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This report presents an eungineering enelysis of the pessibilities -of
. . :

designling a marn-made satellite. The questions of power planté, struc-
:turui we;ghts, mqltiplc stages, optimum derign values, trajectories,®
.étability?'éndrlandina:ére'coﬁsidérea in detail. The results ers used
to furnish design;':or tuo proposed vehicles. fhe first is a_four
stege rocket using alcohol and liquid oxygZen as nr0pellunts. The second
is a two stage rocket using liqgid pydrégcn and liquid oxygen as pro-

pellants. The latter rocket offers better specific comsumption rates,

but thiS-is.found to be partiglly;offset'hy the greater structural

‘weight necessitated by the use of hydrogen. It is concluded that
modern tecknology has advanced to a point where it now appears feasiblé

to nndertake the doslgn of a satellite vehicle.
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ABSTRACT

In this report, we have undertaken a conservative and realistic
engineering appraisal of the possibilities of building a 'spaceship
which will cifcle_the earth as a satellite. The work has been based on
cur present state of technolegical édvancement and has not included such
possible future developments as atomic energy.

If a vehicle can be accelerated to a speed of about, 17,000 m.p.h.
and aimed properly, it will revolve on a great circle path above the
earth's atmosphere as & new satellite. The centrifugal force will just
balancq t@e pull of gravity. Sucﬂ.; vehicle will make a completercir—
cuit of the earth in‘apérpximately 1-1/2 hours. Of all the possible or-
bits, most of them will not pass over the same ground stations on succes—
sive circuits because the earth will tumm about 1/16 of a turn under the
orbit during each circuit. The equator is the only such repeating path
and consequently is recommended for. early attempts at establishing satel-
lites so that a single set of telemetering stations may be usgd.

Such a vehicle will undoubtedly prove to.be of great military value.

However, the present study was centered around a2 vehicle to be used in

obtaining much desired scientific information on cosmic rays, gravita-

tion, geophysics, terrestrizl magnetism, astronomy, metecrology, and pro-—
perties of the upper atmospherer F?r this purpose, a paylgad of 500 .1lbs.
and 20 cu ft. was selected as a reasonable estimate of the requirements

for scientific apparatus capable of obtaining resuits suffiéiently far-

reaching to mzke the undertaking worthwhile. 1t was found necessary to

egtablish the orbit at an altitudé of about 300 miles to insure sufficiently
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low drag so that the vehicle could travel for 10 days or more, with-
out power, before losing satellite,speeé:' . .

Tht;.' .or;l’y type 6f“poﬁer plant,c_a.p;a.ble of 'accelerating 2 vehicle to
a speed of 17,000 ﬁ.p.h_. on.t.he_out.q;' lim'lts "of the atmosphére is the _
rocket. The two most. iﬁporbant. perfdﬁance characteﬂstiqé of -a rocket
véhicle are the gxhé.ust velocity oi: -t.he roclg_ei'. and the ratio of the’
weight of propellants to the gross weight., Very careful studies were
made to estahblish éngineezing estimébes of the values that can be ob-
tained for these two ch‘ara..cf.eri"st.ics.

The study of rocket performance indicated that while liquid hydro-'
gen ranks highest among fuels havinz larée exhaust velo;*.itias, its lom
density, lbw t.enq:erétt;re and wide explosive rangé cause great trouble
in engineeri'ng glesign; On the othe.r hand, alcohol 'though having a lower '
exhaust velocity, has the benefit of extensive developrnenﬁ in the German
v-2. Consequently it was decided to conduct parallel preliminary desizn
st.pdies of vehicles using liquid hydrogen—liqtiid oXygen and alcohol-
liquid o::':ygen as propellants. o

