticel. If the second stape hus

& AN
R T o AT R S R R S A R i AR S 5 T R A DY, O L IR o 0

enrve 2.
In the seane figure the effect of inclination is shoen by curves
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averare inclination with the horizontal of 600, a rather insignificaent

" displecement of the maximum to the right takes place (curve 3). 1In
order to brirg out the trend more clearly, the exazgeréted case of a hori
zontal secord stame was considered (curves 4 and 5). In this case, the
displacément to the right of the meximum of both VF and VE is consider-

atle.

Exhzust Velocitv - Tue to altitude effect on vover vlents the

cverage exhaust velocity of the second stage is usually larger than
that of the first stage (a 157 increase is a typicel value). Multi-
stage rockets have slso been propeosed vhere the second stage employe
fuel with considerabiy higher exhaust velocity than that of the first
stace.

For a two-stage rocket, the folléwing formula\for the optimsal

proportioning was obtained by calculus:

W . ' ' c
2 _1 (¥l p 2 (S =2
(13) \*1— = on (5)[\%1 (r-1) + \’;l (r-1) +L(s\)2§ wvhere r = G

For values of r near one, this formula can be linearized to give

a 2. 1-% (r-1) [1 + Y-S\jr?—} .
Veuy
Plots of values obtained from these eouations are given in
Fioures 74 and 7B, For the tynical values of(%)= 143 end gl = 20
end the exhsaust velocity of the second stace 159 larger than that of
the first stare, the ontimal value of Vi, is about 167 smaller than

the geometric meen of P and “l'
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Chapter 8

Dreg - An investigation of the effect of drag on the optimum
proportioning of two stages was made tor the case in which the {irst
stage had higher dreg than the second (this is the normal case en-
countered). The results showed that the iufluence of drag on 6ptimal
proportioning is compsratively imsignificant.

General Considerations asbout Optimal Proportioning, Influence

of Structural weight Retio - The following qualitative method for

determining the optimal proportioniug might sometimes prove useful.
Details of the method are omitted.
Consider a two-stage rocket as before, Express the performance

for each stage as a function of the payload weight ratio. Denote

v

-~

tuese functions by fl(x) and fz(x). Put §T-=a = constant and the
< N

payload weight ratio of the first stage = WE = x; then the payload
i

—

L

payload weight ratio of the second stags is R == The total

b2 X
velocity increase expressed as a function of the payload weight ratio

of the first stage is then V(x) = fl(x) + f2 (EJ

>

=v(2) - v(x) = [a fa}) -
Consider the difference d = V(x) V(x) = K?Q {x)‘ £y kx))

(fz(x) - fl(xQ] . 1f 4 is zero, the graph of V against x has a certein
type of symmetry around the value where §~= x, {.e. x=¥a. It is
then geomstrically evident that this point of symmsetry represents a
maximun, The difference 4 is zerc when fl aad f2 are equal or differ
by a constant, Thils is true for the idealized cuse when fl(x) =

S
f2(x) = -c 1n {xt 7 ). It rem=2ins true vhen gravity is considered.
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Kol
i Now tazke the case of different exhaust velocities., Then the
5 S a S ]
% = ; =} - ln(=+ = .
{ differeace d is (c [}n W/ 1 (x n) This is negative
?:.‘
: for X<:%u From the geor.etry of the graph it then follows that the
maxizun has been displaced from x =\ a towards smaller x.
So far we nsve ouly verified previous findings, To obtain a
new result, consider the case of variable structure weight ratio,
! e S S
i S - T
Hl w2
S S
'» R 2o x
j Then d = W x W
' ¢ ln -~ -—cln
-fg + ~% Y2 +.x
2 W2

This is also negativa for x<(% and again we conclude tnat the maximun

has been displaced towards the left,i.e., the sacond stage is smaller
than the geometric riean when its structural weight ratio is less than
that of the first stage.

Influence of the Various Stages on Each Other - Above we have

sometimes applied the results obtained for a single stage vehicle to
each seiarate phase of a multi-stuge vehicle., However, the discussion

of whetrer VE or V ig8 the significant perfornance parametsr for the

SRR T SR SR ™ N R PR K L . SRR R Y O T AN e

first stoge of a multi-stage vehicle (see p. 89 ) showed that a

certain amount of care is necescary.

25 A

Aunotner example of how the various stuages influence each other is
this: For each soparate stuge cne cun Tind the optimal load
factor by tne nwthods descrived at the befinning of this chapter.

However, each stage cannot be designed for its own optimsl load

factor, The reason ig simply that any stage is subjected to the

% maxinum 1(.;; 0 gr nraviouws suooe, faul
¥ RIS R B L e T e L 5T BERPr I - . .. R TR
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load factor is lower for later stages.

Application of General xethods to Actual Design.- So far we have

developed a general analysis of performance paranmeters. We now proceed
to apply our results to actual designs of two vehicles. Our startinog
point will of course be the specifications of the orbital vehicle, Two
quéntities are revelant for our considerations: (1) orbital velocity;
(2) weight of pay load.

Strictly the altitude of the orbit should likewise be given.
However, it was8 found in Chapter 3 that the altitude had little effect
on the energies required for various orbits. This is fortunate, because
it implies tiat the shape of the trajectory will exert only a secondary
influence on our choice of design prOportions; A value 24,500 ft/sec
was Selected as the orbital velocity to be used in our present
consideration. The pay load, selected on the basis ol a reasonable
allowance for scilentific instruments, was taken as 540 1lbs. Howsver,
for‘tha purzoses of the analysis in this chapter, we also have to count
the 200 lbs. of "brains" as pay load, The reason is that this is
a fixed weight item which occurs only in the last stage and which is
not included in a normal estimate of the structure-weight ratio %- .

~Thus, for the remainder of this chapter, the weight of the pay load
will uve considered to be 700 lbs,

Next we need a value of the parameter c¢ (exhaust veloc&ty) wihich
si.ecifies the performance of the power plant, in other words wa have 1o

select the fuel., Two different veiicles will be considersd, one powered

BT SO SRR A s, TG IR T T BRI B g o T PR AT L
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by oxygen-aicohol, the other by oxygen-hydrogen,

Alcohol-Oxygcen Vehicle - If liquid oxyzen and alcohol are

used as propellants, the value ¢ = 8,500 frs. is a reasonable
average value for our initisl work. In selectins; this value
consideration was given to tue fact tust most of the operation of
the rocket wiil be at altitude. Using this value of c, we find
that %’ is 2.8?. In the preliminary work we shall use a value of
% = 16 which 1is an averace value_obtained from the results of
Chapter 7. For our present purpose it would be extremely
convenient to have a correction factor to take care of these items.
A good value of such a factor can only be based on long experience
in designing, building and testing orbital vebhicles, Since tﬁis
exserience 1is lackiné, we use the following estimate., Tne V-2

was designed for a load factor of 6.5. A previous estimate in

this chapter showed fhat with tais load factor the losses due to
zravity in a vertical trajectory amount to 25%. Inclination of

the lzst portion reduces this to about 20%. Furthermore,
preliminary calculations showed that drag will reduce the final
velocity by 10%. Thus we arrive at a correcticn factor of 1.30.
This increascses the value of %-required from 2,88 to 3.74. A look
at Figuré < of Chapter 5 tells us tnat a sinle-stage rocket

and a twd-s.age rocket are impossible., .. three-stage rucret would
liave to have a welglit ratio il of 450 and & four-stage and a

five-stuge rocact would have about equal weight ratios of 330.

Thus a tures-stuygs vehicle would necessitate a gross welgsht of

v e R BT
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450 x 700 = 315,000 lbs. and a four-stege yehicle 330 x 700 =
230,000 1lbs, This weight saving sseens to wurrant the asdditiornal
_ complications of %aving four stages instead of three, whereas
v nothing is gained by adding a fifth stage. The weight of the other
§ stages will form & geomeirical progression, The ratio of the weights
between two consecutive stuges is 1}jof"'= 4.27. Av this stage
in the avalysis, the detailed welght study of Chapter 7 was
underteken., Hand in hand witn this structural weight study, an
analysis of the optimum design proportions was mude, usius;; the
methods previousiy explisined in this ciapter., This combined study
resulted iu the set of values presented in Chapter 7.

The next step in oﬁr design study will be to determine more
rigorously the actual trajectory of the vehiclieg, taking into account
the varietion of drag, exigust velocity and inclination. This
more detesiled computation wiil be done in the next chapter. The
results obtained tnere will give us an indicatvion of how accurate
the prelilmirary anslysis of this ciajter has been,

It is ciear thnat it is impossibls to maintgip a strict logical
oruor in determining the proporticus of the veikicle, actually
one has Lo repeat the process descrited here several times, just
as when soiving a problen by successive approximations, As a

"first approximation® for W, we found the value 230,000 lbs. above,

1

In the course of the revisions indicated above, this value was

changed to 233,609, ience, we may conclude that the ractor 1.30

BTN ———
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ratio would incresse to asbout 0.25. ¥When these later figures
were used, they showed that it was advautagedus to use three
stages instead of two. However, the design study for this vehicle
had-procéeded so far that it wzs inadvisable to alter the number
of stages.
If we use an exhaust velocity of 13,500 ft/sec and a correction
factor of 1.32 we find = = 2.4. For = 0.25 ligure 5D siiows
that a value of fé. of 400 is necessary for a two-stage rocket.

J ' P
This corresponds to a gross wsight of 280,000 lbs,.

R

The final desisn values resulting from the combined structural
weiéht and performance study are tabulated in Chapter 7. Thg
overall gross weight was 291,564 lbs. The values of g-were .238
and .245 for the 1st and 2nd stages respectively.

It is worthwhile at this point to say a few words about the
possibilities of a three-stage hydrogen-oxyien rocket, As mentioned
above, the study had rrocesded too far for alteration when the
design values had crystallized sufficiently to show the definite
advantages of using three stages, ‘Let us examine this case at
greater length. Using %-3 2.4 &and %»: V.25, we find from figure 5D
that E& = 120G for three stages.‘ This implies that the overall gross
wei@hf of this vekicle would be 54,000 lbs. which is considerably
less than the weight of eitvher the two-svege hydrogen-oxygen rocket
or the four-staue alcohol—oxygen rocket, From this we may conclude
that the three stuge liculd hydrogsn-liguid oxygen should be gilven

serious consideration in any further stulies of satellite vehicles,
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In tm preceding chapter, we huve disoussed the cholce of burmng

time t‘nr‘a"&ingla atagmé'ooket and the optimum propoc’ﬂonﬁ.ng of weights

In ordar’ to proceod

mmusiv‘a atagea for multi-sta;,a rceket-a,

‘ nad in the. Iaat ohapter und onrry

o __of‘ tha en rs trajootory. Tho results 0"

atudies

Ari | ’ﬂhe dm*

1 e

233,669 53,689 . 11,820 . 2,868

" werght less fuel (1bs:) 93,669° 21,489 1,148
© Puyload {(ibs.) | oss,esy 11,820 | 2,868 800

" Max, Dismater (in.) 157 . .. 138 . 106 90
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5 to 10 days before 1ts eneryy wus dissipated in the rurefied utuospher

Stage b 2
Gross Wh. éSl,SG& 15,364

- Veighs Enpty 84, 564 4,404 5
Payload {1lbs.) 15,364 .500 I
Mrx. Diameter (in.) 248 167 -

In all of the vehicles, the rute of* fusl qonsurmtion waé'maintélned
constant at u value calculated to give a maxirwun rat;o of thrust to’wsiﬂ:
of 6.5, The drags were caleulated according %o the nethods pgiven 1n:
Appendix‘B. The varistions of exhuust velociﬁy'with ultitude Wererﬁake:,
fron the gruphs in Chnpterrﬁ. S
In order to avoid a mass of distracting details, none of the léngti

and involved trajectory caleulalions will be presented in this chaptér.

We shall simply indicete the methods used and present the rinal results

thut were obzained within the.time aveilable, which was, to sayv thellaaj
insufficient to answer all the guestions that will inevitably arise.
The mathematical devalopnents nécessary for this work, us we}l as
samples of tne oalculution ﬁethods used, are presented in appendices
and D at the end of this report.
In the early suapes of the viork:, we set for ourselves the goal of
eatablishing a 500 1b. payload on an orbit approxinately 100 niles Qbo?_

the surfurce-of the earth, hoping it could renuin there for a period of

The 500 1b. filjpure was ohosen ns a reusonnble estinate of the weipght of
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. aoion‘bs.ﬁo apparatus neoessary to obtain results suffioiently far reach-

ing 'w m}:e the undart&cing worthwhile.

e desire to inoreuss

& 1t1tude ﬂgure was & oompror'ase betmw

uﬁer linits of error

’che ox'bital enorg;.les

' ul:titudo o? 100 ni 105.

ﬁowaver , e

Satoll te orbit.

D-viaing & meuns of stably oontroliitm the vahiole so that

>

*The m?bhodadaveloped for drag predietion are givdh in Appendix B and the

data;apoumulated on the atrosphere are given ii Aiipndix A,




T, . Jlaaser

pasrArED By Da. e UG8 DOUGLAS AIRCRAFT COMPANY, INC. st 113
oare._ Ay 2, 1946 o SAMTA YIS _PLANT wooeL: 43932
rlrLl:_.Eﬁ;}I Ul i DS 1 _;;E_;'i._-._;ﬁl_‘_u;;_ Vonloli . . REPORT NO_?__.:L)‘? .

eem——

Shapter 9

AN

it reusonably well follows the desired trajectory and is ests

blished within permissible lirits of error on the chosen orbiy
The present chapter concerns itaelf with the first topic. The second will
be the subject of the following chapter.

In our present work, we shall find that it will be necessary to apply
forees of oontrol normal to the flight path to obtuin ’'desirable tra jeclorie
These foroes cannot be applied without incurring losses. Consequently it
will be necessary to anticipate the methods of.oontrol proposed in the
following chapter in order that the logses inourred by this countrol may
properly be included in the calculations. This wmethod of control consists
of movable vanes in the rocket jet streum by reans of which the entire ve-
hicle is rotated so thet a coumponent of the thrust is applied in uny
direotion normal to the flight puth. If T ia the rocket thrust und a is
the angle between fiight path and rocket jet axis (for brevity, & will be
referred to uas the "tilt") then the control force produced is T sin a and
the effective thrust along the flight path is reduced by T(l-cosa). If
@ can be kept less than 159, the reduction in effective thrust is less
than 4%; When the desired orbital altitude was 100 miles, it was found
thet the tilt could be kept within this 1imit. However, to achieve an
altitude of 308 miles, tilts or greater thun 15° weré required and a re-
vised scheme was found to be necessary aus will be seen presently.

Inlconaideryng possible trajeétoriea, we see that air resistance,
starting fron its initial value o' zero, will first rise rapidly as the
speed inorease;, then leas rapidly as altitudes of reduced density are

reaohed. Ve shall see luter that, for the velilcles we huve considered,

the drag reaohes a maximum at altitudes of about 10,000 ft. to 20,000 ft.

- . ~ R
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Beyond this the deorense in density reduces the drag faster than the
oorresponding increuse-%n speed. By the timo 150,000/ft. has been reuacti-
ed the drapg hus become a factor of minor importance. It is apparent that
the initial portion o. the trajectory should be nearly verticul so us to
reduce ag much as possible the portion of the flight path affected by drag.
First let us consider the following trajectory. The vehicle is launch
ed nearly vertiocally. As it mocelerates upward, gravity will ourve the
trajectory toward the horizontal in the direoéion of the initial inolina-
tion*. If this initial condition of launching is correoctly selected, 1%t
is seen that the trajectory will be suf'ficiently curved without the applioca

tion of control‘foroes so that the

vehiole i8 on a ocircular orbit at

the end of powered flight as shown : e
. —
by trajectory 4 in the accompany- C’:‘::rﬁ S .
2 / ——
ing figure. It is clear that only _c 455»: OorF
A T T T PowkRED FuiGHT

one such initial condition of T~y
launching exists for u given pro-

. o s, ~ ’/"
gran of acceleration. If the 77 ERRTH 7

initial leunching ia teo nearly

vertical, the*trujectory will

end up at a higher altitude, inclined out into space as indicated by B.
Ir insuf‘fioien‘b]_.y near wvertiocal, it will end up at a lower altitude, in-

clined toward the earth as indicated by C. Ve are forced to conclude that

if our vehlcle charncteristics ure already chosen (i.e. weights,thrusts,

etc.) there is only one altitude for the orbit into which it ocan be launch-

ed by this pethod, Initial calculations showed that fdr the vehicles

*Mathematiocally, vhe initial point of launching is u conplicated si lariy
Mechgﬂ}‘sully, %his: means that a short get of :;{hding rai]ls wil? huvgg"énuge

[aSalatid
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considered in this report, this altitude was about 35 riles, considerably
short of our two sucoessive goals of 100 miles and 300 miles.

Ve ure‘ue;t~faoed£gitn the quegtion of how we should upply control
forces so that the trajectory* will end up on & ciroular orbit of greater
altitude. Of the three trajectoriaé shown in the.figure above, B offers
the most obvious possibilities. If downward forces are applied during
the late portions of B, it 18 conoeivable that this trujectory oan be
curved sufficiently to end tangent to a circular orbit. A rigorous
examination ol the equations of notion shows ghat this is the best way of
obtaining the desired increase in ultitude. One might be inclined to
guestion this result on the ground that an application of dowpward centrol
foroes is ineffioclent when attenpting to gain more altitude. Actually,
the control forces have little direct effect on the altitude, which 18
gained primarily by the increused steepness of the earlier portions of
the trajectory. The ocontrol forces serve priﬁarily to insure o horizontal
tanrent at the trajectory's end point.

By the use of tilt, it wus found possible to determine satisfactory
trajectories for orbits at altitudes of 100 miles witheut exceeding l5°n
anple of tilt. However, when the desired altitude was increased tc 300
miles, the tilt angles becarie 8o large that the losses in effeclive thrust

vere excessiver In seeking meana of uvoiding these losses it was found

that the judicious insertion of an extended period of coasting 3
in the thrust program would accomplish the desired result. A little study

showed that this coasting could be nost effectively used if it came lute

*For oconvenience, we shall refer to that portion of the path traversed
before the end of powared flight simply as the trajectory. After powered
flight, the path will be called the orbit.
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in the thrust program. In order to avoid the necessity of' shutt ng down a
rooket rotor and firing it up ugain, the coasting period was ulways in-
serted in the interval hetween the discarding of the next to the last

stage and the firing of the last stage. Unfortunutely, insufficient time
was available to pursue this study as far as wus dosirable; howover the
tentative conclusions indicate that optinum conditions for ocoasting corres-
pond to a long, slightly inclined comsting trujeci:ory during whioh altitude
is ;,ained surpfisingly slovly, followed by a l‘j.n:zl stago of rocket power
during whioh very little tilt is used.

The equationsgoverning the rotion of the vehicle during its accelera-

tion along the trajectory are derived in Appendix C. They are

iV _ 2h T D
e g (1~ )811’!9# ;0080(—.6,
: - 2h
: 1 sus @
«g;:---g(l-g) 008902.“.- ! ) :T sin o,
: Y my

vhere V is the velooity along the
flight path,

7tiu£c roay >

T 18 tlle X‘Ocket till‘uat, 7'4/\’6'!/1/7 o 7’,’./[(70’)« ——

D is the drag,

<< Py Of Vewiice
m ix Che mass of the vehicle, —

h is the altitude above the
earth, *~

R is f_he radiua of the earth,

JU 18 the angular velosity of

the earth, WW

t is the time, V

g ie the acceleration of gravity, o CenreR O Epmrm

6 and o ure anglee 8xplainedin the figure

MM
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It is impossible to obtain explicit analytic solutions of these equations

for the cases we are considering. Instead we resorted to a step by step

method of solution in”;hioh the inéarvals were chosen with sufficient

care to insure that an accuracy of better than 15 was maintained in the

final values. A detailed set of sample calculations is give in Appendix D.
Whon the desired altitude was 100 miles, the calculations were

carried out in the following nanner:

Four S¢age Alcohol-Oxygen Rocket-No Coasting - The caloulations were mude

for each of three ratios of fuel weipght to gross weight so that by inter-
polation, the amount.of fuel necessary to attuin the correct final
veloocity could be predioted. The trajector: for the first half(in time) of

the first stapge is taken as a vertioal path. At this point a constant

angle of tilt is applied and this is carried through to the end of the
second Btage. fhié caloulation was carried out for ea&h of three fixed
angles of tilt, so that the results could be interpolated for any inter-
mediate tilt. In the meantime, an independent set of calculations had
been proceeding in whioch the equations wero worked baockwards, beginning

at the end of the last stage, with thé vehicle on the orbit, and computing
the reverse history along the trajeotory back to the beginning of the
third stage, where these oaloulations were connected up with those pro=-
ceeding the other way. These reverse calculations wer: also carried out
for thr;e fixed angles of tilt. When all these caloulations were conplete,
oross plots of trajectory inclination und altitude at the junoction point
were made. From these plots, valuesd of tilts for both sets of calculations

could be selected so that the juﬁoture was continuous for both altitude

and inolination. It will be remembered that each of these gets of caloula-




DAY . __

51'1:'-_13’..,__2._, ]_C‘EL’*{) . S’.‘NIA I{‘Ui‘u“q e e PLANT { MOGEL.. . M =wrr

N RISy .:"EHICLE A REBORT WO, S:"'lls

g FRELLZISARY DESIGHN OF SATELLITE

AL AR SN, R DR SE

Chapter 9

tions had been made for a series of fuel welght ratios. The final results
were cross plotted so that the velocity at the juncture was also continuous
In Figures 1 and 2 are shown the flight characteristics and trajectory
for our proposed design of an alcobol-oxygen rocket, It will be noticed,
that for £he particular weight ratios used in this design, the final alti-
tude was 165 miles. TFor this altitude, the tilt reqﬁired during the last
two burning periods was 35°, which was so large that significant losses
in effective thrust occured.

Two Stage Hydrogen-Oxygen Rocket - No Coasting - The method used for the

hydrogen-oxygen rocket was substantially the same as that described above,
However, when it became apparent frém the alcohol=oxygen rocket results
that it would be impossible to reach altitudes of 300 miles without the
‘ use of excessive tilt, further effort along these lines was discontinued.
‘ Instsad, attention was concentrated on the use of coasting as a more
efficient means of obtaining altitude. The calculations were revised as

follows:

Four Stage Alcohol-Oxygen Rocket - Coagting -~ Instead of the juncture

occurring at the end of the second stage, it was now placed at the be-
ginning of the fourth stage. A constant angle of tilt vas maintained
from the middle of the first stage to the end of the third stage. This
was follewed by a variable amount of coasting. 4 set of calculations,

working backward from the end of the last stage, was made with several

fixed values of tilt, A sufficient number of values of all parametera
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was used so thal a continuous juncture cculd be riude at the beginning of
the fourth stage. S;ni; a varinble‘amounu of ocoasting has been added to
the other variations possible, the choice of values to affect a smooth
juncture is not unique. Although time was not availavle for an exhaustive
investigation, it is believed that the optimun trajectory is that discuased
a few paragraphs above. The results of these calculations for our proposed
alcohol-oxyéen roocket are shown in figures 3 And 4. It will be seen that
the introduction of coasting has increased the altitude to approximately

480 miles. The greatest angle or tilt required was only 13.5°.

Two Stage Hydrogen-Oxygen Rocket.- For this ouse, the coasting was insert-

ed between the two stages. In other details, it was the sume us the
alcohol-oxygen rocket. The results are shown in figures 5 and 6. It will
be seen that for the particular weight ratios chosen, the fuel was in-
sufficient to give an altitude greater than 150 miles even with the
greater efficiency obtainable from ocoausting. To uchieve an altitude of
400 miles, it would have been necessary to approximately double the

weight of the vehiole. The reason for this is nos that the altitude

has a large effeot on performanog but that, with two stages, the hydrogen-
oxygen rocket jis so far from being an optinun design that the gross

weight i8 highly sensitive to changes in performnsnes requirenents. A

three stage vehicle would have shown substantially superior performance

and weight figures.
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10, METIOT OF GUILINC VEVICLE Ol TRAJICTIRY

Up to thias point, cur analysis has considared the design of a
vehlcls and the selection of its trajoctory without resard to the means
of guidance to innsure that the vehicle follows the preserited trajectory.
In the following pararraphs attention wlll be dsvoted to thls guidance
problen,

In the latter thres quarters of the trajoectery, the density of the
air is so low that in spite of the very great speeds, the dynaric pressures
are incapable of adeguately guiding the vehicle., Conseguently, we are
led to the conclusion that we rust use reaction motors te obtain forces
for guldance,

Two means of obtaining such forces are at oncs
apparent. In the first, the vehicle is rotated (e.g.
bty means of vanes in the maln rocket stream) so that eeatr
a component of the main rocket thrust is apolied
in the dssired direction. In the cecond, a small
auxiliary rocket oriented norral to the axds of
the vehicls 1s used to obtained the desired guid-

,/' 4
ance Fforess (several such rockets would have tc he “j;////*

provided feor control in all directions),

If ¢ is the exhaust velocity available from reciets, T the thrust

along the trajoctory and L ths guidarnce force normal to the trajsciory,
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3 apparent tiat cese 1 1s narkedly sunorior o
, cage 2. In fact with cass 1, substantial
ol N |
‘ ruicance forces may be obiained withicutl appre- 2 .9 2.0
L/r
E ciable penalty in thruste. Case 1 will be the nethod of
5
d N \ -
% Juidence concidored dn what Toliowe,
& - e v Crha
* £ <5

T

where

vhere —1

the consunptions with and without ruidance
force nhave tecn nletted aralnst the ratio

of ruidance rorce to thrust. It is at once

Cloviaoy

an . , \
It {s the rocxet fuel consumption reguired to produce tho thrust
1o

if the guldance force were not present.

For the second case, when a small auxilisry rocket is nscd
] )

Tec ﬁ%l ,

=0 2
a

t

and

3lalg
t

i

(o7
o

&,

dn.,  dn , 6n . . . . . .
at ,<€€2 ond =+ ars the consumptions of the nain roczet, the

auxiliary rocket and the total.

In the edjioinins ficure, the ratio of
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where-gz {s the masc election rate of the rnla rockst and o Lls the angle
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e tiegE 2T e mangl by 20 an Tamoanoama Totoa zor et
a wed tat 3f fael agual to EG nf thg avooz owelsohh Yo reaguired,

where AV = the velocity increment. A 1% chanve
requires a fuel “eizghs ewual to 3% of the gross wel~ht,
Since these corrections ~otimisticaliv avsuue normal rocket el-

ficiency

to make

(L i st Bl wWLGLLE bu UOESRGD Ll Gl il wesds

o T S D 3L, L AT T TN SIS L T Y YN e el (MR FET wn i Y 2R e mmmmmmnmm:m
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(SIS R S AP P LGt oLl wutiu vidaly wd o vadase L 3 R O N

fuel weisht rewuired,

2
_}; :
>
pur

|

.

™ = gross weight,

<3
HI

flight velocity,

exhaust veloclty

[e]
It}

@ = change in an;le measured in radians.

RO EER 1 3% -~ S ~ A .- <+ M AN o - -, 2 L. L.
21 3 oo e atoyrn Line ; cmnlhant velocitr is

Aty AV

Vi T c

{ resultznt velocity

s
3

for short eriod operaticn, it is evidently very costly in fuel

by

correctionsg o

any mamituds.

¢ that an eccentric

an alterm2+tive Lo ap. 1v1nv corrections o
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specified linitss It is then neccuuary 10 nnow thie I’el!‘tix‘)4;sizips oxigt-

ing hotween the various orbital parancters. These paraneters are as follows:

VO s the correct veloeity for s circular orbit at the
starting altituds,

AV = the velocity increment adbove Vo‘

Bo = tho allowable variation from fLorizontel (measured poS=
itively downward in radians) of the vath at the start-
inz altitude,

R = the starting redius from the center of the earth,

A = the aliowable drop in altitude fron the sterting point,

Aiimx= the maximun ninus the ainimun distance of the orbit

from the sarthts surfacs.

Fig. 1 pives the relationships between &h, Ax ,ﬁ ang LY .
may. o Vo

ihe curves have been plotted from sxact eguations but for snall deviations

in angle and velocity the followinz anvroxinate relatlons can be used:

e {5 bod v !
g - (&1 - +(3):

or }
2 2
sy e-z2w [, (2 L)
) - AL (e
C_) (¢] o]
or !
i ! L\R 2
nax 9 2 ‘[g, :@i T %
R / J O )
o) ¢}
or Aq.ﬁ . ‘3‘. Aﬂ'
AKX 2 :__) + ) ...“..
R o 7
[¢] Q o]

Assume that the altitude of the vehicle should not drop more that

50 miles below the desi-n startings altitude to be attained at the end
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of tho starting trajeetory, awd tihat the totsl varintion of altitude.

£

..

shonld ot ho pere than 100 wiles, THen LD the sta

2¥as

1y corroct (po = 0)  the starting velocity may drop 0.3% below thoe cor-

roct value or rise G.GH ahove it, Hewever, if the angle can ordy 18
+ ~ . . .
sotahliched to within - 1/2 degroe the velocity must foll within the

ronge -0,15% to + C.40%., The above limitsears comevhat arbitrary but

{1lustrate the orders of mamaltude irvolvad,

the evident nccessity for meintaining close tolerances on tre start -

irg conditions for the orvit leads to a preliminary investigation of

stahility and control requirements,

£ the starting trajectory o Hreet control of

Tn the imtter rart o

1 dogirahle cince this angle mist

3

5]
£1
W
[
g;
‘Jt
o]
O
3,
i
[
b

flight path angle

escbrene aceuracy. This recuires a restoring moment proporiional to o=
wiation of flight directien frem the borizontal, It is anticipsted tlal

3

station shieh measvres botls ran’o and 1nTla,

gomnutos yute of change of sltitvle ol sen

0 corrssronding  control impulse to thw voricle, ;;i
| &
; veed in ke vebicle to act a8 ANGLE \

A heacon w211 e ugen 1n

.
GROUND
STATION

a "trananonder’ ard gan aloo be nued Lo Convey

information from tia venicle to the crovnd.

rropertional te Adeviation of

In e23ition to the vegtorine monent

-
PN

3}

pis

the horiuvontul it wecmssary Lo avply either a

flizht direction fron
damoing momout Jerending on fiight direction or o restoring wonent Co-
ey dmnler to uie, To

pending on pitelr. “THe latierywoprld rpptabls

eorrect for an wnolin secentric threst {co thnt the vohlcle

ey 2 . e d e, Y
Lot eweet T1icht eugle conlird

orly ba stoble tut alng OUTOL
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5 also necessary to apnly a restorivy memsnt promortional to *he Integral 8

of flisht direction cwer a pariod of time., Thi: corresponds actually to

an altitudﬁ control, Use of integral terms in control rroblems has been

discussed by Weiss® and such s control is vsed on constent spec? propellers,
From astebility con Wjderations>it can he shown that the restoring

moment dependirg cu piteh f{or damping mement dependirng on flight direc-

tion, whichever is used) should be large. !owever, further investiga-

tion is required to determine desirable magritudes for the other terms.
Velocity control cun probebly be obtained by using an integreting

acceleroneter which operafes fuel cut-off wvalve, Such an accelercmeter

vas used on the V-2 with sccuracy of 1/2 ¥ over a €0 secornd period, snd

it is believed that this accuracy can b= irproved. At present radar

7 or Doppler effect do not apprear to

technicues involving radar rangi,

offer sdequate accuracy.

*y

In the early stages of th= sterting trajectory it should be suf-

ficient to control pitch a predeterrired function of tims For

joo3
“

stebility, resterirp and damplrny zoments can be spplied as functions of

i ‘O
the difference bebtwmeen actral and desirsd pitch angles (determined

with the aid of & pre-sei gyroj. In orider to approach the desired trim

condition s moment should also be applied as a function of the intepral
of devistion in pitch angle over a rerica of time, and 1% mey also be

necessery to apply a predetermined momant as & function of tire to com-

ensate for the caleculated curveture ¢f the trajectory.
9]

oy,
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Chapter 10

The areas of the control surfaces in the Jet have been briefly
studied. The control mornonts resuired desend ugon the angular accelera-
tions required and upon the fixed disturbing moment, such as that-due to
a displaced thrust line;, The control surface areas shown on the drawings
are quite arbitrary but serve to show, in conjunction with figure Z that
design of sufiiciently powerful surfaces should not be difficult. This
figure shows the variation of control surface area with displacenent of
the thrust line from the center of gravity in inches for each of the
four stages. Actually the maxirnum error is expected to result from a
rotation of the thrust line about the throat of tne engine by about 0.5 deg.
The resultant displacement is indicated in the figure as the maximun
probable displacenent. Also shown are the areas/required to produce a
pitching or yawing acceleration of 10 deg. /sec . It is sezn that the
areas shiown in the drawings =2re adeyguate to overcome the moment due to
the maxiaum probable thrust line displacement and to produce in addition
s 10 deg / ec acceleration 1f a 10 dez. control sufface arnigle is used.
Since these areas are far from excessive from a mechanical standpoint,
they could be increased if more thorough control studies shovied the

D]

desirability of obtaining nigher angular accelerations.’

&
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Chapter "1l

11, PROBLIIS ARTIR CORBIT 15 ESTATLISHID

Once the wvehicle has bssn established in its orbit at the de-
sired altitude various other prcblems arisge in connection with the.
satisfactory operation of the vehicle, For example, ths vehicls
will be constantly expoced to the posslibility of being hit by
msteorites of all sizes and some of which will be travelling at
very high speed. Also, at such high altitudes the intense heating
of the wehicle b§ the sun is a problem to be considsred. Radio con-
tact must be maintainéd. These and other problems comnnected with

the satisfactory operation of the vshicle are discussed below,

prid 2 s gy

Ksteorites, (The Probability of a isteorite Hitting a Satellite :
Vehicle Traveling in the Upper Atmosphere.) It is well known that &
greét many meteorites enter the earth's atmosphere each day. If a
body should be situated in the uﬁper atmosphere at altitudes where

moteorites are obssrved with high freauency, the question arises as

A R R N S N W S R ST T

to what are the éhances that the body will be struck by a meteorite

and if a strike does cccur what are the probabllities that the

RS R e

meteorite will seriously damage or otherwise interfere with the motion

of the body.

S DA T %, S SN

. *
-Moteorites are discrete masses of matter from outer space which

LIRS,

UL ASTET R T A E S

enter the earth's atmosphere, Judging from those which are largs
enouzh to survive the journer through the air and reach the ground,

and which are then called fallen msteorites, they are composed mainly

<

¥ Leonard, F. C.: leteorites: Immigrants From Spacs, Pudblica-
tions of the Astronomical Society of the Pacific,
Vol. 57, Mo, 3343 p. 1, Fab, 1543,

LIRS £
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Chapter 11

Eoed, Cats C Tt é.

of stony matter (similar to igneous rock) end metallic nickeliferous

4
4

iron. Like fallen meteorites, tite relative amcunts of iron and stony
matter in the meteorites may be exvected to vary greatly rangine from
almost 11 iron to almost all stone. However, it is quite likely

that the stony meteorites are more prevalent than iron meteorites by

a factor of more than ten, althoush a stony meteorite itself may con-
tain some 25 percent iron by mass. It will be assumed that the
meteorites consist mainly of stony matter.