It has been frequently asswned in the past ﬁhat structural welght
ratios become increasingly favorable as rockets increase in size, and
fixed weight--lj,téns.- -such as radio equipment become insignificant weight
items. However, the study of weizht ratios indicated tnat for large sizes
the welght of tanks and similar items actually become leas favorable.
Consequer_:.t.ly, ;'t,l'l‘ere ia an optimum middle range of sizes. Ilmprovements
in weight ratios over that of the .Geman ¥~2 are possible only by the
slow procéss of technological developrent, not by the brute force methods

of increase in size. This study showed that an alcohol-oxygen vehicle
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could be built whose entire structurai weight (including motors, con-
trols, ete.) v;_'as about 16% of the gross weight. On the other hand,

the difficulties with liquid hydrogen, _such as increased tank size,
necessitated an entire structural weizht of about 25% of the gross
weight. These studies also indicat,_ed that a maximum acceleration of '
about 6.5 times that of gravity gave the best overall performance for
the vehicles considered. 1f the acceleration is greater, the increased
structural design loads increase the structural weight. 1I{ the accelera-
tion is less, rocket thrust is jnefficiently used to support tiae weight

of the vehicle without producing the desired acceleration.

Using the above results, it was found that neither hydrogen-oxygen

nor alcochol-oxygen is capable of accelerating a single unassisted vehicle

to orbital speeds. By lthe use of a multi-stage rocket, these velocities
can be attained by vehicles feasible within the limits of our present
knowledge. To illustrate the concept of =z _multi-stage rocket, first con-
sider a vehicle composed of two parts. The primary venicle, complete
with it s rocket motor, tanks, propellants and controls is carried along
as the "payload" of a similar vehicle of much grester size. The rocket
of the large vehicle is used to accelerate the combination to as great

& speed as possible, after which, the large vehicle is discarded and the
stnall vehicle accelerates under its own power, adding its velocity in-
crease to tnat of the large vehicle., By this means we have obtained an
effect.i\;e decrease in the amount of structural weight that must be ac-
celerated to high speeds. This same idea can be used in designing ve~
hicles with a greater number of stages. A careful analysis of the ad-

vantages of staging showed that for a ziven set of performance requirements,
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an obtimum number of stages exists, If the stages are too few in num-
ber, the requi;éd velocities can be attained only by the undesirable
process of exchanging payioad for fuel, 1If they ares too many, the mul-
tiplication of taﬁks, motors, etc. eliminates any possible gain in the
effective weight ratio. For'th; alcohol-oxygen rocket it ;as found'that
tour stages were best. For the hydrogen-oxygen rocket, preliminary analy-
sis indicated that the best choice for the number of stages wﬁs two, but
refinements showed the coptimum number of stages was three. Unfortunately,
insufficient time was available to change the design, so the work on the -
hydrogen—oxyzen was completed using two stages. The characteristics of

the vehicles studies are tabulated below. Sketches of the vehicles are

shown on the dréwings preceding page 203.

Vehicle Powered by Alcohol-Oxygen Rockets-
Stage 1 2 3
Gross Wt. {1bs.) 233,669 53,689 11,829
Weight less fuel (1lbs.) 93,6693 21,439 4,729
Payload {1lbs.) . 53,689 11,823 -2,368

Max. Diameter (in.) 157 138 105

Vehicle Powered by Hydrogen-0Oxygen Rockets
Stage _ 1 2
Gross Wt. (lbs.) - 291,564 15,34
Weight less fuel (1bs.) 84',56:.. 4y 464
Payload (1bs.) 15,364 500

Hax, Diame@er (in.) 248 167
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(had three stages been used for the hydrogen-oxygen rockets, the overall
gross weight of this vehicle could have been reduced to about 84,000 1bs;
iﬁdicatiné‘éhis éqmbination should be given serious consideration in any
future study). |

In arriving at thne above desizn figures, a detailed study was made
of the effects of exhaust vel?city, structural weight, gravity, drag,
acceleration, flight path inclination, and relative size of Etages on the
performance of the vehicles so that an optimum design could be achieved
or reasonable compromises made.