Meteorites vary greatly in size ranging from something smaller
than a oin head or grain of sand up to the large meteoritic masses
found on the earth vhich weigh 10 or 20 torns or more. {(According
to Leonard, Reference 1, meteorites may bé of any magnitude whatever,
from the size of the tiniest solid particle to that of a mass of
planetary dimrensions, and are the smallest cfiscrete astronomical
bodies. The term meteor is proverly used to denote the luminous
phencmenon which results from the motion of a meteorite through the
earth's atmosphere.) It is estimated that the weight of the average
fallen meteorite is 220 pounds before entering the atmospheré and that
this is reduced to sbout L4 pounds by the time the earth's surface is
reached. However, meteorites which are large enough to reach the
earth's surface occur with such low freguency, 5 or 6 a day for the

-

vhole earth; that they need not bg considered here.
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Typical values of velocity and altituds as determined by cobssrva-
tions of certain bri-ht metoors are given in Teble 1 whieh is teken
{2)
from Boffusister,

As one might expsct, it 18 seen from Table I that the higher the

metoorite makes its appearance the greater is its velocity. Veloci-

ties ranging from 80,000 to 250,000 ft. per sec, are guite common,
(3)

Aceording to Jatson most mesteors appear at a heizht of about 300,000

i VAR ST <]

IR

faet rogardless of their brightness and may be taken to have an average
atmospheric velocity of about 150,000 feet per second., Thus, at an
altitude of 500,000 feet, where the body is assumed to bevsituated,
most all of the meteorites will be intect and will not have suffered

complete dissipation, At this altitude the body will therefore be

TR R SR AR Y QU =

&

exposed to practically all of the metéorites which enter the atmos- %
phere., g

The number, size and mass of meteorites entering the atmosphere é
each day is glven in Teble 2 which is based on a table given by Watson E
(idbid., p. 115), g

The visual magnitude of a meteor is expressed in terms of a scale §
in which numerically larse magnitudes represent faint bodies. Twp §
mateors which differ by fivé magnitudes have a hundred-fold difference %
in brightness and, since the brightnsss is direetly proportional to é
(2) Hoffmeister, C.: Die Meteore., Probleme Der Kosmischen Physik, i
Band XVII; p. 71, 1937. . g
(3) watson, F. G.,: Between the Planets, The Blakiston Company, %
Philadelphia; p, 93, 1945. %
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1ABLE 1

VELCCITY AND ALTZTIUTE OF ERIGET METLORS

Yelocity !\40&;1 Mean
Hdelght of Heignt of
Appecrance Disappeurance
jleid ft. k ft. Numter km ft. Number
£0C ., sec.
10 227,810 €6 | 216,000 k 28 91,900 4
20 €5, 600 92 202,000 35 L 1Lk ,200 3k
30 98,500 112 368,000 9% L7 154,000 93
40 131,200 131 L30,000 107 L7 154,000 107
50 164,000 1Ly 472,200 74 L7 154,000 75
60 166,800 | 138 L52,500 5 55 180,500 54
70 229,600 19 189,000 21 63 206,500 31
80 262,500 1383 600,200 11 T4 2Lz, 000 12
Q0 295, C00 197 €L5,000 15 98 221,500 15
100 328,100 217 712,600 3 96 £15,000 3
110 361,000 206 7L1, 000 6 16 | Lus,co0 6

1 km. : 3,281 f%.
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-

23,0090

23,000

3.92 % 1077

427 z 107%

- 71,000 71,000 1.6 fe53 x w077 317 x 107*
-1 120,000 180,000 <030 1.9 % 1077 232 % 107+
0 450,000 450,000 , 250 5,51 % 1074 L1705 x 10”
1 1,100,000 { 1,100,000 .100 Zent oz 1074 1.257 x 1072
2 2,800,000 | 2,300,500 L0432 S5 % 1077 .9u7 x 1072
3 6,400,000 1 7,100,000 L0195 5457 7 1077 .633 x 107%
IA 9,000,000 | 13,000,000 0063 1.39 7 1077 .500 x 1072
5 3,000,000 | 45,000,000 L0025 5.51 % 10’? $307 % 10 2
3 110 x 10° 0010 2.20 x 1077 L2705 x 1077
7 230 = 20° e Y R Tl L1986 = 1077
3 710 x 10° 00016 {250 w1077 1471 % 1070
9 18 x 10° CO0C063  J1.70 = 1077 1.073 x 1072
10 45 % 10° LCU00Z5 1E.51 10 - L793 % 1077 §
15 5% 200 ] zoe w1077 Dsinnw 20720 1.705 5 1074
20 45 0% 1081 zus 21077 feomn w107 367 x 1074 %
25 45 x 1t 2.5 2 107 s.s1 w107 793 % 1070 &
30 15w 1070 aus s 107 L 1o7es x 2070 é
i
2
}

1bs. = grums x 2.205 x 10 7
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*Zased on a specific oruvity of 3.4. See Refersnce 4, .
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thes massg, they represent a hundred-fcld differsnce in mass, A meteor

5 while the full

Just visgible to the naked eye has a magnitude of

noon has a magnitude of -14, Also, it will be noticed from Table 2
that when the magnitude differs by five units, the number of meteors
changes by a factor of 100. In this way the table may bs extended
to inélude smaller and smaller meteorites (numsrically lafger magni-
tudes).,

However, there is a limiting magnitude bsyond which there can be
few, if any, meteorites, and according to Vstson, p. 116, this limit-
ing size is a meteorite of magnitude 30, This is explained by the

fact that for & particle smaller than this the'solar radiation pressure

is sufficient to repel any.particle tq such an extent that it could
not remain in the solar systen.

In Table 2, figures are included for neteorites down to the
smallest possible size, magnitude 30, The sizes have besn corputed
on the basis that the msteorite is & sphers composed mainly of stony

(4)
matter which according to Whipple, has a specific gravity of 3.4,

The variation of size with magnitude is presented in Fig., 1.

It is seen that a great ranze in size and mass s representsed in
the tabie and the question immediately arises, especially for the very
small particles, as to what velocities are to bs associated with the
various sizes. If it is assumed that the meteorites move in parabolic

orbits at the same distance from the sun as the earth, a meteorite

{4} Wadprls, F.o L.: llsteors and ¥ e Tarth's Upper dtmosphers.
Reviews of lodern Fhvsics, Vol, 15, Ho. 4; p. 292, Cotb, 1923,

I

2

R

PFe LRG0 S oo ST

- oo
&

R ey B! AT N DS T A T G T S M S T




12

Chapter 11

Page:

Py - *

‘ IR . £, R om i ME L el VY y XT~¥3
Lz ITEV) FAS . FANLINOVIN SOILRW Qf ONIONOSSINM0D FLIHOILIW J0 FZIS [T
so* /o soo*

FEETFRRRE ARARN!IT NESERR AR TN 1 IR SRR ERE RN
M A . 13 . L AR N :
3 R AR T 5 ' iR i 4 L Ve | [
i ! i N8 i a8 / } F
i ] | Ll
T : . i i
i} Pe A3 +
Y n - g :
) A ne ™1
M BN : ] N T
T 1 THI R S T
YRS ERREE L - Uil ; : - el
. __ “ ,r 3 . w - : H : :
b H 4 4 i : RN : M , : =
g ity ] L | L L i as i '
Hits wf i { i i N i ! 3 1T
? H i 1 3 : T
ciohd i - ; : ! Rl I
-4 + i ; - et - .
Al HH L 1 : ~ { el T sl
I } : i R i~ i
i ! § »t ¥ T i SaN! o
T+ HT 3 : . T S
S i D -
LS ot 1 R
A i DT
5 3 A
- 1 :
+ ! i i ! {
i : s 3 +
o | , | ]
{ R 1 T
14
I
¥
i
~
N i
N 8 an
d
1
v~ 3
) NIITT
“ ! Rilnss 1 W
5 i i 3 1
ot t 1 ST i
34 A i
i ! . i > [ vl ; .
BN 2 b ; !
T T ; b _ T
il : 3 il T T
] 1 » : T —
] ! ;
* : S aﬁ* i it it
{ 1 it J.lilTw(J,.i T
T = . i [RLEA EREAN | g
[ b, i i ! R
; i b \ b - G
JK. i | : il ! T
i WUH H I 1T T
1. il 2t T + :
358834 ki s T3
! H ASE X Tt
i H n i
: 4 N i1
*H E N o I
it t 1t ) - o NN RS-
fH. X < A ; N O ]
! 1] - i ™ : % Cedes
b4 ] -~ ;
& 3 _.m . 1 t
: ¥ ; I -
H 3 - - -
H 1 d h 2 s =
11 i
[ w05 ] ~
i o . {3 - i ]
1 3 K » e a
¥ .M %3 3 ;‘mw. T A - : g .
: .4 4 5 k . -4 " ‘
} 4 SHLEE $250 i3 f FT 3 "
KW A N N N = .i.ld,..ﬂ N N N
3 u R | 1 B, B ) R w o~ L - >




St

(&

prepanep v, Ga OTirsincer. DOUGLAS AIRCRAFT COMPANY, INC. PAGE .t

Tt

1945 BTN UNTTICA . PLANT mopeL. . FLQED

o .
DATE: . .4...!.4‘,7 PR =R

TITLE. .
.ﬁmm.mvmmmm;m R RI I 28 ST

!
!
:
4

%

’.’"'Y ‘-,.,..,( A ‘T,.«‘ ("" S Ay Y
FERLIVATE

e .‘Jx}u

encountering the sarth head-on will enter the outer atmosphere with a
speed of 230,000 f%, per sec,, while one overtaking the earth will
enter tho atmosphoars with a speed of only 43,300 ft, per sec. These
speeds would be the sams for meteorites of a&ll sizes since there has
not yet been any deceleration resultiné from air resistance., However,
once the meteorite has entered the etmosphere, deceleration must take
place and this must certainly bse creater for a small moteorite than
for a larger one, assuming that both entef the atmosphere with the

same speed., Whipple, loc, c¢it. p. 252 gives as a unlversally accepted

expression for the deceleration,

where V = velocity,

B8
1"
B
]
w

e
1]

density of the atmosphere,

effective cross sectlopal aresa,
X = non-dimensional form factor depending on the ghape of the
mateorite but independent of velocity.
For a sphere, ¥ = 1/3 and if the density is o.4 a.= 0,53,

The rigorous investigation of the decelsration would involve a
study of the variations of ¥ ,a, p, and especially m, as a function
of time or distance, Since time is not avallable to carry on such a
study at the present and since at this stage of the project, approxi-
mate values will be satisfactory, we therefore adopt the following

approximate method.

CA R e
AR s
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Assume that ¥ , a, and m ere independent of the motion of the
meteorite through the air and since values for density and its varia-
*
tion in the very high atmosphere are lacking, replace P by en average

or effective value p .

The differentisl equation may then by written

2 -
a (v") 2% ap
Vfg -"-7*'*ml 3 dh
and therefore
~¥aepbhn - k4nh
ml/B ml73
Vf = Vi (e} - = (e) S e = - (2)

In this expression Vi is the velocity of the meteorite when it

enters the atmosphere, and Ve its velocity after it has fallen a

e,

vertical distanceA h through the air, As a maximum condition it will
be assumed thatithe neteorite enters the atmosphere head-on so that
its speed is given by V4 = 47.4 mi./sec, = 250,0C0 ft./sec. See p. 9
of Leonard, ioc. cit.

From Table 1 it is estimﬁted that bright meteérs {about magnitude
2) have a velocity of about 200,000 ft./sec. at 100 miles altitude
(528,000 ft.) so that Ve = 200,000 ft./sec., Although the height of

the approximate upper 1limit of the atmosphere is not known, auroral

B L R L AR N LA e S R N T R i,

* At this stage of the analysis, the density walues derived in Appendix
A wsre not yet available. Howaver, it is believed that a more exact

treatnent of the density variastion with zltituie wenlid not apprsciably
change the resulits derived nero by the approxisate meshod,.
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Chapter 11

observations indicate the pressure of atmosphere at 1000 km, (622
miles) and{this figure will be used to represent the altitude of the
effective 1imit of the atmosphere. Since we are interested in the
meteorite velocity at 100 miles altlitude,

Ah = 522 niles = 840 km = 8,40 x 107 em,

For a meteor of magnitude 2 it is found from Table 2 that mp = .040

gram, and hence my 1/3 = ,343. The constant k may now be evaluated
giving k = 0,9 x 10-9,

It was found in Téble 2 that a Change of one magnitude corrssponded
to 8 change in ﬁass by a factor of 2.5. Thus if all masses are

referred to that of a moteor of megnitude 2 one may write

.

n ' .04L0

L2 B e e e m m— - - = = (5)
T -2 M-2 ’
[2.5] (2]

and Eq. (2) may then be written

M2

ot st

3
-.22 x[2.5]

c
V,, = 2.5 x 107 [e] £t. per sec., - - = (4)

at 100 miles altitude, This function is plotied in Figz, 2 where it
is seen that for magnitudes grester than 3, the velocity decreases
rapidly.

Since the vehicle nmay also_dperate at altitudes highsr than

100 m?les, say up to 400 miles, it becomes nscessary to obtaln en

ey

e
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estimate of Vﬁ for this upper altitude liniv also. At an altitude
a8 high as 400 milss it isg not possible to obtain any estimate of
ths deceloeration from Table 1. Furthermors, the effective density
value B.from 400 to 622 miles is certainly much different than that
from 100 to 622 miles and therefore the value found above for the
deceleration factor k would not apply 40 this much higher altituds.
In fact at such a high altitude it is not entirely unlikely thsat
the deceleration would be negligible. Ve thus have the two extroemss
within which the velocity mst 1ie, that of no change in velocity,
and that with velocity given by using the value k = 0.9 x 10"g
found above for the 100 mile altitude,

The velocity corresponding to this latter limit is given by

the equation

}i-2
-.094 x[2.5] ’

corresponding to0 A h ¥ 622 - 400 - 222 miles,

These two extremes are shown in Fig, 2A where the 801id curve
which has bsen drawn in to represent a compromise batween the two
extremes will be used as an estimate Of the vslocities prevailing
at 400 miles altitude., It i5 seen that at these extremely pigh alti-

tudes, the smaller meteorites maintain a fairly high velocity.
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Having the relation betwasen ﬁﬁ and M siven by Figs, 2 and EA
it is now necessary to determine what {8 the srallest moteorite which
will p?nOtrate through (parforate) the skin of the satollite vehicle.
There seems to be very little, if any; information availabls, sither
theoretical or experimental, cn the penetration of matal plate by
very small but extremely high speed particles, Beiig, has apparently
worked on this problem;to some extent but unfortunately his paper is
not availablse,

However, the indications are that in the case of normal impact

of a small but very high speed particle on a metal plate in which

the speed of the particle is large compared to ths velocity of pro-

pagation of plastic deformation in the plate, the particle penetra-

tez as though the plate were perfectly deformable 1like a fluid. In

this case the differential equation for the motion of the partiecle

through the plate is

MR FURCL ATkt A ST b 2 SR

-
rops

ST L AN RN N SR SR I e B SRR R T L RS

whaere

Jé
m = mass of rarticle = %47g§ P (2ssumed epherical),

dizmater of particle,

d =
8 = distance of pepetration into the plate,
N £n
Po =~ density of the plate = <.8 = for dural)

cn

(5): Bethe, H. A.,: T"Attempt at a Theory of Armor Penetration”,
Unnuirbered Report of the Frankfort Argenal, 1941,
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. cyan _
p., = density of rarticle = 3.4 EX22 for a nets sorite,
em”
o
o =-2= 825,
Pz

(o)

C.. = drag coefficiaent = 2/3, see upstelin.

where VM is the velocity of the particle as it first strikes the
plate and V is its welocity after it has penetrated a diegtance s.
When the spsed of the particle has dropped to about 5 times the
plastic deformation velocity Vl, it will be assumed that this law

of penetration is no longer to be uged, In the range in which it is

to be used the egquation is then written

IR

d &
8 = 2-5104;,'5’{;~ ------------ (o}

When the speed of the particle is les. than 5 times the plastic
deformation spesd it will be assumed that the penetration takes

place according to one of the armor pensetration formulas.

(6): TZpstein, P, S.: Prec. an, sad, Sei., Vol. 17, p. 832, 1931,
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The well-known Dolarrs armor pemetration forymlia for plain wrought

iron is

o e e

<

\Jl’\
.

SV}
Y
)

R
- e

-3 0
-
“
.
A
-3
=

where

ot
11}

penetration in ft.,

jo N}
1]

diameter of particle in ft.,

1}

w = welght of particle in pounds,

v = veloecity of particle in ft./sec.
In this equation, V 48 the velocity necessary to perforate a thickness
t of wroughé iron by a particle of weight w and diameter 4,

(7a)
The Vatertown Arsenal uses the formula

e
t e F ., oo m e oo - B (8)

dz

where
t = thickness penetrated.

m = pass cf projectile,

o]
"

Thompsor coefficient,
d - diampter of projectile,

V = velocity of projectile .,
(8)
The work of Duwez and Clark on penetration of copper by high

{7): The United States Naval Institute: Naval Crdnance, Ammapolis,
M3, 1939, p. 301, :

(7a): Sullivan, J.F.: An Empirical Approach To The Efficiesnt Design
of Armor For Aircraft. ratertown Arsenal Ladboratory, watertowm, Mass.
sxporimentul, Heport No. J0L 710/50G, Jan., 1944, p, 9.

{8): NDRC Report Fuwhar U.-317 {Eq?;;;;;..wﬂvxhai
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speed gmall calibor bullets directly verifies the velocity sguared
relstion for speeds of the order of 4000 ft,/sec, Their results

can be expressed by

e fer
n

Thus the experimental deta give rise to penetration formulas pro-
portional to Vl's or Vz. Since the resulis of Duwez and Clark are
considered the best to use in the present study, a formula corres-
pording to {9), which refers to corper, will be used in the ballistic
range. Since the ultimate strengths of dural and copper are of the
sams order of magnitude and since the ballistic psenetration is clecsely
connected with this property of the metal, it will be assumed that

the results for correr also apply to dural within the degres of
approximation of the esuations,

Eq. {9) was obtained from experiments with 0.224 inch diameter
projectiles, If it is assumed that the energy loss per unit pene-
tration -is proporticnzl to the frontal area A of the projectile and
also constant over the ballistic range (as shown in.ref. (3)) 1t

follows that

chuni-2 in kinetic en=rry, z2nd

]

where /KE

C = = ¢constant
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In the tests, the projectiles weight was 69 grains and was brought to

rest in about 2 inches of copper. This glves

l V:g . 3 I‘t ;"1}."
> 13.8 2 10 ft.

and
1 2
- MV
2 7 t.-1b,
== = 5,03 % 10 mf l‘; .
1 ft.

The corresponding penestration formula for a gphere would be

1 3
2 ?p18 v

y OT
t

Py
t =,
a7

Sran Sl’ Y ~ ~ 7
Teking p., = 3.4 =% rv; = 6,6 e and ¢ = 5,03 x 10
.u en” £t 7

as determined from the firing tests on coppser, the penetration formula
for a sphere becomes

-8 2

§.=4.4x10 V o = mmm e m e m e oo m o (94)

The velocity of plastic deformation in compression is known to

(9)
be around 1000 ft. per sec. so that the limiting speed used in the

fluid-flow equation (6) will be taken to be 5,000 £t, per sec,

(9) NDRC Report Number M-302.
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This corresponds to a plastie dzfcrmation Mach pumber of 5, Thus

to compute the totel psnetraticn for a particle {mateorite) having

a speed greater then 5000 ft. per scc., Eq. {6) is first used to
compute the psnetraticn s at which the speed 18 slcwed down to 5,000
ft. per sec, The remainder of the penetration % is then cémputed from
En, (9) using V = 5,000 f£t, per sec., The total penetration is then
given by the sum s + t. Letting T=e+t, the computation can bs simpli-
fied by joiring Egs. (6) and (9) at Vy Z 5,000 ft. per sec, and the

total penetration T is'then siven by

Loy x 1070 v, for 0 £V, <5,000 ft./secc.
™ FE3Y

v
‘!
1.1+ 2.4 logg o0 for ¥, 25,000 t./sec,

2O E]
i
]
]
]
]
]
]
]
]

The variation of % with V, is shown in Fig. 3.

These equations are essentially empirical end nszlect effect of
shape of projectile and influence of the physical properties of the
metal on the critical welooitiss. Since the basis for the formulas
lies in extrapolating rathar meager ballistic data and theories to
the gmall sizes of meteorites, considerable error may be expectsd,
The present Tresults may, however, serve to oive an indication of the

order of magnitude of theo impact effects.
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Using the results ccnteined in Figs. 1 and 2 which connsct the
diameter and velocity of a metcorite with the magnitude of 1its meteor,
the pepetration at an altitude of 100 miles can be expressed directly
as a function of meteor magnitude, This 1s tabuleted in Table 3 and
presented graphically in Fig. 4.

In a sim;lar fashion, using Fig. 2A, the pensiration at 400 milss
altitude is obtained as a function of meteor magnitude, and this is
presented in Table 3A and Fig. 44,

From Tables 3 and éA or Figs.4 and 4A, one may see immediately
how thick the skin {pssumed to bs of dural) of the satellite vehicle
must be to withstand perforaticn by meteorites of different sizes
(magnitudes). Thus at 100 miles altitude, for a meteor of magnitude
0, the skin, according %o the analysis, would have to be at least
2,08 inches thick in order to resist perforation., For a skin thick-
ness of .05 in. = .00416 ft. which represents the order of thickness
of metal commcnly used in aircraft design, it is seen that the
smallast meteorite which will perforate corresponds to about magni-
tude 9 6r 10, For wvelocities lsss than about 1000 ft. per sec,
the parficles would probably not penetrate the platé at all, but
simply bouncte off. In view of the penetration results presented in
Table 3 for the 100 mile altitude, it is seen that, as far as pregent-~

ing perforation hazard is concerned, msteorites of corresponding

magnitude grester than 12 can cartainly be ccapletely disregarded.,
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PEIEIRATION OF DURAL PLALL BY MLIEGRITES - ALTITULE 100 MILES o

: i

Magnitude Yelocity Pens- Dicmeter of Total Total £
of Muteor of Msteorite | traticn listeorite Penstration Penstration s
Futio Distunce Digtanso §

’l- #

M Vi ft./ssc. a a, ft. T, ft. T, Inches E

0 220,000 10.2 017 L1734 .08
1 213,000 10.12 L0126 2751 1.53
2 203,000 ~10.00 .0092 .092C0 1.104
b 189,000 9.8% L0068 .06684 8021
H 170,000 9.58 L0050 - .0k790 .57h8
142,000 9.17 L0037 .03393 L0716

5

6 112,000 8.58 L0027 .02317 2780k
7 82,500 7.8% L0020 01566 . 18792
8

56,500 6.90 .001k7 .0101% .12168

B IR M2 R " o i W SR

9 36,000 5,84 .CC107 006245 | 074588

i
10 19)500 L W32 .00079 '003)415 .Oh0956 ’:

1l ' 8,200 2.e3 .00058 .001322 .015864

X SR LI ITOAR

12 2,500 0.25 Lcocko .000105 .001260

1% 550 0.02 ,0C022 0000096 ,000115
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MAGHITULD VEIDOEYY PEIY- DLAEER T ad
OF VETFOR SIS RSN EIES S SN i{x J}*.J.e O DUREYEATION
#I0 SO PTSWLHCE DISTAHCL
- ) _ B . X
4 Vi PP/ sec i d,1h. V. L ,incnes
‘e (':

0O
u Pt & SN 10043 017 .17'1’5 2 130
1 VAT IRVIUN, 1041 L0128 a0ld 1.572
P A
2 S 3 s Y
D) \.i 9} 1(J.vv ‘(/O(vd .UE’SS l.l“ﬁb

3 230G, 200 10.35 «008H 0704 0.844
4 221,50 16,30 L0060 L0515 - 0.818
5 225,000 10.24 L0037 L0379
5 216,000 10.14 - .0027 L0274 0.329
7 203,000 10.00 0020 .0200 0.240
8 184,000 9.84 L00147 U148 0.174
9 173,000 9.62 00107 L0103 0.124
10 1}54,300 9,35 00074 L0074 0.0869

il 151,000 8.96 L0038 . 00520 0.0623
12 105, «00 8,43 L0042 L00E64 0.0424
13 78,000 7.68 L0032
14 02,000 5470 « 0023 LULEE 0.0185
1t 34, GO0 5.40 L0007 L0002 0.0110
is 12,450 5.35 LUOU13 RS ] . 0.0055
. 4,400 0,90 . L0009 L CO00K 0.00098

13 1,080 3 GO :
Je 0.0%8 U007 < 000004 0.000048 E

Table 3aA
Chapver 11

o od TR R

RS

B




BTULINOTLIW ARG AU TS TOIIT SO NOULBYLINTS Y 0/
o 10 o \8#

“SITIN . 00t FONLILTY

R e

[ S ek

3
et

o
o

s vt Sl 0y

2 B O fpan S oy




o O N

IREY. B-Ax)

: [

OAYE ... ""4{_ 1946 _ - GNTA LONICA . o _PLANT { f MODEL. .. .- Lo 11037

' [t Sro13
TITLE: 1 PREOIIITILRY. D_ulr‘” SIS STA NI S 2N ML... e~ REPORT NO.

Chapter 11

ST ey

rw;
i._.—‘ f T

Comparing the values in Tables 3 and 3A it is found that for
magnitudes of 5 or less tshe increase in altitude from 100 to 400 miles
does not appreciebly affect the penetration., For the smaller sizes
the difference in peretration at the two altitudes becomes more marked,
elthough for magnitudes greater than 15, the peneiration becomes
negligible.

In case the gkin is made of materisl of greater strength and
hardness than dural, stainless stesl for example, the penetration
would be expected to be correspondingly less. In this connection,
however, it is worth noting that according to the experiments reported
in ref., 8, when the projectile size was much smaller than the plate
thickness, dural gave greater resistance to perforation than face
hardened steel when the codparison is made on the basis of the weight
per unit arsa of plate,

Aside from the problen of perforation by a meteorite, the ques-
tion also arises as to what sort.of average impact force (averaged
over & long interval of time) is to be expocted as a result of
meteorite hits. For e given magnitude (size) ¥, if n is the sverage
pumber of hits per hour, W the weisht in pounds, V the veloeity in
ft. per sec., the average impact fgrce F is simply
Y

- W
F“Eo’g";vxleO'T“"‘"—"”"— —————— (lo::)

Fron Table 2 1t will be found that the product of n¥ is constant
-12
and eaual to 1,73 x 10 « Thue the average force of impact is given

by
Fo o, v . LT

L
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which shows that even with the highest velocities considered here,
this average force would be far too srmell to in any way affect the
performance of the wvehicle,

Hﬁving arrived at figures for the penetration by the meieorites
of different sizes, it now remeins to find the probebilities that
the vehicle will be struc¢k by thesge particles. The following nota-
tion will be used,

N = nurmber of meteorites (either tctal or of specified size)

entering the eartHs stmosphere ir each 24 hour period.

Ag= numbzr of square fect of atmospheric surface at a height

of 500,000 feet. The number which will be used here 1is

145

Ay T#x (21.39)% x 1012 = 57.4 x 10 s0. ft. Redius of

earth = 20.589 x lO5 .
Ab; planform area of the satellite vehicle, sa, ft. The number
which will be used is for a triznguler planform 60 ft. x 32

ft. which gives the value, Ay = 960 sq. f%,

Py, = probability that st least one hit will occur in the time T.
P, = probability that no hit will ecccur in the time T. (po=l-pl+)°
T, = probability thet exmetly one hit will occur in the time T.

3
(w0
s

1]

time interval such that the vehicle hes a 80 to 50 ¢hance of

not being hit.

T{C.99) = tims interval such that the vehicle hes a 100 to 1 change of
not being hit,
‘ T{C.¢2%)% time intorval such that the vehicle has a 1000 to 1 chance of
% not balag hit,
gy IR !-f—q_n!
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PROBABILITI®S GF HIT OF A METEURITE AND A SATKLLITZ VEHICLE

3

PROBABILITIES AND TIME IIFFERVALS BASED ON NUMBEE OF METEORITES OF (&t SIZE ONLY J -
Mognitude, M =3 0 2_ ) . 6 4.
Average number of hits per 2.ox1d¥  3.1ux07%) 2.0;10‘5 3.10x1070 7.3x13"7? ',
hour, R , 3 z ‘ = ‘ z R
Average nuuber of hours be- 5.0x10 3.18x10 | £.0x10 3.18x10 1127x10
|_twean hit i =3 =1 =7 ' -6 -5
‘P14 for 2L hours 4.8x10 7| 7.54x10 | h.8x10 | 7.5%x10 | 1.9 x10 |
Pl 270 &7 0% - Tl i o =
Po for 24 hours 1-4.28x10 5 1-7.54x10 '1-4.8::10 7 1-7.54x10 1-1.9x10 f
- -8 | - ~0] =5
pp for 24 hours L,&x10 9 7.54x10 | 4.8x10 7 7.5UxD0 1.90x10
¥ 7| -6 .5 -51
pl.’-or 120 hours 2.4x10 3.77x10 2.4x10 3.77x10 9.5 x10 7,
. it
-& -7 @b - _ - .
Po for 120 hours - 2.4x10 |1-3.77x10 ! . 2.4x10 i-}.']?xlo > 1-9.5x10 5_? o
Lt 4x10"8 Tl 2.uxo0® 1072 1075 |
P Mﬁ_}eo hours B 2.4x10 3.77x10 2.4x1 3.77£10 9.5x g
o 1
T(0.5), hours 3.46x107 2,2 xms j 3.%x107 2.2:106 £.8x10° .
7(0.99), hours 5.0):107 3.2::106 : 5.0x105 :‘S.EXIO)+ 1.27x10b' :
4
2(0.999), hours 5.0x10 3.2x105 5.0x10 3.2:103 1.27x103
Definition of symbols: Pie = Probability of at least 1 hit
Po = Provability of na hit :
21 = Probability of only one hit

L 4
7(0.5) = Time interval to give a 50 to 50 chance of no hit
7(0.99) = Time interval to give a-1u0 to 1 chance of no hit
T(0.999) = Time interval to give & 1000 to 1 chance of no hit
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2,0x107°% 4.95x10 | .0000125 | .0000314 | .0V019Y .00314 314 31.4
5.0x10° | 2.02x10°| 80,000 | 31,800 | 5070 18 3,18 L0318
. - -4 -] . L 26
4,8x10 ? . 1.19x10 0 3.0x10 | 7.54x10 f _‘:3732513.,,3 973 11-5.89x10 | 1:103 11
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2.4x107" 5.0x10 2.0x10"> L.0x10 ? 2.31%10 2 2.50x101 | " 2.5ux1075| 1071630
Mx10% | 1.4x10° | ssMo0 | 22,000 1| 350 | 2e0 220 | 022
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TABLK 5
PHOBASILITIES CF HIT OF A M:TEBBITE AND A SATELLiTs VEHICLE L
PROBABILITIES AND TIMs INTKRVALS BASED O NUMBEK OF METECRITES OF A GIVEN SIZE PLUS ALL THO$

hgnitudo. - -3 0 |2 5 6 in
Average hits per hour, n ,9.0:10'10 5.o7x10‘9f 3_.28xi0'8 5.2ox10‘7 1,31x10°°
>1v._roge numoer of hours be- 'j.()xli)9 1.92.{108 : }.05*107 1.92x106 7.631105 {
_Sween hits, § — ’ ;
9y, for 24 hours s.en10” | 1.22x07 | 7.68x10° " 1’.__25::10'5 3. 14510 i
Py for 24 hours 1-4,8x107° |1-1.22x107 1 [1-7.88x107 T |1-1.25x1077 [1-3.14x10 e
) zbfor 2vbours | w.ex1079 | 1.2081077| 7.88x1077| 1.2501070] 3.14m1070]
Py3- for 120 hours 2.4x107° | 6.10x10° i ___3».9%13"6 62522070 1.57x107"
P, for 120 hours 1-2.4x10"° |1-6.10x10"7 #-3.9&::10"’ 1-6.25x10"° 1-1.57x10-»fi{
P; for 120 hours a0 | baaoao” | 3.98x1070 6.25x1070 1.‘57x13"“;i
2(0:5), hours 3._1&61109 1. 361108 ‘ 2.11:107 1, 3}:106 5.25::105 r
_2(9,99), hours 5.0110" chxlob . $,05010° 1.92:101‘ 163300 |
(0+999), hours ) 5.0x1<>6 1.o2x135 : 3.05:;10“ 1.92:103 7.631102
Definition of symbols: P14 = Provapility of at least 1 hit 7(0.5) =- ’
) P, .= Probability of no hit 7(0.99) =
p; =  Probability of only onc hit ' T(0.999) =2'

‘ i

)
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8 OF LARGER SIZE

7 g 9 __ 10 12 ; 15 20 25
- - - - oLy - -1 1
3.28x10°°| 8.22x107°| 2.07x107° | 5.20x1077 | 3.28x0 | 5.20x10 > | s.e0m107Y s.20x10 1)
5 5 oW 4 L 3 b 2 -2
3.05x10 1.22x10 5.16x10 1.92x10 3.05x10° -f1.92x10 1,92 1.92x10
- . Ty - - -5 42
7.88x107°| 1.97x10 "1 u.e7x10 4 1.25x10 3 7.881}0‘-3 JA17 1-2,63x10 ~ 1-155
- 4 ) - - , =3 -5 =542
-7.88x107 |1-1.97x107" [1-4.97x10™" [1-1.25x1077 | 1-7.88xk0 "] .883 263107 107
- - - - -1 -4 -540
7.88:}Qf§ 1.97x10 4 ’Q:g7xlo_ﬁ 1.25x10 Bﬁ.mw?L§§§}9;? . 1.10x10 3'28XIQw_P_MEQ,?__,_"*
;’104‘ 9.85x1a"4 2.45x107° b.25x10‘5 038 | " .u65 1- 1.3::10‘2w 1-1072710
- i - . B 27 -2710
-3,94x10 4 1-9.85x10 [-2.48x10 3 1-6,25x10 3 902 1. 535 1.3x10 10
L T - T R - -1 -2 ~-2710
3,94x10 x’ 9.85x10 4 2.48x10 3 6.25x10 3 3.79:&0 L 5. 34x10 8x10 6 10 7
2.11x10 0| 8.45x10" ¥ y o | ) -
45310 3.52x10 1.}}1102, 2.11340” | 1,33x10 1.33 1.33x10
} 2 = - _14
3,05x10° . 1,22x10° 5.16x10 1.92x10 5,051%&9_ 1 1.9 1.92x1) 1,92x1C°
2 2 - - -
3.05x10° | 1.22x10° | 5.16x10 | 1.92x10 | 3.05 | | 1.92x10”t | 1.92x107°| 1.52x107°
. ARG .

'A\me interval to give a 50 to 50 chance of no hit

'\ me interval to give a 100 to-1l chance of no hit

‘ime interval to cive a 1000 to 1 chance of no hit

s

{




SIZR R
8 9 10 12 | 15 20 25 30
- “s - -1‘ - . -'1 i
8.22x107°| 2.07x107°| 5.201107% | 3.28x07| 5.20m07 | 50001071 5.20x10 Y| 5.20x10 3
. y R - -
1.22x10° | 5.16x10° | 1.92x10 3.05x0° F-1.92x10° | .1.92 1.92x107°| 1.22x10""
: il 3 T : W Touz00 |
1.o7x10™t | worxao | 1.25x1070 | 7.aexdo o] L117 1-2,63x10™|1-157 1-1072
- o - L -3 -5 S542 -54200
-1.97x207" [1-4.97x10™ 112502077 | 1-7.88xd0™] 883 2.63x1070| 107 1070
" - ) e XY Y I 54230
1972207 | ‘4.97x107% | 1.25x1073 | 7.88x107] 1.10x10 3.26x10 1| 1077 1077
e _- N : -7 - ‘_}. [ S .. E ol " B 9 - o
o | 2asmo?| omao? | Lox o] Lues 1- 1.3x16°7|1-10%2720  |1_3077 110"
-y -3 -3 =27 -2710 -271000
-9.85x10 p-2.48x10 ° 1-6.25x10 .962 f - .535 1.3x10 10 10
- - T R -1 ey - ~2710
9.85x107" | 2.hex103 | 6.25x107> 3:79;}0 | 5.34x10 8x107 10710 | 4om?71000
¥ y y Rk 2 -2 =
8.45x10° | 3.58x10 | 1.33x10 2.11510° | 1.33x10 1.33 1.33x10 | 1.33x10
2 2 H N ) ) -6
L22m10° | 5.6m0° | 1925100 | 3,050 | 1.92 1.92510"] 1.cex10™ | 1.92x107
2 ’ - - - -
1.22x10° | 5.16x10 | 1.92x10 3,05 | 1.92x107 | 1.92x107°| 1.c2x10™°| 1.:ex107!