It was found that the vehicle could best be guided during its ac-
celerated flight by mounting contTol surfaces in the rocket jets and ro-
tating the entife vehicle so that lateral components of the jet thrusi
could be used to produée the.desired control forces. It-is planned to
fire the rocket vertically upward for several miles and then gradually
curve the flight path over in the direction in which it is desired that
the vehicle shall travel. In order to establish the vehicle on an orbit

"at an altitude of about 300 miles without using excessive amounts of con-
trol it was found desirable to allow the venicle to coast without thrust
on an extended elliptic arc just preceding the firing of the rocket of
the last staze. As the vehicle approaches the summit of this arc, which
is at the finai altitude, the rocket of the last stage is fired and the

vehicle is accelerated so that it becomes a freely revolving satellite.

It was shown thal excessive amounts of rocket propellants are re-

quired to maxe corrections if the orbit is incorrectly established in
direction or in velocity. Therefore, considerable attention was devoted

to the stability and control problem during the acceleration to orbital
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speeds. It was concluded that the orbit could be established with suf-

~ ficient pre_clsion so that '_the vehicle would not inadvertently re—enter
the atmosphere because of an eccént.ric orbit; R

Once the vehiclé has been established on its orbit, the questions

arise as to what are the po.:ssibilities' of damage by meteorites, what tem-
peratures will it experience, and can its orientation in space. be con-
trolled? Although the probability of being hit by very sma.ll lr;eteorites_
is great, it was fqund that by using reasonable thickness plating, ade-
quate protection could be obtained against all meteorites up to a size
where the freqency of ocourrence was very small. The temperatures of
the satellite vehicle will range fr;n about 40°F when it is on the side
of the earth facing the sun to.a't?out -20°F when it is in the earth's
shadow. _Either' small flywheels. or small jets of compreased gas appear to

of fer feasible methods of controllins the wehicle's orientation after the

cessation of rocket thrust.

An investigation was made of the possibiiity of safely landing the

vehicle without allowing it to enter the atiosphere at such great speeds
that it would be destroyed by tne Neat of air resistance, 1t was found
that by the use of wings on the small final vehicle, the rate of descent
could be controlled so that the heat would be dissipated by radiation at
temperatures the structure could safely withstand. H‘I‘hese same wings
could be used to land the vehicle on the surface of the earta.

An interesting outcome of the study is that the maximum acceleration
and t.empt_aratures can be kept within limits which can be safely withstood
by a human being. Since the vehicle is not likely to be damaged by

meteorites and can be safely brought back to earth, there is good reason
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to hope that future satellite venicles will be built to carry human
beinzs.
1t has been estimated that to design, construct and launch a satel-

lite vehicle will cost about 150,000,000. Such an undertaking could be

accomplished in approzdmatei,y's yveers time. The launching would probably

be made from one of the Pacific islands near the eguator. A series of
teiemetering stations would be established arcund the equat,or:: to obtain
the datz from the scientific appearatus contained in the vehicle, The
first vehicles will probably be 2llowed to bum up on plunging back into
‘the stmosphere. Later vehicles will Le desizned so that they can ve

brought back to earth. Such vehicles can be used either as long rangse

missiles or for carrying human beings..
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PRELIMINARY UESIGN OF AN
EXPERIMENTAL WORLD-CIRCLING SPACESHIP

1. INTRODUCTION

TPechnology and éxparience have now reached the point where it is
possible to design and construct e¢raft which can penetrate the atmeos-
phere and achieve sufficient velocity to become satellites-of the
earth, This statement is documented {n this report, which is a da-
8ign study for a satellite wehicle judiciocusly based on German ex-
perience with V-2, and which relies for its su¢cess only oﬁ sound
engineoring development which cam logically be expected as a conse-
quence of intensive application to this effort. The craft which would
result from such &n undertéking would almost certainly do the Jjob of
becoming a sateilita, but it would cle;r;y be bulky, expensive, and
inefficient in terms of the spaceship we shall bg able to design after
twenty years of intensive work in this field, In making the aqcision
a8 %0 whether or not to undertake constructionlof such a craft now,

it is not inapﬁropriate to view our present situastion as similar to

that in airplanes prior to the flight of the Wright brothers, We can

see no more Clearly all the utllity and impllecations of spaceships
than tﬁe Wright brothers could sese flests of B-29's bombing Japan and
air transports c¢ircling the globe,
Though the e¢rystal ball is cloudy, two things seem c¢lear:
1. A satellite v?hicle with appropriaste instrumentation can bve
expacted to be one of the most potent sclentific tools of

the Twentleth Century.
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The aéhievemnt of a sétellita eraft by the Unlted States

would infleme the im&sinationdof mankind, and would probebly

produce repercuﬁsions in the world comparable to the explo-
' sion of the atomic bomb.