. to give a 50 to A0 chance of no hit

. to give a 100 to 1 chance of no hit
to give 2 1030 to 1 chance of no hit
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These probabilities and time intervals are presented in Tebles

4 und 5, The formulas by which they are computed are derived in
Appendix G.

Tﬁe metecrites entering the atmosphere are assumed to have a
random distribution both as repgards their surface aistribution over
the atmospheric layer surrounding the earth and as regards their
occcurrence with time, It is assumed that the meteorites travel through
the atmosthere elong the vertical and that the planform aresa of the
vehicle is normel to the vertical.

The two tables are entirely similar, the only difference being

. that the values used for N in Table 4 are based on the total number
: of metsorites of ono size oniy; whereas, the values for N used in
Teble 5 include the total number of meteorites of a given size plus
all those of larger size. A%l the iower regnitudes these twq numbers
do not differ eppreciably, tut at the higher magnitudes, 9 or 10 and
higher, the difference is laf;e snough to be considered, See Table
1, Apperdix G, For this reason the wvalues in Table 5 are considered
to be the more significant ard this table will receive the main
consideration.

Considerirg Table 5, it is sgeen, first of all, that the average
time interwvcl betwean hits does not attain values comparcble to the
contemplated time of operution of the vehicle {say from 5 to 10 days)

until tho meteorite size becomes as small as that corresponding to

. - nainitude 14 or 15. Thus, it is seen from the column for }M - 15,
that on thr avorage, tho vehicle could o 3ruv b 1““ hours before

*
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s Chapter 11

1t would be hit by s msteorite of size corresponding to magnitude 15
or any larger slze, TFor magniiudes greater than 15 the average time
betwean hits becomes relatively small but by this tims the meteorites
are cf-Such small size and velocity that it does not matter., The
probability numbers, of course, show the same generel tendencies as
do the numbers for § and t.

The most important probability to consider, it would seem, is
the probability Py, which is the probability that tﬁe vehicls will be
hit at least once., Or, stated slightly differently, pl+gives simply
the probabllity that the vehicle will be hit, the number of times it
will be hit net being spscified., The probability scale is such that
a probability of 1 means thet the event is certain to occur, while
a probabillity of O means the event is certain not to occur. Con-
sidering the values of Py, in Table 5 for the 120-hour interval (5
days), for instance, the probability of a hit is less than 1 in a 1000
(i.e, 0.001) for all magnitudes of € or less, At magnitude 15, however,
the probability has creatly increased and shows that there is only
about a 5C - 50 chance that the vehicle will not be hit., Here again,
however,. the size of th2 particle becomes so small that ewven though.the

bility becomes high, iﬁ does not matter as far as damege to the

vehicle 1s concerned, For magnuttudes 20 and alove, the vehicle is cer-
tain to be hit, but it certainly will not matter considering the small
size of these particles,

Considsering next the rrobability-bosed time intervals, we sse,
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o Chapter 11
for ezample, that if we specify a 1000 to 1 chance of not being_hit

by a meteorite of correspording maznitude 19 or less, the vehicle

may operate for 19,2 hours. If the probability number is relaxed

down to a 100 to 1 chance of no hit, the operating time increases to
192 bours, ete.

It is interesting to note that at around msgnitude 15, the
probabilities vy, , ¥, and v, , ell take on compurable values, show-
ing that somewhere in this range of magnitude the occurrence of these
three events becomgs more or‘less egually probable,

In generel, the probability tables indicate that for the meteorite
sizes which are large enough to present a perforation hazard, the
probabilities of a hit are quite small, never exceeding about 0,001
(for a reasonable plate thickness say, of 0.10 in.)} or about 1 chance
in 1000.

Havins the relation between T and M (Fiss, 4 and 44) and the

relation between p, and ¥ (Teble 5), one rRy then derive a relation

ll"’

between T and Piys where Py, is the probability that a meteorite of
corresponding magnitude M will just perforeste a durel skin thickness
of amount T. This reletionship has been derived snd 1s shown in Fig.
5, for the two altitudes 100 miles and 400 miles. Thsse curves

represent, essentially, the net rssult of the porforation and proba-

bility study when presented in the rnost usable form.

ince bk relation of the typc shown in Fig, 5 has been deter-

[ €]

mined only for the case of a & day time interval, we shall supposo

that the veldcle 1g to operate for a period of 5 days. We then,
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for example, mey ask what i1s the probebility that a skin of say
0.12 in. thick dural will be perforated by & meteorite when the
altitude is, for instance, 100 miles, FReferring to the 100 mile
altitude curve of Fig, 5 for T = 0,12 in., it is found that Pl* =1z P
z .00%,. .. Thus, for the chesen condition the chances are 1000 to

1 that the skin will not be perforated, For a skin thickness T = .05
in., the probability is P+ - .0048, and in this case the chances

are only 202 to 1 that perforation will not occur, There is not

much point in considerins values of T << .05 in. since at least this

mich thickness would be required simply from considerations of struc-
tural strength,

The use of tho curves of Fig, 5 may also be considered from the
reverse pecint of view, Assuming operation st 100 miles altitude,
suppose we are willing to take a 1000 to 1 chance on the occurrence
of perforation, and then ask what the skin thickness must be, For
Pys = 001 and at 100 miles altitude it is found that T = 0.12 in.-
These examples are sufficient to show how the perforation - pfoba-

bility-time curve 1is used,

3
q

[, . . . . " -
ORI RRNEY L I LR T R M MR e N AR T D e B, ST AN SO R S T SR A R TR R L R R S AR R L T




e g~ a -

. Srrdin wbipndi, .. PLANT
P {‘7[)
[ I S S U S APV RO BT o -

s i U AT AR e | tedl R N A S Y ST T R TR T A A AT TS

Chapter 11

; Fr;,.« e e e !‘el‘,:‘w\‘,,
L@jt'i vi NN Fowy ¥

*
14 [P PN T e At oir Tol Lo T T O T
dode oG s s T CrnlDoln YUT Lf-‘L,I\‘.Nu./

+3

Temrerature of Vehicle vien con the Orbit. - The temperztures

regched Ly the vehicle vhen it iz on its orbit sre cslculated by conoide;
ing tre process of Tadistion of hest from the sun and esrth to the body,
end froo the body to spuce.

Suppose, to bein with, thet the simple iilustrative exsmple of

f

b

ST s L L e Iy S o Te Sy SR E AT ST L iV (RS

«ting of the earth by lhe sun is considered. It is desired to cam-

o

tiie h

¢4

pute the usverage temperature of the esrth's surfece. The roate of hest

OJ)OJ
et
il
=
e o~
-
a
w N
=

where
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c,
8007 ., sun's surfece temperature

d
s

#

864,000 niles, sun's diemeter

Tnis enercy troevels into space on spiuerical surfeces, snd therefore the
fr-cticn of this enerpy which ls irtercerted by the earth ic ecual to
tiiea percentese o' the sres of tihe snhere, of rodius ejuel tc the distanos
fron the =an to tie esrth, which is blocxked off by the earth. This nust

further be multipliec by the sbsorptivity of the eusrth. Therefore, the

avc 4 7

[ ("T'“ 4 S PN
—¥ = T 15d | == 2 2}
at 8 s 4i7L (

3
i)
S SN TS RO T N T e WL T e e e T T R s %

E ML LT, LR LR

EXLOURSR AN aat Y



~ e vy _/’1 ~ory
P¥4 P ) QLT ‘A-II‘ . MODEL:_ H QJJ_‘
oave:_iBY 2, Iy4Ab N - VA AL S PLANT r7 SRR
— . - e ot
Y LEOISL O L TLLUIATLN FAEAR 0 MO _ REPORT NOiim=ll

fl

in which a sbsorptivity

1}

A = projected aree exposed to sun's rays

=
]

distence from esrth to sun, 93 X lO6 miles

The rete st which the esrth rsdistes heast is

%%= UeTiTﬁi | (3)
dere, € = enissivity

Te = avers.e surfece teaperature of earth

de = dismeter of earth, 7920 miles

O §.
then hest is radiasted out ss fest as it is ebsorbed, eguilibrium condity

exist. This is obtained by setting (2) equel to (3).

b o2 Gl

. - 4o 2
oT, TR L ge Te nde

I3

From this is found, after setting A = nﬁi/&, ard € = @ by Kirchoff's

law,

~
&)

(4)

2
ST (5)

Usiny the values noted autove, we find T, = 520°R = 6OOF, vhich is in

T
®

]

re-sonstle sgreement with our everyday experience.
Yow let usLooply & similar snelysis to o sstellite vebicle. The
venicle will slternately he in front snd btehind the esrth. Supposins

that 1t is in front of the eurtn for o sufliciently lona time to resch

ecullibrivm, the rovernins relotion is

2 Cnr A P (.24\\; ‘
G”;ﬂs - +:ﬁexm m— GGTA 3 (6)
Gt e~ Ve ¥ ’
£,

—,
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vhere the gymbols are es noted previously except fer

A = projected sroz of vehicle gs seen from esrth
ve

A = effective projected ares of vehicle a3s seen from sun
T . = tempereture of vehlcle, in front of eerth
S = surfasce ares cof vehicle

fsein essume a =€, end simplify (6). 'I‘e cen ve eliminated by the use

of {4)» This lseds to

L2 o
Lo Ts“s i Avs Ayl
T’\‘-f-— 2 '\ A’f. + S ! (7)
1615 L % v o

now it is necessary‘to detcrmine the ratio of projected to surface areas.
The vehlicle is conicel in shape, with an sltitude of 16 2/3' snd a base
diameter of 3 1/3'". If the velhicle exis remains tengsnt to its orbit,
then

e _ 5 % 3.33 x 16.67 R

VST % 10,67 X 3.33 40251 3.33°

The projection of the vehicle gs seen from the sun is & ocircle at "dawn"
groduelly chenging to & trisngle at "high ncon" end then going back to
a circle et "@usk". The menn fourth rcot of the projected srea raised

to the fourth power is

A
VS . 15,3 x 292 -
8 e - S A ey = 0403
‘JV .b X ‘,.)3 K 100
! o
lionca S '
b s s
' ff = 130 == 1010 T (3)
161" °
or v . 0. a
T,.= 1.02 Te = 53071 = 70F.

I
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Chapter 11

If the vehicle were bebiind tihe ezarth for ¢ tinme great enoursh to producs
equilibrium temperctures, then the eyuation governin: the situetion is

14

like (6), but without the first term.

. .
cle 1 TJ Ave =0'5Tvr5 Sy
do A

This is resdily reduced to

4 4 \
Tvg = .29 Te (10)

It follows directly thst

Tee =032 1 = 581°K =-19°F

Y&

Thus we hgve shown th:t t he tempersture of the vehicls must lie betwesn
the limits 70°F. end -79°F. To find just where, between these limits,
the temperatur:s lie, it is necessary to set up the differentisl equatior
relsting temperatureé vith time. The net rate of hegt trensfer for the

body in front of the eerth with respect to the sun is

~y) T4 * Ay -4 g A * g
v - -] Ve =T
— | :("-5\-1‘ 51y U»Jt —t -0l D
«Xt_i- S 4T e e nlié F
r .
using (4), putting @ = € | and simplifvins, we find
- - 4
[N N IR S (11)
P, + T& )L- - - 11
¥ 1 V. i L
}t);— L ‘u(—, r_
For the vnlues used rreviously,
~ - —
Qo Ta e ) 2)
-—\—r T e N;_Jo RO (12)
\ v
\.LJ_"F
Tiie specific hest is defined to be
. A
o (13)

in walch 3 18 the velgpht of the velicle. From this, it is sean thnt

R \,;’ Al ——
-4 . — o~ [Nl § f\ ] .
; a1 AL e - — (14}
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N R 1.

{12} can then be reduced to

alve reSy Ty ?-i]
— CoaY -

There sre seoveral calculustions which cen be immediately mede using

(15). First, for esuilibrium, dTVE/dt =0, end Typ = 530, This
checks the celculs=tion msde rreviocusly. Second, lie grestest rete of

X . . s
hesting occurs whean TV is least, and the least value of TV is 3317°R.

Using that velue, © = 1.0, C = .12 37/16.7F, snd ¥ = 300 1b*, we
find 8T/at = 265 F/iir.
An erpression similar to (15) can be set up for the time when the

vehicle is behind the esrth. For thst case

O:T re 9 o4 A .
Ra- S5 T g ] (16)

ii ) g

. R : s O
Here the mzximum rate of incresse in TV is 2lso 265 F./hr. Since the
half-period is sbout .75 hr., it can be seen thet the tompersture
changes will tend to be larze.
The meen tempersture, T, , can nor be obtsined by assuming that the
ol
rate of change 5f temperature is constant, end then
a4 4
TR Y- TR S
Mt ~a
From this we find that
T 2 47%R ~ W°F
An estincte of the linmits to the tempersture variation on the orbit can

now te found Sy esleulsticn of the rete of tempersturs chanee st this

mean tennersture.

* o . ad - . : ;
; ctrucsturel welsat only, Ferlocd socumed to be insulested from structure,
3
| ol iR TIY o 3 SRR S AT S SRS RRIE G 4 R bt g N L Lt L R T TSI NN IRT e . % »
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Chapter 11

AT TL0N,
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. H i
1 Wk

end using the previously noted numerical velues, we find the rste of
chsnze of TV’ et the meen Tv, ie 132OF. per hour, or sbout lOOOF in
the time reguired to mcke s half revolution.

To obtzin the grsph of temperature as e fuﬁction of time, it is

necessary to return now to (138) cnd (16). Inserting the velues for the

known constents, we have

[

d.’VF , ’°'L i/' 4 *A

s (8uivis ) (5305 'VF) (17)
and

CLTVQ . Sy Tt 4y ' 18)

N R/ I RN R PR T (

¥or (17), we have

JT YR, ‘o
R 2re
7 ) A, A
i L lnadt) s )
A5
a
Now
i - | } [ i ‘\
N e 1 :
. wWep Tat \\_,-,'1 - bl Jrabt o
3 e | "\‘
y S i ,
- - t e W e w\ \ i
T 2 3 Loaog N
Ta L xR la N &= ','\"0/,(
.
.4 Ju : P
¢ L , Y + v~ -~
. oL a b =0 aaD.
Hence
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when the vehicle is in thie sun.

Egustion (18) leads to

At P /!T
— 2
4 i o
ut| \ 8Ll »io Z) JT TVG - LR 4
and V[)'
Lol A ‘ | \ T B T )
N P S T L I N VUL NS S S S
80
IS Y - ,
t -t "“Odki’;v\ -"Y{f,__ ‘5‘ - tys, = 33 \
: 2
a, T 58 lyg ¢ 334

when the vehicle is in the earth's shedov.
Equetions (19) =nd (20) were used to obtsin fig. 6 , which shows

the time vsristions in temperaturs.

The calculetions mede up to this noint have considersed only radie-

tion phenomenon. It is necessary also to investipsnte the neatins due t¢
friction., As in the cese of thu druos culenletions, verious resimes of
hest trensfer arise, dependine primarily on the speed and sltitude, Tus
orbit will he of necessity chosun to be et asn wltitude so great thet

kinetic¢ theory methods may be used bere for computing heat Lransfer.

fer lerger thun it ponv?iv i,

P T~
w1ll cezin with simple soounntions wineh w111 tend Lo 1uke the hcat/}#n
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Chapter 11

Consider a surfece of the vehicle of unit sres. Then if I is the
number of molecules in unit volume, V is the vehicle speed, ond a the
gnzle betveen the surfrce and the direction of motion, the number of
molecules colliding with unit nres in unit time is KVa. Fach nolecule

o d - R T2 e - 4 o £ l d ‘h
hes en eneray(l/YpV", where 1 is the mees of one molecule, snd where
ve disregrrd the rendcm velocity beceuse it is small compsred to V.
The enercy of all the molecules which strikes unit area in unit time is

evidently

{21)

m
"
[ e

T
7
<7
o2

"
}—
[
<
P

The ssme number of molecules will leave unit ares in unit time, but

. ] Q7
their momenta will be different. e will mexe the sssumpticn thet the -
molecules enter the skin surface, comeo to thermsl equilibrium with the

skin molecules, and then are discherged in random fsshion. The energy

lesving the skin unit sres .in unit time is just

LoVl 4
wt TS (22)

where CV 18 the moleculer measn squere speed corresponding to the skin

¥

E

tempersture. The emergy left in the wall is

-~ St oq
\ 3 (S

Co=-aVs - — |

AL 1) - Ve (23)

Wow by assuming equipartition of energy et the akin surface, vie have

S I s
1Mo e R (24)

where X is the moleculsr weisht of air, R is tie universal gzo constend

‘ and T, 18 the tenperature of the wzll. Tlimine ting C Letween these

»
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g

eyuations legds teo

~ { \1 - . P— T\\ ’?
-z o~ n Xx L=~ Ao T ~
, PR T M (25)
m
T{ 1{:.
The most pessimistic csse is thct in which3y -~ 1s ignored compsred to
A V‘.

unity. If, eiter moking thet essnumption, the rate of hest trensfer is
found to be smell then since texing the edditional term inte sccount
nakes it yet smaller, the nerodynemic heatine cen be ignored. This
assumption has the physicel nmeaning that ell of the enerzy of the on-
comins mclecules is left in the skin. Convertingz to BTU, v»e hrve the

heat transfer into unit asres in unit time,

Q0
o -‘5‘/\' A (26)

The following tsble gives values of the heat transfer ot seversl alti-
. U
tudes and st orbitasl srseds. u i1s. 0.1 rsdéiens. J is 774 ft. lbs. per aﬁ

ALTTTUDE DINSITY SPLED T TRANGFLR RaTE
i‘i les Slugs/eu.ft. F.P.S. BTU per g¢.ft.per sec.
=3 6 *
0 2.4x10 25,500 3%10

100 1.07x16%° 25,660 105*

200 1.7213%2 25,300 32104

300 1. 33(1516 %5,000 12157

400 6.1x10%7 24,700 6x15°0

It 1s obvious thet tremendous clsmgee in hest trunsfer rste tske plece

as gltitude is chouged. In ordsr Lo get a8 sesle with which to determine

RLTRIE TR

the importunce of the ameurodynunic heeting, we calculste the radintion

output of the same unit ekin sren thet wus consideved above, This is

: o~ Y A VLT S A I
8" - BT da
* o Y, [ “« N &

R
LR
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which has a msegnitude of 2 X 102 BTU per so. ft. per second. It can A

seep thot the radiatins pover is extremsly larce compered to the rate

B e
of heat input, so lcanc es the eltitude is not below 200 niles. Itﬂss&
justified, then, to nerlect the zerodynamic heagting for the cesec of
the cruisinz altitudes.

At the lower altitudes, where sercdynenmic hesting is important,
more c¢etailed expressions for serodynamic heating ere available, and
thase are discussed in other portions of this report.

It wes assumed in these celculations, that dsy end night for the
vehicle occupied equal times. That statement is approximately true
only if the sltitude iz not greet. The veristion of length of daylight
and night is shown in fig. 7.

The tempsrstures ccmputed here are, in genefal,'low compared to
.wh&t we ordinzrlly taink of es being "normal™. There are several method
of controlling the temperaturs level, and reising it, if desired. First
if the missile 1s steered around its orbit so es to present -its meximum
projected area Lo ths suniat ¢1ll times when it 1s in the sunlizht, a.
gain of BOOF. in mean tempersture cen be had. Cecond, reducing the
gmisgivity will rproportionstely reduce the magsnitude of temperature
fluctustions, although the nesn temperaturc will te unchanged. Third,
surtaces of aifferent values cf emissivity {(lower, svey fram tha sun)
¥1ill rige the mean temperutuve, Fourth, changine the plene of flight
to one including the ecvth's axis ond =t the ssme time perpendicular to

the wun &t all times and rolse the rmesn tempersture to 7OOF.
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Larodvormie Contrel while on Crbit. - The use of aerodynemic contro

is devencent on the ahility to develop stsgnstion pressures (or indicsta

E (=4
girspe=d) of rsasonebly lurre order of marnitude. The stsrnation pressw
in turn, ceyends on the etmosiheric density snd the vehicle speed. In
the present case, the orbital speeds ere high, but st the deslirsble
cruising slititudes the densities are extremsely low., This follows direct
1y from the fact that the densities must be kept low s0 thst the drop

per revolution is slso low. The following teble gives velues of tlre

indiceted speed, Vi’ for several eltitudes, where

' v, =Tele, v

end where the stagnatlon pressure g, is

Hsre po 1s standard sesz level density.
ALTITULE SPEID DELSITY INDICATED SPEED
wiles ' T.p.5. S5luzs/cu.ft. f.p.s.
0 25,900 2.4x10 C 25,900
100 25,600 1.07x15%° 5
200 25,300 1.7:15%3 0.2
300 25,000 1.3x1516 0.006
400 22,700 62152677 0.0004

How the force per unit erez which con be developed by serodyummmie

magns 1s in the corder of

ARGy

BEE S RGeS YL




ST BICA .. . _.PLANT MocsL LU

DATE: .. .L-::AE ji,-.l?tlb.,. . R . U S 1 ~-Uu . _
. . _ e o - oL a 11
P~~-‘L.L h Wil ;—.u\_ I ’n ;_-f o 4 i.»..:.i..l.f ‘v m..\.uu‘ o _ . LDl mspoor wo M
FITLE: . . : LTo : o
Wﬂ’ P A Ty, R R TR RS P VTR, v, TN O, STV T e O .-.53','5‘\!2}..}&.‘11.*Jjﬁ&m_ﬁffﬁw”mmmﬁim BREART
5 Chapter 11

Tt

(= RO

At 100 miles eltitade, F/S is sbout .025 1b., aﬂd for sn sres of
50 sq. ft. & force of 1.25 1b.. would be developed. Thus, since the
velght of the vehicle is zbout 1000 times this force, we see thet it is
hopalasé to obtain sccelerations or baleacins of wei~ht mements through
gerodynamic mesns. The only use of such controls gt high altitude would
be to bulance cther aerodrnenic forces or moments wiich, of course, woulc
be of equally snaell magnitude,

that the 1lift dreg ratiocs at high

D]

Another factor of importsace i
gltitudes are in the order of one. To avoid leosing sltitude while mene-
euvering, it would be necesssry to counterect the dreg by thrubt - the
thrust being of same magnitude &3 the 1ift. It is obviously more
econcmicsl to use the thrust force for lifting to begln with, and to

disponse with the sercdynesmic caatrol.
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PROBLEMS AFTER ORBIT IS RSTABLISHED

set rudders becowe inoperavive and otuwr means nst be ador

extremaly rarelied alr

[5)]
“
Fae
=
(&)
o
]
e
cr
w
Qo
)'4
o
F2e
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the attitude of the i

ol the lenospiere it may seen unnccessary to head the missile in the

[}

direction of its path tecanse dras is negligible. qowever, if a definite

nrientatlon of the missile is aeflred, be it for purpoaes of orienting

missile-borne instraments, cof rezulating temperature aboard or of siidin:

the missile-on a descent into the lower almosphere towards a slow-down

cand eventual landing, then means to turn the missile delibsrately must

be provided. Two such means have been proposed - viz, (1) wmissile-borne

flywheels which when impelled will im@art an egual and opposite angular.
monentum to the missile and (2) small torque rockets.

The feasibility of accommodating adeﬁuate fljzneels in the satellite

missile can be zleaned from the following study. Either in the instru=

mentation uead or in the ring space around the thrust nozzle thers ap-

pcars to be room to accommodate three flywheels; one each for piteh, yaw
and rell. ‘'The projectile weighing aboat 1000 1lbs, emoty is estimated to.
have 2 radius of gyration of 3 ft. An 3" diaveter lywheel wmi-hing
about 2 lbs, vould have to be rotated 50 000 times aé muchy and as fast
as the missile is t6 be turned in the opposite direction by reaction,

provided no exiraneous moments interfere, Sp

&
[
-
o
e
%]
o
[~
o
]

2500 RPI woild turn the projectile end for o
power necessary to attain tnis speed in

runniny would be less than 1/50 HP. The brekins could be doqc by frictin

i the fndheel

less powver would b required if swras fise is zllowed or

nved to control

T

AL &
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is made larzer.
.Actually tnere sﬁould be 1m0 pressing nesd for high rzbcs of tiltinz
he projectile. Tﬁch saallcr rates should suffice for casual corrections.
. :
The’averaée rate of rotation necessary to0 maintain the heading alizned
, with the path is one revolution in 95 ﬁdﬁutes, skout '1/5 of what the

However, there is no

Nel

control device envisaed above could cope with.

reason vhy the orbital anxmular onentwa should not be already Lvaerd

(]

jet ruider action darinz the last phase of the povered ascent Laflore

entry into the orbit.

As to roll control, the lesser moment of inertia of the veshicle in

roll probably admiis of similar attitude control with a smaller flywheel
{ S -

device than pitch and yaw control.

It would thus apoear that a flywheel type of machine to influence

the attitude of the satellite projectile in the absence of extransous

moment 3 poses no serious prohle" from the vie ﬂnonnts of bulk, weizht,

and power involved nor is the apparatus complicated or .delicate.

Problems however, remain to be solved, to be sure. The precision

with which orientation of the missile will have to be predicted or com-

manded remains to be determined and the methods by which the ettitude

of the projectile with respect to its path over the earth can be tele-

metered deserve serious study. Iven thougn the air density st the

orbit altitude is very small, aerodynamic disturbances may yet be com—

rensurable with the control moments considered. If suchk aerodynamic
moments are present lfor 2 laprze part of the time then lhoir continued

eounteraction mry entail the accomulation of larye flywheel momentus.

B T T g A A, T o N RO T S o ST T pces
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"considerations of permissible flimsiness, beca

e ey Chair’c,'er.;._l:-t_..

It would be possible to allow mach lar;er m“ximun flywheel swepds than

the 2500 RPY previonsly nentioned. Limitstions are drawn-by'technical‘

cause the larger a flywheel 3
of a éhosen weizht; w,'is made the loner it can aﬁéoxb‘a ziven tbrque
The time intepral of the reaction moment

that can He put into the flywheel is Jr” it = wi/y = wr V”'Z7§f vheré

while L is the bresking lensth

before rupturing its rim.

¥ and r are welght and radius of the rim
of the material and « the anrular velocity eventually ascguired by the
flywheel., Assuming that the lafgest diameter flywheel of wiiich a pair
could ﬁerhaps be accommodated in the satellite missile is 2r = 3an

an& that the rim is made of steel having a breaking length of 67,000';
then the product of reaction moment in ft.nlb.‘by the time ih‘saconds
that can be defived from.each pound of rim weizht is 60 ft.~sec. before

the vheel would fly apart at 9600 RPL. Some factor of safety would

have to be provided. For instance, a well-proportioned flywheel of

ft. diameter weighinq 20 1bs. vhich would be alloved to attain l0,000
RPi wauld cope with a systematic averaze aerodynsnaic moment of 1/100

ft.~lb. for 10 orbit periods in its plane. This amounts to 2 lbs. of

wheel wei-ht investment per crbit.

vwhile rotors are spinning there will be gyroscoplc cross influenées
vhich may require mutual corrective devices 0ut they are not accumula-
tive over more than ﬁalf a satellite period.

The second proposal of attitude control by reaction énvisages wmiLL
2s e?ﬁuuut recoil mns. Six or eisht such devices arransed to emit

tenentially to the skirt-of the projestile can provide control

L
jets
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Chapter _11

of rotation in pitch, yaw and roll.

If the gun were mounted to fire redially at a leveragezc from the
center of gravity of the projectile of weight ¥ and radius of gyration i,
it would have to develop a recoil force of P = Tt/ glt in order
to accurulate a pitching rate of n RPY in t seconds. Assuning L=y
ft., Wig/g = 300 slugs £t.° and n = 1/20 as before, Pt = 7/8 lb.-sec.

Ir other words, a recoil of about 6 ounces acting for one second or
1/10 ounce acting for one minute would suffice to achieve the specified
effect. The smount of gas to be discharged at supersonic velocities
under some pressure would be of the order of 1/10 oz. each time such
control is given. Such gas could be brenched off from an existing ni-
trogen pressure system or from an alcohol oxygen burner or even én
oxygen vaporizer.

Again the cuestion of how much aerodynamic pitching moment the
control may have to cope with remains to be investigated. If again
1/100 ft.-1lb. average toraque were to be generated continuously, then
only 1//4 lbs. of gas per circuit of orbit rould have to be expended.

On the first glance this looks about 2 times as favorable as the flywheels
but censidering that momentum is no longer conserved for‘moment reversals
the two schemes appear essentially on a par as fer as weleht investment

is concerned. Other me;ns may be considerzd for creating erecting
moments or for <eeping the disturbine moments small. One of the most
drastic ones would be to house the real "payload" instruments in a
spherical snhell and excel it from the satellite vehicle after it is

ecteblished in the orbit,
g
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Loss in ideieht [us to Hesistence vhile on Orhit. - Freliminery

caleulntions on the loss of eltitude as tirme eoes on shownd thet at sltitu
es of wbout 109 milics onlyv smell rates of drop would bte encountered.
Suckh cslculations were brsed on the follovine fomula, obtained by smell

ertervritions from the basic amautions of motion.

LR ic the losz in sltitude per revolution, X s tihe orbitsl redius, D

is the drer, cnd ¥ the weishit. For s necty estimote of dra. one is tempte

1 1 . -
to sty C.o~ pmm==. A~ = gnd then D =
D 2 u!
. -1

usere ! is the ilach number, p the elr density, V the speed of the vehicle,
and 5 its frontel erea. To arrive st s megnitude for p, we assume an
isothsrmal stunosphere. From the condition for equilibrium of the stnmos-
phers, vwe have
dp = -2 g dh
where p i{s the pressure, snd h the sltitude. ¥rom the zes law, we have
dp = dp ¢ R T
where kK is the mes constent,

=3

Combining these two equstinns to eliminste the rressurs vields

ar éh

— 2 e

o T
£

Intesrstion then lends to

log p o= =

o] re
e

.. * const.
A

The constent ecesn be evelusted I savings p o= po vhen b = 0.

f:-f“;-&? g [ e, 3 !
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Then leog p log Po T
23
This cen be written N
"Rk T
n=pe 8

; 0
Suppose, now, the following numerical velues are gcsigned to the guantitie
in this relation.

R = 4,000 x 5,280 ft.

i, = 1150 1lbs.

A= 8.7 sq. Tt.

vV = 26,000 ft. per second

K = v/{?}ﬁZE 26,000/y 1.4 x 53.3 x 500 x 32 = 24

Py = .002378 slugs/cu. ft.

h = 100 niles = 528000 ft.

T = 500°
The density cun essily be camputed to be .48 x lo—ll slugs per cu. ft.,
and the drag is 00059 1b. The drop per revolution is then found to be
135 ft. Doubling the sltitude, meking it 200 miles, would have the effect
of squering the velue of p/po, end finselly chsapging A to ebout ].O-'9 feet
per revolution.

These results would seem to indicate thet the loss in nltitude wes

sufficlently small at altitudes well sbove 100 miles. In the first
pluce, due 0 the extremely low Heynold's numbers encountered at high

altitudes, the dres must be evalusted by unconventionsal methods. Second-

ETOrs .

g ly, the sssuartion of ern isothermal atmesphers cen carry with it lerpe
i
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| Chapter 11
)

For these ressons, s more ccmprehensive study wes undertzken.

re-evalustion of the drer coefficients, tesed on the principles of the

[

kinetic theory of geses wug moie snd 1s precented in /ppendix B. The
revised ‘dpeg coefficients ware found to be considersbly hicher. This
increuse ie seen to bte ressonstle vhen the kneown variations with {eynolds
nurmter gre tcken ihte eceount. In eddition, s egesrch of the literature
wes made in order to errive st tetter estimetes of the Cencity of the

stmosphere,. The results cof this study sre presented in Appendix 4. The

Al ki TSR B R LT S ) et S e SE R S A R RENER 3 5 24 SR NIRIVE At I e B S

folleving tsble sums up the corresctions to the above method vhich cen uLe
§ mace.

Altitude, milses 0 100 200 300 400
Temberature, aea.
Renkine 519 906 1670 AT ‘ 71

1, visecosity,lb.sec./ | }
sgq. I't. 3,7+ 1 5.5x10

p, density, 1b. sec./

l.7x1513 1.3%x10

V, orbit:.l speed,

fps 225,900 25,600 25,300 25,000 24,700

V., ¥ p/po, indicrted -
i X -
speed,fps 125,900 5 0.2 0,006 L0004
- 2 ‘»IL 4 "'2 5 ~7
My, Peynolds no. 2%10 ex10 6x10 2x10 4L x10
i
a "’ jﬁac.‘; NG, ’ 2’2.(\ lﬁn:) 120? ‘1507 1[;'5
Cy, Gres coefficient | .2 1.0 2.9 2.0 2.0
i . £ L =L P nozb ~3
Dra=, 1bs. to3x30 >%3.0 2107 2:10 1x10
ﬁ X . : N v w ol b . Z -1 =3
LR, Cyop per roy., T il 1«10 Ex10 5219 2x1id
! j
A urox. ting to aroyg j i
to enrt: o 1hre P03 L3 yre. 10 canturiec
’ i
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The viscosity deta were obtained, as functions of tempersture, fram

DAYS.
TITLE Aaeec

Chapter 11

McAdems, Heat Transmission, Seoond Edition, p. 411, and Durend, Aerodynsmic
Theory, Vol. 6, p. 227. Using these detas, it is found thet AR is grossly
dirfferent than was calculoted by the first, erroneous, set of assumptions.
The primary csuse of the large difference bLetween the two celculatimns

is the difference between the isothermal and the actual stmosphere. The
large temperatdres Qxisting at grest altitudes causes the density to drop
off much more slowly then would have been predicted by using lower temp-
eratures. The following table, for example, shows the sctuel end isothermsl

(5OQ°R) values.

ALTITUDE p (T=500°R) P(ACTUAL)
100 mi. 4.8 x 10%° 1.07 x 160
200 mi. 2.3 x 15°° 1.7 x 1932

These differences sre the direct result of the type of temperature veria-
tion asshmed in eech cese. It will be noticed that the révisad values
shown in the table indicate that & vehicle sterting in an orbit &t &n
altitude of 200 miles would remain aloft sbout 3 weeks, Iiiowever, when

the accuracies of pbo assumption underlying these celculetions ere examined
oritically, pertioularly the vslues of density in the upper stmosphere,

it is found thet the duration figures msy yet be in error by s factor of
1000, PFor this‘;éason an asdditional line is included in the table showing
the lower. 1imit believed possible for the durstion. Confronted by our

present steste of ignorence, one cen only conclude thet the minimun initial

sltitude for a satellite should be 200 miles while the recommended sltitude

: . |""‘

would be between 300 and 400 miles.
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An irmortast ultimste coml For any v=hizle nust be that of carry-
ing humor beinss with safety, One ovstacle which seems to stund in
the way in the rresent cuse {s the rrezt energy stored in the vehicle,
a part of wrich serves to hest the vehicls on descending into the

e stwly which follows is an attemnt to show the

5;}

lower atnoschere.
feasibility of lowering the craft without destroyins it oy firs, so
thet a safe landing ean be made on the surfuce of the eurth.
landinz introaucss primarily e problen of dissivation of the
tremendous erergcy stored in the vehicle by virtue of its sveed, If
for examrple, ware to be converted to sensidble

EX
heat of ths vehicle, the temrerature would vte ilucreased by

where:
W = vehlcle weirht, 1bs,

gccelerstion of gravity, ft./sec./sec,

g
f

vetiicle sreed, ft./cec.
gnecific nezt of vehicls, BTU/1b./°
J = 778 ft. lbs./BTU

choosiny & = 32.2, V = 26,000, ¢

<
"

[e]
)

.12, lends to oT = 112,000 °F,

i

The time reuired to radiate all this enersy into spacs can be esti-

mated as follows:

U
. 2 ¢
Ge i o)
o6 T ad
hers:

= Stefan-3oltzmann constant, 3TU/sq. ft./hr./(oF
enissivity

o,
= vehicle tenrersture, "H.