Chapter 2 of this report attempts to indicate briefly some of the
conerete resulis to be derived from a spaceship which ¢ircles the world
un a stable orbit.

As the first major acfivity under contract W33-038AC-14105, we
have been asked by the Air Forces to explore the péssibilitias of making
g8 satellite vehicle, and to presfa_nt 2 program which would aid in the de-
velopment of such & wehicle. Our approach to this task is along two re-
lated rlines:

1. To undertake z design study which will evaluate the possibility

of making a satellite vehicle using known methods of engineer-
‘ing and propulsioen,

To explore the flelds ‘oi' science in an attempt to discovér
‘anﬁ to stimulate research and development along lines which
will ultimastely be of bepefit in the design of such &
satellite wehicle and which will improve its efficiency or
decrease its complexity and cost.

This report concerns itself solely with the firat line of approach.
It is a practical study based on techniques that we now know, The

implications of etomic energy are ot ¢considered here, Thls and other

possibilities in the fields of science may be the subject of future
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reports, which will cover the second lins of approach.

In the preliminary design study analyticél mothods have been
developed which may be used as & basis for fﬁture stud;es in thie
nsw field of astronautical engineering. Among these are the follow-
ns . . .

1. Analysis o; gingle and mniti-stage rocket pprformgﬁne and
mathods for selecting the optimum number of stages for any
éiven application.

.Dimensional analysis of varylng size'and gross weight of
rockets, deriving laws which are useful in deaign scaling.
These laws are also of assistance in appraisal of the
effoct of shape and proportions on the design of mﬁlti-
stage rockets, |
Thé etfect of acceleration and inclinaticn of the trajectory
on structuraliweisht and performance of a satellite rocket,
Methods of determining the optimum irajectory for satellite
rocketa.
Variation of rocket performance with altitude and its effect
on thelprOportioning of stages,
Preliminary study of effect of atmogpherie drag on the rocket
- and how 1t affects the. choice of stages, acceleration,-and

trajectory.

Apalysis of dynamic stability ard control throughout the

entire trajsctory.
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8. Hafhod of safely -land:tng a gatellits vehicle.
It cannot be emphasized too strongly that the grimary contributions
of this report are in methods, and not in the specific figures in this

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

sign gross weizht, which is of the greatest importance in estimating cost.

or in comparing any two proposals in this field is the least definitely

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

in the design of & satellite or spaceship, since the slightest variation
in some of the minoar deteils of conmstruetion or ir propulsive efficiency
of the fuel may result in a 1a£ge éHénge in gross weight. The rigure§ in

 this report represent a reasonable compromise between the extremes ﬁhich
are pﬁssible with the data nda in hand. The most important thing is that
a satellite vehicle can be made et all 1ﬁ the present state of the art;
Even our more conservetive engineers agree that it is definltely possidle
to undertake design snd constrﬁction now of g vehicle which would become &
satellite of the earth,

Another important result of this design study is the conoiusion on
liquid hydrogen and oxygen as fual varéus iiquid oxygen and alcohol (the
Germang' ruel} The relative merits of these fuels have occasioned spirited
controverly ever since liquid tuel rockets have been under develoment.