R Q
#

= yvehicle surface area, sgq. %,
o4

choosing C = 173 % 107, £ = 1.0, and « = §5, W= 1150, leazds to
L :
L&

A L i ) . )
Lt T = ,C40 v 18, If the venicle is zllowed to rasiats at &s
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high a tomperature as lOOOOR., tlen 94 hours .ould bo reguired for

the necossary removal of leat energy. The burning of meteors as

thsy enter tﬁe earth's atmnosphere is a striking exaiple of the type
of phenonenon which might be expected.

Actually the dissipation times will be orly a small fractlon
of that computed above bquuve 2 lurge portion of this energy 1s

5 . left behind the vehicle in the form of heat in the waks. The re-

mainder 1is radlated frop the surfaée, is stored in the vehicle as
heat, or is retain .ed as kinetic emergy to be dissipated during the
landing run on the ground. e deal nere only witu that erergy
which is fed into the vekricle as lLeat, ard which rnust be radlated
back into space '

The solution to the problem puct come froil a method of don—
{rclling the trajectory durins tLe landin- glide so that the heat
input can be dissipated at u terperature sufficiently low tc pre-
vent danmage to the‘vehicle. Such control of tie glide path zust
be aCCOﬂnl1shea by oelodyn mical ueans, iaplyin: that lntmu
surfuces st be nrovided to prevent the veuicle frgn entering the
denser rezion of the atimosphers 100 rupidly. . The frajectory will
noy be investijuted by studying tre heat <low bulance.

The heat input f{rom tihe dboundary layer of =z cone 1is

Q¢
d

PR

=2{Ty - T.) , (3)

&
=
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Chupter 12

where?

heat energy, BIU

£
i}

ct
]

tine, csecs

surface area, sa.ft.

1]
i

[

H = heat transfer coefficient, BTU/°F./sq. Tt. [oec.

boundary layer temperature

=3
b
f

vehicle surface temperature

3
i

Tne heat trarsfer coefficlent has been shown 1o te

. 0.8
02z & (% /3 W

e .
|

it

in which

% = heat conductivity of uir st the tenpe?ature TBL'

BIU/sec/f1/ F. ' :

Z = core length, fi.

<
it

veloc ity of vehicle, ft/sec.

»/p

.
"

1 = viscosity of alr ut temperature Toi 1t.sec/sq.Tte :

dersity of =ir at terperature T.;, sluzs/cu.fte

o
i

&

total core angle, rTad.

The work wiich follous will be much simplified by the arbitrary

agsumnption that the exponent of the Keynolds number be chanzed from

0.8 to 1.0. (4) then beconss

H = 0224 %—-}-; c P ‘rsl/BV - {5}

wherse:

AR ORI M RS O N

ey = specific reat of air uil constunt TresSs AIO, h:‘/lh4;~’vn|

AT H HEE T T

™Y
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The group }\/cén is the reciprocal of the Prandtl number, and
is approxirztely constant. Using O.'f for cpp/k, 0.24 for cp,v and
2 i‘orl‘; , we f£ind
H = 0045 pV (6)
(6) cen now be combined with (3), yislding
9% . ,0045 pVS(T,, - T.) - (n
at BL 8 ,
Now it is well-known that the stagnation temperature is related to ,
: the Mach number by the felatiou
¢ Te T (1 .20 (8)
I Here we use Th f'or the a#bient air temperaiure. Exzverience based 3
on German wind tunnel results has shown that tae boundary. layer :
temperature is scuewhat less than the stasnation tenperature, 80 we
: can write
| Ty = T+ J187) (9)
This relation, conbined with {7} gives tle final expression for the
‘ rate of heut input. '
; i
-g-% - L0045 VS (T + .13:42% - T,)  (10)
The effect of the sun vis_not importent here, as 1is shown by coli~
parison to the flight of iwteors, whiier beeoi very not only on
(. passing through a gaseous atmosphere. ’
:
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Chapter 12

For the heat output, we have the familinr radiation equation,

QS_ =t € L,-
3¢ oS8T, (11)

in which
& = emissivity

g = Stefan-Boltzmann constant

Now we shall define a special trajecfory of descent, one in
which a coastant temperature of the vehicle 1s muiitained. That
= assumption implies, as is shown by reference to eguation {11), that
a fixed rate of hLeat transfer is characteristic of this trujectory.
This fixed rate of heat output nust be ratched by an equal heat in-
ﬁut by prbper'choice of speed at each altitude in order that‘the
skin temnerature not change. The analytical expression cf tLis

tra jectory is obtained by equating (10) znd (11)
~ 4

L0045 pV (7, + .15:,:2Th - 1) =eol, (12)

For uny given temperature of the vekhicle, {12) defines a unique
gpeed for escu altitude. Curves chowiny tiese lide puths for
several vehicle temperatnres sre or firure l.

1 . TPirst of all, since the contours of fixed skin texperuture
are ecsentially hrorizontsl, nu serious heabtin: duc to friction will

be encountered atove the 70 wile level, ut lsast far spesds in the

25,000 feot per second. Sscond, @b Leights below

K

There are seversl important results to be cbinined from figure - j
general order of & g
g

%

]

L1
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7O rdles, 4o toooveorsture yricer o very hish values, unlecss the

the reduchicn in wltitude. To muke o

o.
[
1G]
¥3
0
IS
C-
J
L
-
4
[
o+
-
o

spLC

retore, it is sceessary to ve avle to control

gucce;snful liaw, 1
the specd. Je gunll ucsume, dien, thot winss of smell size will be
used for s.2ed conbtrol durir.; deccoent, wid for muliing landings.
It is innostust to notice at this point that once sufficient 1ift
1s providod ito cortrol tic speed, the effect of hish druas 1is to
reduce the time of descent. arrasnsonents with poor welues of
1ift Gros ratio zre not, for thet reason, out of order hsare.

The guestion arises as to just .hat size wing is required.
Tie ansver to tiiis guestion coues fros considerins the vertical
forces sctins. If wings arve used to slow down below orbital
speeds, then o 1ift on the wings must be dnveloged which is equal

to the difference betweern wel Lt und centrifupsi force.

: - Y
= (1/2)pVEC,50m i - S
L (.L/- o5 i =% (13) J

vagre!

L = 1ift

S = tidne area

e
b
-

= raiivs or orbiv aortite pudivs

3
W
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The parameter b 5 cun roadily te comyuted ron for such of tue tra=-

Jectorico of fijure 1 o Zhe resdts of thsse calculsbions uare

Q-

glven in fiure 2. laxima values of G038 ug a function of skin

L

tenyerature are iveon in Ticure 2 o The voiicle wel;ht was talen

to be 200 lbs. Por those calcoulotiors.

£Hn additionsl congideration which must ba taksn into accoun

iz tre landin: speed. fere CTS iz o function of theo desirsd land-
el

inz sozed according to

TPor «.lundine ot sew level, the landins speeds correspordirg to

several valunes of CLS hove been roted in fisure 3.

wiry wrsas conpatible with

Incpection of fi:

b

reasonable sitin tenmperatures und redest landins opeeds are possibvle

of aclievernent.
. -~ EN “‘o" E A e 3 3 e AP : £

mui temperature of 300 2., (existii f2r only a brief eaction of

the ~lide path) ure consistent with =+ win: area of 30 sel.ft.,

(for C 1.0} even if Vedy 1lift is icrporad. This corresnonds to

L
a 27 lb. wing loadinz.
It can ve concluded a5 a result t1.1i5 study thut it uopenrs

possitle to lide u srpace vonicle down o a lunding on the eurth's
surface without destruction Ly firs or {vom erush landir;. Zhis

2ives risc to o hons of sitonntin: sence flishte in rmin carrying

craft.
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Trhe woceopt o altitude Qifrers fvor the depcent in one Laporte

ext way. ihe c¢lisb siarts ut cere volocity so that the recion of

Lirkh densities is nussed tlrouach velors preat spseds sre built up.

i

In tLe doscant on the ctier nund, the roglong of +

<hodensity und

of LiL hest travcfer coefficiert are traversed at very higl speed.

[

This faet mokeo for emall gairs in tenpercture durin; the clinb.
Tor o skin thicknecs in the ordsr ol O.1 inchies, a temperature rise

of lesg thun one hundred decress Fuirenheit has been coaputed.
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A considsruble smount of study has been dasvoted to the design of

LN PR £E -4 gt I s piov ot BB Wl

a practical gstellites vohicle based upon the principles outlined in the i
;

proeceding chaptsrs, Two wliernatives have been considered, one a four

stage rochket fuelsd with alcohol, the other a two stage rocket fueled

|
|

R 5,0, SRR A0 |

with hydrogen. Of thase the former is lighter, smaller and by far the §
more conservative in terms of research rejuirements, safety and certainty. §
i
It will be described in sone detail as to stuges and technical ccrponents. %
The hydrogen vehicls is a‘much rore speculative projsct, dependent on §
uncsrtain cutcome of more ambitious and dangerous research projects., Its S
3
design aspects ars therefors only briefly outlired in the lust section 1
of thr present chapter for comparison. The three pichures shosu at the %
beginning of the present chaptsr will give an idea of what the vehicles f
and their components are expectsd to look like. A rough weight break- S
down of the two projscts is presented in Chapter 7. 5
Shars and Dirensions,  The shape will be that of a typical pro- 5
Jectile, having a pointed nogse and centourel sities which tager from a f
maximun nidth aft of ths nidssction teo a minimun widih at the base 4
which ig corpatitls wlith the motor exit iiameter and épace requirements 5
for jet-vare controls. The length will be of the ordsr of &0 to 70 feet ;
and diameter about 12 o 14 fest, givirg a fireness ratio between 4:l ) 3
and é:1. Such a vehiele would have a lensity ratio, .029 pounis of §
loaded rdssile per ceubice inch of volure, corparahle to ths German V-2
ratio of approximately .020. This indicates considerable progress ;
5

4 i T i A
: . e A
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towards better utilization of spacs.

Stages. Ths vehicle will be divided into four stages, the pri-

mary or first stage being nicknamed "Grandima", the sscond stage "MHother",

the third stage "Daughter"™, mnd the final satellite vehicle "Baby®.

Baby will carry the payload and inteiligence for all stages, in addition
to its.oun fuel, pumps, motor and guidance, and will comprise between
1/5 and 1/, of the length of the total vehicle. Daughter and Hother
will each carry only fusl, pumps, motors, end controls, bsing guided by
Baby, and will be about tﬁe sare length as Baby. Grandma will comprise

almost half the length of the totsl wehicle, and will also contain fuel,

pumps, motor, and controls, being gulded by 3Baby.

Structure. From the standpoint of size and applied loads, this

vehicle is not ocut of proportion to present day large airplamnes of 50,000

1b., gross and over, so it is believed entirely feasible to use airplen
type of construction consisting of reinforced sheet metal, The possi-
bility of elevated temperatures existing on the surface will probably
elininate the use of alurinunr alloys for skin covéring and require the
use of high strength stainless steel. Motor lecads in any stags may be
carried into the outer skin of that stags by a truncaied cons diaphragnm
extending from the motor bage to the outer skin, The thrust load of
any stage can be transmitted into the next succeeding stage by pads on
either the motor tase or outer covering of the next stage. The basae
of Grandma must be anply reinforced to withatand the desd weight of the

entire assembly when mounted vertically ready for launching.
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Although all flight loads are essentially directly along the axis
of the wshicle, some reinforcing mzy be required to account for handling

loads whilse esnch unit is in & horizontal position.

S R TR T e K SRR

Tankege, In the even? that the oxidizer tank does not need to be
insulated from the missile outer skin, the skin will serve as both tank
shell and missils shell., If insulstlion becomes necessery, a double skin
thicknessz will be required, thsreby inerezcing the length or dlameter,
or both, of the entire vehicle. The frort diaphragm of the forward tank
in each stage must be reinforced to withstand internal pressures created

by excess of vapor pressure over outside alr pressure at higher altitudes
¥hen liquid oxygen isused :é sn oxidizer, some form of insulation will
probably be required between the two tenks. This will require a double
diaphragn between the two tanks. All diaphragms can be of a near-ellip-
soidal shape to more nearly approach the optimum weight vs. volume ratio
under the exicting hydrostatic head.

Hotor. The motors are designad for liquid oxygen and aleochol as
the propellents with a mixture ratio of 1.5 (wt. of oxddizer/st. of fuel.)
The motor of the fourth stage is patterned sfter the li;ht weight type
developsd bf‘the Jet Propulsion Lahoratory of C.I.T. The motors of\
1st, 2nd, asnd 3rd sbages ere patterned after the German throatless motor
which was intended for later use in the V=2 and Wasserfall. It consists
primarily of the divergent section of the conventicnal moter with a shert

combustion sscticn the zame size as the threcat added to the frent. The

injector is of completely new design which gave good combustion very
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close to the face of the iniestor. ¥ith tut & very small penalty in
gas velocity this new type of combustion chamber wss adopted in the de-
sign of the motors for Stegos 1, 2 and 3.

All the motors ure regenerativalyvccoled with the Alconhol being
usad as the cooling medium. The Alcohol is brought to the exit section
of the motor where it enters the cooling coils for eirculation sround
the motor. The Alcohol is then directed to the injector head for in-
jection into the combustion chamber.

The nozale expansion ratio (area of exit/area of threoat) is £.0

for the first stage ard 20 for all succeeding stages. The nozzle is

zpansion near the throat and very

)

shaped 1ike z bell jar for rapid
1ittle expansicn near the exit, is will d*rect the jst flow straight
to the rear and will permit the location of the jet rudder control in-
side the‘nozzle exdt.

Fusl System. The fuel system iz visioned as comprising a dual
pump arrangement for delive g the fuel anl oxidizer from the tanks to
the motor through the necessary control and regulator valves. The fuel
can bs used és coclant for *he moter by passing through colls arranged
either helienlly or radially arocund the motor. Under this arrangerent,
both fuel and oxidizer punps would be mounted on a cormon shaft and so
designed that proper mixing ratios would be raintained at 211 cperating
speeds. The pump shaft would be driven by a steam turbine. Past prac-

tice has bean to use the action of a catalyst on hydrogen peroxide to

generate steam for the turbine. The hydrogen peroxide is delivered to

DCUGLAS AIRCRAFT COMPANY, INC.  race .. 20h L
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the steam gsnerator by nitrogen gas under high prescure.

In some casss 1t night be necessary to use multi-stage pumps to
prevent cavitatien, but all pumps must bo designed for extreme light
weight by the use of hollow bluades and other devices. They must slso
operate close to pesk efficiency at design speed and at lcwer throttled
speeds. The design of both turbine and pumps will be facilitated by
the short duration of run.

Various on-off valves must be provided to start each turbine pump
at the proper time, and sbme neang of throttling to prevent excesslve
vehicle acceleration must be incorporated in these valves. A4 control
valve operated by the motor coolsnt must be included in the oxidizer
line to prevent ths oxddizer from prematurely reaching the motor and
causing an sxplosion.

Plumbing to the motor must be provided with expansion joints to
prevent breskage of linss.

Controlz, Tha control system of the nissile corprises attitude

o
&l

and thrust controls for each stage and a common regulator system which

Ao~

240

»,

governs the controls from s central brain station lcecated in the final
Buby unit. The attituds conirol is offected by a eruciform array of
four vanes mounted on radial shafts near the rim of the motor nozzle.
They are tilted on radial shafts by servo motors so as to deflect the
hot rocket gas jet. By symmetrical defleetion pitching or jyawing re-
action meorents are developed. To creats a rolling rmoment a cyeclice

differential deflection is superimposed. Thrust is controlled by regu-

LR R R T A B T R T WA LR A S A
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lating the fuel pumping speed and :ovarned by ”CCGIP”O&3

The master rejulator in the "brain station" comprises an aubonatic
pilot system based on a tri-axial reference gyroscope system and a : I

uiltlﬂT provran vovernor *mlch is des irned to fnllow a prﬂ—get ascnnt : ' L

i “trajectory calculated to enter the orbit smoothly. A redio altimpt @r

as viell ag radio rilde beam or remots cormand recelvers are installed

in the ¥aby mlssile. Their outpuis are mixed with thoss of the auto-
matic rezulator so as to permit overriding the latter and epplying
corrsctlions for unforesecen disturbances.

; . ) s : . . . -
‘ The Raby vehicle is furthsr ejuipped with small reaction moters
p : ENR - !