In the past, the fact which has clinched the arguments has been the diffi-
culty of handling, storing, and using liquid hydrogen. The present design
study tas approached this subject from another viewpoint. On thé assunp=

tion that 211 these nasty problems can be solved, a design snalysis hea
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been made for the structure and performance of rogcksts using both types
of fuelas.. Because of the low demnsiiy of liguid hydrogen, the greater
tenkage weight and volume tende to offset the increase in specific im-
pulee. Barly in the design study it vas necessary to make a choice of
the number of stages for both proposed nhiclaa. Based on the design
information availabls, .a decision was made -'t.o use four stages for the
alechol-oxygen rocke'_b and two stages for the hydrogen-c‘:nsen rocket.
Of these two designs, the alochol-oxygen rocket proved to be acmewhat
smaller in welght and size. However,the problem was later re-examined,
When more reliable data were avg;ilable. It wae found that .wl;xile the
c.ﬁoice of four stages for alcohcl-oxygen had been wise, the hydrogen-
oxygen rocket could have ‘been substantially improved by using three
stages. The improvement was sufficient to indicets that the three
stage hydrogen-oxygen rocket would have been definitely superior to the
‘rour stage alcohol-oxygen rocket; Infortupately, the work had progressed
go far that 1t vas impoeslble to alter the number of stages for the
hydrogen-oxygen rocket.

ne of the most important conclusicme of thie é.éeign study is that
iz order to achieve the required performance it is -necesaary to have
multli-stage rockeis for either type of fuel. The gemeral characteristics

of both typee are shown in the following table:

b Stage Alcohol-Oxygen Rockst

Payload 500#
' Stage 1 2 _25_ 4
Grose weight (1bs.) 233,669 - 55,680 11,829 2868

Fuel weight (lbs.) 140,000 32,200 7,100 1720
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2 Stage Hydrogen-Oxygen Rocket

Payload S500#
| Stage ‘1 2.
Gross weight (ibs.) 291,564 15,364
Total Fuel Weight (1bvs.) 217,900 10,000

The design represents a series of comp;maaa. The payload is
chogen to be as smell as is consistent with carrying enough experimental
equirment to achieve significant results, This is done for the purpose
of keeplng the gross weight within reasonable limits, since the gross

" weight increases roughly in pro-p;rtion to the payload above & certain
minimum value. The design altitude was originally chosen as 100 miles,
since previous calculations indicated that the atmospheric drag there
waz not great enmough to disturb the orbit of the satellite for a few
revolutions, and since for communications purposes it was desirable to
keep the satellite below the ionosphere, The more refined drag studies
made in the present design atudy show that these early estimates were
in serjous error, and indicate that the satelliite will have to be- es-
tabliished at altitudes of 300 to 400 miles to insure the completion of
multiple refolutions around the aarth,

It is interesting that the design analysis shows that the optimmm
accelerations are well within the limits which the human body can stand.
Further, it appears possible to achieve & safe landing with the type of
.vehi.clev which i3 required, Future developments may bring an increase

in payloed and decrease in gross weight, sufficient to produce = large
- manned spaceship mble to accomplish important things in a scientific



oSt pespamsoaveill Griggs  DOUGLAS AIRCRAFT COMPANY, INC. race 7

oate.___ May 219468 ____ SANTA MONICA PLANT wooer. #1033
TITLE: PRELIMINARY DESTGN OF SATERLLITE VEHICLE REPORT NO..SM-11827

and military way.

"We turn now rrom the design study phase to the basic research
approach of the séienﬁats. Cur consultants have all made suggestions
which have been taken into coﬁaidaration in the preparaticn of this
report. In the future it is our expectation that the services of these
scientists will be of the ngeates.t benefit in planning and'_‘ 1n11;iati.ng :
broad research programs to explors now fundamental appreoaches to the
prdblem of apacs travel,

The real white hope for the future of spaceships 1s, of coursse,
atr;:m:lc energy. If this intense’ éou;-ce of ensrgy can be harn'assed for
rocket propulaion, then spaceshipé of niodqrate size and high performance
may become a reality, and conceivably qo\nd aven serve officiently as
intercontinental transports in the rémote future., We are fortunate in
having the consulting services of Drs, Alvarez, kcMillan, end Ridenour,
woll knowm in selentific eircles. Alvarez and McMillan wers two of
the key men at the Los Alamos Laboratory of the Manhattan Project.
With the bensfit of their advice, we hope to achieve a degree of campe-
tence in the fieslds of application of nuslear energy to propulsion.

Alvarez and Ridenour, who are also radar erpefts, have mede basioc
analyses of the radio and radar problems associéted with a satellite.
These are of service in planning the new equipment which seems to be
necessary to make the satellite a useful tool_.

Kistiakowsky, a 'specialist in physical ¢hemistry, hasz made valuable

sugsestions for the development of new rocket propellants.,
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Sehiff has contributed to our knowledge of the optimum trajectories
to be uéed in launching the wehicle,

HMore mportant than the ideas and suggestions received to date is
the fact that thesé conaultanté‘, who are among the leaders in U.S,
scienca.,-haw begun to think and work on these problems. It 1s our
ear‘mt hope that under the terms of this new study and r_e;earoh con-
tract with the Army Air Forces we may be .able %o enlist ‘the active co-
operation of an important fraction of the scientific rescurces of the

country to solve problenﬁs in the wholly new fields which man's 1mgina;‘

. tion has opened. Of these, space travel is one of the most important

and ¢hallenglng.
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THE SIGNIFICARCE OF A SATELLITE VEAICLS

- Atteéﬁfiﬁg in early 1946 to estimate the falues to ‘e derived from
a developr:xeﬁt prograr aimed at the establishment of a satellite cimlihg
tﬁ:qéérth above the atmosphere is as difficult as it would have been,
somg yearsrbefore the right brothers flew at Kltty Hawk, to visualize
the current usas ©f aviation in war and in peace. Some of the fields in
which important results are to be expected are obvious; others, which
mey -include some of the most lmportant, will certa.inly be overloocked be-
cauge of thernovelty of the undertaking. The following con51deratlons
asseme the future develor:ment of '@ satellite with larze payload Only
a portion of these may be accomplished by the satellite d;;cribed in

the design study 6f.#his'report.

The Military Importance of a Satelllte - The military importance

of establishling vehicles in satelliye orbits arises largely fron tie
'circ‘umstance that defenses azainst airborne attack are rapidly improving.
Modern radar will detect aireraft at distances up to‘a few hundre&rmiles,
and can give continuous, precise data on tiheir position. Anti-aircraft
artillery and snti-aireraft sulded missiles are able to ehgage such
vehicles at considerable range, and the proximity fuze increases severzl
fold the effectiveness ofanti-aireraft fire. Under these circumstances,

a considerable premium is put on high missile velocity, to increase the

difficulty of intereeption.

This being so, we can assame that an air offensive of the future
will be carried out larzely or altogether by high=speed pilotless mis-

siles. The minlmum-enerszy trajectory for such a space-missile without
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aerodynamic 1ift at long ranze is verj.flaﬁ, intersectiné the earth at a
shallow angla; This means that small errors in the trajectory of such a
" mlssile will produce large range errors in the point of impact. It has
-been-suégested that the a&curacy can be increased by firing such a mis-
sile along the same zeneral course as that beinz followed by a satellite,
and-at such a time that the two are close Lo one another at the center
of the btrajectory of the mlssile. ﬁnder these circumstances, precise
observations of the position of the missile can be made from the satel-
liée, and a final control impulse applied to bring the missile down on
its intended target. This scheme, vwhile it involves considerable com=
plexity in instrumentation, seems entirely feasibls. Alternatively, the
satellite itself can be-considered as the missile. After obse;vations
of its trajectory, a control impalse can be applied in such direction
and amount, and at such a time, that the satellite is brought down on
its térget.

There is little difference in desisn and performance between zn
intercontinental rocket missile and a satellite. Thus a rocket missile
with a free apa;e-trajectory of 6,000 miles requires a minimum energy
of launching which corresppnda to an initial velocity of 4.4 miles per

secon?, while a satellite reguires 5.1.; Conseguently the development of

a satellite will be directly applicable:to the development of an inter-

continehtal rocket missilae,
It should zlsc be remarked that the-saballite offers an observation
aircraft which cannot-be brought down by an enemy who has not mastered