~desim+d to exercise a moder rate amount of contral of erientation of
* -

the projectile when in tae Orhlt.

g : Telemsterinz and beacon esuipzent will supnlenant the control g :

system by meintaininsg transmission cf tracking and intelliszence intorma

| ]

tion to the r91nd director station. -
iccessories. jAmong accessorizs carried on t're missile are: elec-

tric power plants to supply electric powor t the instrurentation,

12 separabion devicez zad thoir controls;

Ll s Tomde- JUCTE NS S T T A o ‘
f the Taby vehicle lz eestrved ior ine ‘ =

Pazload. The nose cong of tioe

payload and msacht Lo house most of bthe uselal ingtrumentation wWiich is . :

»

to ve carried on the Journey to sscure inibroation rqbiered there. <he

- »load cone dimensions e&s now visualized are =%opt 2 fL. disseter of - |

A",

500 1Ibg.
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i are alotted to its content ag parload prorer. Soma ol the paylouid
% items may ontinnally bs accowsodatod in the annalar space around the |
thrust motiyr ol the Baby vehicle. | ;
; Operstion. 1Wae operational procedurs in lounching a satellite %
: missila.is vienalized essznbially in the followiang manner: All parts
E of the venicle aftef having been proof tested ars Lrousht to the
: launching site where a base with a blast apron and suibable scarfold
have been installed. Here the complete venicle is aszembled upon a
é . launching stand by prorress sively hoisting the lesser stajzes on tapvof
%‘ | the larger ones. All systems are checked 25 each sha;e is completed. -
ﬁ YNext all containsrs are filled from bottom to top and eventuw .11 topped :
: off, and the holst moved awayjto cloar. lIn the meantime 2ll ;round” :
i observabion stations are placed, manred znd tarned. stctual firing _ﬁ
i ;
g is tri;yercc resotely from a protected control station according to :
pre-srranred schedile.
; Hydrozes ilternrnbive. The alternative projact n? & hydro.@n
5 fueled vehicle ps shown in an zoploded view iﬁ o lash of bhe three
; prasent éha;ter, sonld differ Jrom bhe alconol
? 236 woall te much larier, thab it 0 1d be 2 ;
: tiat olaborale procankinns a;ainst’tﬁe janiers of
hydrezen leakaze and evanoration would hrve €2 be‘taken. 'this ié
indicated in tuz pletare v shoving a doatle a1l aroamn tﬁe liqgid
hydrojen tanke Caether the oxoien would evertunily he carried above
(”. t4e hydrozea as chown or rathsr helow ib would nava 4o be lsciiod after

researcn will have clarilisd the confiint betueen advantages =nd dis-

T
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Throughout the pressant desirn study of o satellite vehicle, it has
heen acsumed that it =ould btae usod primarily cs an uninhabited sclentific
ladboratory. later dsvelopnents could alter its capablilities for use as
an instrument of warfare.

However, it must be confassed that in tho back of neny of the ninds
of the nmen working on this study there lincered the hone that our impartial
engineering annlysls would dbring forth s vehicle not unsuited to hunmen

transgportotion.

It was of cource realized that 5C0 1lbs. snd 20 cudbice foet wers in-
sufficiert allotment for s rman vwho wes to spend nmany days in the vehicle.
However, these valuss werc gnfficient to rive assurance that liveble
accoracdation conld bz provided on sone future vohicle.

The first question to be considered in doterminine~ the possibility
of buildinrs e nan carrying vehicle is whether probibitively high cccelera-
tions can bo evoided durins the ascent. The V-2 zave hope that this was
posaible. Our own studles have likewise sghown that the ontimal 3ccelera-
tions do rot exceed about 6.5¢. A ran can withstend such acceleration
for the periods of tims invelved {several ﬁiruuos) if he is properly
supported with his trunk lylng norunsl to the dlrection of the accelera-
tion. 1In Cihapter 8, 1t will be remenbered, the anzlysis chowed that the
perforriance could be inproved a smell crmount by throttling each rocket
motor durins the latter portion of its burning period in order to rsduce

the structurel loads. Under these conditiona, the raxinum accels:ations

could be profitably reduced to about 4 . 411 these findinecs confirm

B e ST R
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that ageent offers

no

inhabited satellite vohiicle.

food snd weter. The

:

balenced viverian ino

neods. eaving these prodvlems to the invintors, we ask ourselves the
engineering guections of whethor we can provide livetle temperatures and
e reasonebls protcetion essingt meteors. In Chopter 11 we have seen that

the enswers are tortatiwml

Lastly we consider

1

xrir A
AR A

insuwrmountable obstacle to the construction of an

Mext we consider the sofeoty and welfern © 8 nnn
kas been astabllighed on the orbit., Popular fietion writers have devoted
cornsiderable thought nd ingenuity to neans of furnishin: him with alr,

which plents rnd ngn completaly sunply each

in the affirmn

tlz problen of sufely returning

inhabitant to the surfece of the carth. In Chentoer 12, ve have geen thet,
with rageonsble 2reu winrg, we can centrol tho descent cufficientlv to

avoild dangerously hirsh tenperstures.

BEL: 3 J“&W»WM«WVMWM«W 7”

Chanler

Y

. am

aftsr the vehicle

these ealutiong 1o that

others

tive,.

the vehicle's

These same wings are adequate to

sccoriplish the final lending on tho curtn’s swrace.

The avove thoughts are far from firal ancwers on this problen.
owever, they do rive a note of cagurance that the wone of an Inhodbited
satellite is not ™tile
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Feouired for sroisct - The proorscs of the pre-

Tatircite of

et o o S e it e o W vt o

liminar: desi-n study preconted in tliz report Las indicated it is
axtrpnely innortent thut at leuct six rmontis addition:l research and
prelininary desi-n work be done on tils project before any defizite
degicn and bnildirg prooram bLe established. It 1s possible by doing
this thot & three to fiva year pro-ru ¢ould be planned wiiick would

tal-e into consideration the technoloricnl advances expectcd during

this poericd so that obsolescence would not overtuke the developuent.

ct+

The above statenment and thos2 wiiel follor in thc gactions on

e

Prozrun ard Costs are baced on the reguiremerte for the ulcohol-
onveen rocret uanito, and not on tie “jurouon voon alternato.s  Ezti-
nates on ile hvérogen~-oxysen wniits ore virtually innossivle st this

(38

tire due to the unlme.un factors in the use of lizuid hyvdrogen.
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Chapter __ 15

Program of Building and Taatlﬂq. In view of the coumplexity of

the job and the increase of its wapgnitouds with the transition to larger
launching stages, which for brevily's sake will be referred to as Baby,
Daughter, Mother and Grandmothor, it will be degirabls rot to tackle

all stages at once but rather to progress from the smeller to the larger
in sequence in order to reap the full henefit of experience gained as
the job moves along. At present the extrapolation from prototyps to
~unpreacedently large mother stages can, by the very rature of such a pro-
cess, only be delicate and groping. The actual size of the real article
‘sensitively depends on relatively small chenges in technological assump-
tions. This apparent uncertainty will disappear as successive tests of
the lesser staze units will supply the inferuwation upon which the design.
of the larger ones can be solidly vased. The smallest baby‘ani daughter
stages however are of conventional dimensions well within existing prac-

tice and experience, so their design can well be immediately begun to-

gether in order to accelerate solution of the birth-aloft problem which
is the most drastic innovation over the existing practices. The manu-

facturing program will te overlapping as dictated by the testing program.

e <

It is anticipated that more of the smaller stage units will be built
than of the larger; and that the stages will be tested individually and
also in combination. Flight testing of any torao part of the entire
4

4, stage eggregate requires some provision of fsiring, otherwise the high

alr resistance in the lowsr atmosphnere is likely to seriously impair the

A AR SRR T B T SR

behavior of the missile., This difficulty is vroposed to be overcome by

RS s
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firing the smalle.

units with dusmay heals.

‘:ummm.‘msmm KR MR o SR AR S5 ™ .mmmmt.m,mmmm- BARRIR

An astimate of

stage units with faired after

ventured in the followihg tables in which capital

bodie

the numbear of units to be built

and the various ccmbinations of the four stages proposed to be tested is

lett

propelled specimens, small letters unpowered dummy specimens.

Chapter __ 15

s end the larger stage

ers iniicate "live®

R T S R S SN S SR U v >§

11ve dunmy
Grandmother 3G lg
| Mother 13 M 2 m
. Daughter 23D 74
Baby 23 B 12 b

4 dummy specimen of esch may have to be devoted to static tests.

fhurker

Combination ' B

of flight tests 12 8 4 4 4 4 2 3 3

Db DB Ml b MDBE Gm G¥d GMDB

The DB &nd MDb and especially the MDB tests will offer opportunities of
carrying telemetering instrumentation aloft which should furnish some

of the dats nsedsd in the final phase of the project. Incidentally, the

MDB agsregate may have immediate applications as a long range missile or
weapon., The last item of the 1list, GLDB represents the firing of the final

article from an equatorial location into the orbit. All preceding tests

except, perhaps ¥OB are expected to be made on domestic proving grounds
with suitably expanded rangs facilities. The magnitude of this construc-

tion and test progrem is of the order of about 100 VR's, on the basis of

corresponding gross waight.
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Facilitles rogulred. This progran is wuch rore in the nature of

an experinmental enterprise than a prolusztion job., It is therefcre im-
perative that Development, Design, Procurement, Logistics, and Testing
be closely ccordinated so az to form a contiruous loop.

The engineering staff will comprise a large part of the personnel
engagad in the project. It will consist c¢f aireraft and rocket power
plant engineers, ingtrument and automatic control experts, snd spsclalists
in the sciences and arts of radio, radar, telemetry, trajectory survey,
artillery and flight testing.

" The manufacturing facilities required will be in the nature of the

experimental shep of a large aireraft factory. As thers will be little

reed for quantity production methods, tooling may be best devised by jig-
ging and in many respects by improvisation and adaptation. Provision for
static tests of the structures and best provided at the manufacturing <
plant; statie firing test facilities for the rocket engines in existence
and under construction will suffice to take care of baby, daugnter and
mother stages. A sultable test stand to run the grandmother rmotor would
3ti1l have to e created. The mother and grandmother units are probably
too big to be transpcrted to the flight test site in essembled condition.
Provisions for part assembly shipment end reasserbly at the test site
will have to be mede for them, This will comprice elaborate cranes, and
scaffold there.

The cperation of the baby and daughter can presumably be handled at

en exzstlng ordnance test range such ss White Sands, N.M. with facilities
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now available therm, Apparatus necessary to hardle the mother stage

which 1s about as blg as two V2's can unioubtedly te develeped in stride.
Wwhen 1t comes to Grandmother which are of tne order of 10 V2's each as far as
weight and fuel 1s concerned, & new yrecblem wilil arise and the question of
whether this phase of the program should be considered at an inland firing
range or located elsewhere, bs it at the seashore or at the eguatorial or-
bit emplacement site remains to be investigated.

Shop and field facilitles for local ersction, assembly, fusling, equip~
ment testing, and observation may have to be largely duplicated at the
equatorial site. The delivery and storsge of fuel and liquld oxygen &t
the equatorial site may becomea sizable enterprise. It may wind up with
the establishment of a local oxygen ligquefaction plant either land basged
at the site or shiptorne on one of ths vecsels wnich will have to be as-
signed to tha entire vroject.

Since the experimental orbit missile emplecement will have to be chosen
within 1 or 2 degrees of latitude, only the followirg locaticns are geo-
graphically eligible: Ecusjor, H.d. Coast of Brazil around the Azazon
delta, French African Congo Coast; Kenya Colony in Central East Africa;
Straight Settlerents and Singaporse, Borneo, Colebes, and finally any qf
the numerous equatorial Pacific islands tetween Halrahera and Howland or
Of these Ecuador and Kenya offer pcssibilities of accessible moun-

Baker.

tain sites. Politicalily, however, it wzuld be preferable to stay in

American controlled territory. For reascns of radio altlmetry e site

near an Fast coust is desirable. Islands for several hundred miles east

g Bt el o Toe

4.3:“" -
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of the emplacerent site are desirable as Mxed observation staiticns. Most g
3
of these consiterations poirnt to the archipelugo north of New Guines as g

the legical regioiin whieh to lcok for islands on which utilizable war

.....

installations may be available. Adequate liviag facllities for the staffs

[

and crews will have to be found or provided st the emplsacement site. Rapid
comrunication and tranéportation facilities tetwsen the site snd the project
headquarters will be a necessity. For the orbital observation and tele-

metering sowe 20 to 50 stationz may have to te installed or positioned in

a bslt around the equator, across the Pacifie Ocean, Fcuzdor, Brazil, At-

EGuseapsom 2SI TR aw N g o

lantic Oce&an, French Congo, Kenya, Indian Ccean and Falaya. All these sta-
tions may heve to be linked with each other ani/or a central dirvector sta-
tion by a repid communication system if continuous tracking and telemster-

ing of the satellite rissile is to be maintained, and particularly if its

return to earth is to be guided.
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At present suificieunt bask round exists to wllow preliminary desiin

studies to bezin whenever n decision to procead is reachsd. However, a

Larted at once because many data

vizorous researchl DiOvaM st also be s

nave to be cstoblistied and estimates veri fied or improved in order to

svoid unnccessary sacrifices of periormance. This research pro}?l“:ﬂxf

Le dividesd into saveral branches ol science:

ead

[ o

Theory of Stractural Falrceent — The snzincering steps wiich
! v

from establijtud probatyne structarss to -reatly enlarsed units ore basad
11 concents of criticsl desizn requirements for various

-

on certain mechanice
parts that perform isfinite functions., Yow:ver, no part can Ye idealls

dasi: ﬂrd for JusL sne function alone; they overlep. 1n order o take

mll advantaige of past cxgerience it will bo nscessary ©d andert.ks a
careful znalysis arnd welfat brezdgdown nf sandrr past and pressenbly pro-

le or long ranis missile pro ojects, in order L0 ascer-

5
{
“
o
}_! .
o
o
to
wi
r
)
o
e
o
"

SU€ClLlC,thFD thzip essential parts are de-

signed and wihy. Sucl anslrges of larger gaita throwr lisht on the de ree

to which conce iona in siape, in margins of guLct 7, in allowiances for

technologica] and pructical exicencies shoild be made.
structursl (mieri.ls - 1h 80ea5 C€ n Lhnt ectensive lave agtisetion

2 the propertiss ol W tcrl is will be reguired, especia ly the

walls, lids, and .oiioas. The possibilli, of

1]
-

to be used for tie tank
itrble sealing and insulatin

asing fabric bag sapves consideration.
e noad ldch b the saue tinw vravent leakaze 5f Lue

raterials nast ©

frel and liquid owrsen.
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of the larme fuel and oxyen tank, a

of competing tarl: desizns is indlczted. ce practical nanufacturing

nsulatinz, plumbinr and other technictl censidsrations enter into the

problem, rescarch will have {o go nacd in hand with design towards evolving

the most advanta:eous compromise betwsen the various conilicting rejuire-

ments. Special uethods may have 19 be developcd to test specimen strud-

tures under sinalated acceleration loade.

Staze Separabtlon = lleans to s eparabe swoothly bthe subsequent sta;

anits when the booster unit fuel is exhausted, will have to be developed

on the basis of sxteasive research into the various technigues previously

tried and proposud, or yebl to be evolved. ‘thess studies may inclule ei~

perimental work with rediced and full size danmy missiles prior to

cation to the full-fledred test rounds. vroblens of accurate tiw

of minimizing the pltch, yaw, and roll disturbances ol the boosted undb
will nave to be solved. Inter-staje comaunicabion of aatormabie rezulation

and comnand sif nermless disconbtinuation upon stage seraravion

snd experiae

will alsc require ressarch, develop:

ek e
[SAVE]

LG

locatlonn. into practical i

serplics to test

and operabing procedurns aad iato tiwc enblire

-

must thereiore be cunpleied Tefore te cobior o sad randiobher O D

17 designed. o rudically nes ~re Skets
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necessary; those well develon:d in experimsntal cirerslt produaction

1,

should be preasonabl s anplicable.
Roeket Fusls - e reasons for choosin- Lijuid Oxyzen and Alcohol
’ .

as the propsllants havebaen explained in Chupter 6., Thsre are, howaver,

several other propellant corhinations which have o hilcher specific ingpalss.

in extensive researsh proiram should be initiased bo sain information on

motor desisn criterla, storaze and handlin_ problsms and the probles of

logistics of such [iele. Sevaral propellant combinations vhich warrant
immediate consideratiau are - |

(1) Liguid :rdrocen end Liquid Oxylen

(2) Hydrazine and Lijaid Oxyzen

(3) lethylamine and Ligald Oxyren

q Awnonia and Liguid Oxyosa

;J-

() Lign
(5) Hyarcboron and Liguid Oxrzen
(6) “itromethones (38 a mondfuel)

S T sl SYET tually prova

by of these after an

superior to tn Ligrid

technincal implicztions

v

Poclkel totorgs - obor vwesenrch G111 aus bo he divected Lovards io-

provements in fnel alxine, coolin, €O e saane, nooxiu acll

materials, iznition, und pressure control. This research is exgpecoed Lo

lead to reduction o7 wel 7t and fnaeonga da roliasbility, nerlor:.
wro unzialle tested Lo tost olbo

and efficiency of ~shors. T.oCksb POLOIE Ll -

. PP " PR . e e tant it ol o md .. Lo s .
epivped with clrborate lzborabtory inebycentabion cnd salely weviss

tﬁose nov exigtent il
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Poelel fecessorics ~ oile no fundueueatal rasenrch probless are lore-

geen L0 be involved in tie sealing up of roewgent Lirbines and pumps to ths

. sy -
arles with tae

sizes nocessary Lo feed the larger stajss, neti probless

1o,

introduction of puxn eonbrol for thrast throtbling, ‘the punp will be

called upon to ererate naur peai afficiens from fu Ll specd down to aboub

fwo~thirds speed. How bast to sceonplish this will have to be determined
by research. o extcensive research into pluniing is Lwrediately reguired,
fed existinz standard fuels are used. However, if some pew fusl is

contemplabed, effact on rﬂqairnmexts for insulation, line sises, valves;

pumps, ebt., mist he investicated. , :

Test Sf'ndq ~ The size and cost of tie vehicle would preclude tie

Firing of test rounds i afree £1i-ht vehicle for the mere purposeé of

#1ll have to be

testing operational Teatures.

o

fired in a vertical test stand for prood

testin~. & tost stand sultable
tn test ran the motier and perblealarly Lhe Spandcother anits will e

fepman ¥-C besh.stand.  Its flame deflection

ennsidarably iy

sed eooling requirersnhe vill be ssvere. e Jeveloprent of such a test

stand vith all its serrice emiposh i1l by o sizakle saterprise dn

$1celf and should unfuld roeduzlly fro bost ermorionce ~ainsd Wi

lezser danshter stasss on &

now avallable, Amon - bhines repiring rronl

bo listed:  the lern th of

went of the job, tiss lo3 of cardrols, muoibudl

the econtrol forees,
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Problemg in ! aodjngﬁics - A vehlele of the type dlscussed in this

report will h-ve to travel through air va rjiﬂ” in 