similar technigues. lin fzct, a simple computation from tie radar
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equation ghows that such a satellite is virtually undetectable from the -
ugrOuﬁd by mg;ns of preégnt-day rada;;_ Pérhaps the two most importaat
classes Qf‘obSérvatiﬁn which can bé,iade from such a satellite are the -
'spbtting,of'thé points of impact of bombs launched by us, and the ob-
serﬁatian-of waather 6enditions oVer eﬂemy térritory. As remarled beldw,
short—range weather fcrecasting anywhere in the viecinity of the orbit
of. the satellite is extremely simple. ’
Certainly the full military usezulness of this technique cannot
?be evaluated today. There are doubtless many 1mportant p0551b11;t1es

which will be revealed only as work on the pro*ect procesds.

The Satelllte as an Ald 0o Research - Whe usefulness of satellite

in scientiflc reeearch-ia.very great. Typiecal of therogpstandlna prob-
lems which it can.help to attack are éhe following:

.One of the fagtest-moving fields of inwvestigztion in modern nuclear
physics is the study of cosmic rays. Iven at the highest altitudes which
have been reached with unmanned sonnding bzlloons, 2 consiaerabie depﬁh
of‘at&osphere has been traversed by the cosmic rarys before pheir'observaf
ticn. On beard such a satellits, the primary cosmic rays could be
studiedrwithout the complications whizh 2rise within the atmosphers.

From this studyfaay cﬁme more important clues to unleashinz the eneréy

af thp"atomic nucleus,

Studies of jravitation with precision hitherto impossible may be

made.- This is possible because for the 2irst time in history, a satellite
would provide an accelsration~free laboratory where the ever present pull

of the earth's zravitational field i3 cancelled by the centrifusal force
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of the rotating eatellite. Such studies might lead to an understanding

of the c'atis's of gravitation - which 18 now the greatest riddle of physice.

The variaticns in the earth's gravitational fileld over the face of
the earth could be messured from a satellite.  This would supply cne very
fundamental set of data nec;ded; by the geologiat‘s end gecphysic::ete to
understand the causes of ﬁoxmtain-buildmg, etc. , -

] | Similarly, the variations 1p the earth's magnetic fleld could be
| Q-;gaa}n_:'ad with & completensss and rapidity hithert¢ imposeible.

'rhe‘ atelii‘be laboratory c_ould uderteke comprehensive research a:t
the low présmmes of space. The value of this in comparison with pressures
nov‘a.ttainable in the laboratory might be great. _

For the a..strmmar, a satellite would provide great assistance. IDr.
Shapley, director of the Harverd Observetory has expreesed the view that
measurements of the wltra-vidlet spectrum of the sun and stars would con-
tribute greatly to an understending of the sowrce of the sun's swrface
energy, and pe_rhape' would hélp explain sunspots. He ‘2180 looks forward
to the s‘atellit.e observatory to provide an explenation for the "light of
the night aky." '

Astronomical observations made on the surfece of the earth are -
seriously hampered by d.ifﬁcuitiea of "pesing,™ which arise because of
variations in the refractive index of the column of air through which
any terrestrial telescope must ;1ew the heavens. These difficulties are
greatest in comnection with the cbservation of any celestial body whose

image ie en actuml disk, within which features of structure can be
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recognized: +the moen, the sun, the planets, and certain nebulae. A
teélescope éven:of modest éize could, =zt a }oint cutside the earth's atmos=
phere, make observatiohs on such bodies which would be superior to those
now made with the iargest terrestrial telescopes. Because thefe wopld

be no scattering of light by an atmosphere, contimuous observation of

the solar corona and the solar prominences shéuld glso be poséible. iz~
tronomical imeges could, of course, be gent back to the earth from 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 hours, observations of the
cloud patterné on the earth, and of theif‘changes with time, could be made
with gréat ease and convenience, This information should be of extreme
value in connection with short-range weatﬁer forecasting, and tabulation
of such data over a period of time might prove extremely wvaluable to long-
range weather forecasting., A satellite on a NWorth-South orbit could
observe the whole surface of the world once a day, and entirely in the
daylight.,

The prererties of the ionosphere could be studied in a new way from
such a satellite. Iresent ionbspheric measurements are all made by
studying the reflection of rudio waves from the ionized upper atmosphere,
A satellite would permit these measurements to be extended by studying
the transmission progerties of the ionosphere at va?icus frequencies,
angles of incidence, and times. Reflection measurements could alsc be

made from the top of the ionosphere. Since we now know thut disruptioq

of the icnosphere accomganying auroral disilays is caused by the impact
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of a cloud of matter from spoce, the satellite could determine the nature,
and maybe the source of that cloud. 'F'

Biologio£s and medical seilentists would want to study 1ife 1n the
acceleration-free environment?of the satellite, This is an important
pre-requisite to space travel. by ‘man, and it may also lead to important
new observations in lower forms of life.

The Satellite"as 8 Communications Relox Station =~ Long-rgnge redio
communication, exoopt at extremoly_low frequencies (of the orﬁer of a few
konec), is based entirely on the reflasction of radio oaves from the

ionosphere. Since the properties of the earth's ionized layer vary pro-

-

foundly with the time of day, the season, sungpot activity, and other
factors, it is difficolt toAmaintaln reliable long-range commnication
by means of radio, A sateliité offers the possibility of establishing a
relay station above the earth, through‘which long=range comminications can
be maintained independent of any except gecmetrical factors.

- The enormous bandwidihsattainable at microwave frequencies enable
& very large number of independent channels to be handled witp simple
equipment, and the only difficulty which the scheme appears to offer is
that a low~-altitude {300 mile) .satellite would remaio in the view of =2
gingle ground station only for about 2100 miles of its orbit.

| For communicatlons purposes It would be desirable to operate the
satellites at an altitude greater than 306 miles. If they oould be at such
_an altitude (approximately 25,000 miles) that their rotational period was
_the same as that of the earth, not only would the "shadow®™ effeect of the'
earth be greatly reduced, but also a given relay station could be associ- |

ated with a given communication termims on the sarth, so that the com~

mnication system probiem might be very greatly simplified.
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An idem of the potential commercial importance of this devalopment
may be gained from the fact that the ionosphere is now used as the. equiva-

lent of about $10,000, OOO 000. in long-lines, and is jammed to the limit

with transmissions,
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The Satellite as & Forerunner of Interplanetary Tr;:i.vel «~ The most
fascinating aap‘ect of successfully lawnching & saiellite wonLﬁ be the
pulse quickening stimmlation it would give to considerations of inter-
plenetary travel. Whose ilmegination is not ﬁ.:eﬁ by the posaibllity of
voya'g:!:ng out beyond the limits of ouwr earth, traveldng to the Moon, %o
Venus and Mars? Such thoughts when put on paper nov seem like idle
fancy. But, & man-made satellite, circling our globe beyond the limite -
of the atmosphere is the first step. The other necessary stevs would
surely follow in rapid ‘succeasion.. ‘Who would dbe so bold as to say that

this might not come within our time?
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Chapter _3

GENERAL CHARACTERISTICS OF A SATEILITE YEHEICLE

Within the limits of owr everyday experlience, the tra;jectoriea of
freely moving objecta are nsarly parabolic. The departures from truly
parabolic trajectorles are caused largely by air reaiatance, However,
there is an additional factor whoae‘ influence ie small at_low speeds
but rap:@dly_ becomes larger as the speed incresses. This :i’actor is the
curvature of the earth. Be;causa of it, even a wehicle traveling parsllel
to the earth i1g subjected to a cemtrifugal force and at high speeds thla
force cen becaze of equal importance to the farce of gravity. Since-
gravitational force 1s inward e;xd the cenﬁifuél forece 1o éptward, there
1s a speed at which the two would just balance and the vehicle would rs-
volve sbout the earth like a new satellite. The speed %o accomplish this
is eeeily calculated. If, for the moment, we disregard =zercdynsmic forces, .

" then a satellite near the surface of the earth would be “.bala.nced vetween

2

.& gravitationzl attraction of mg and a centrifugel force of m-ﬁ—,.whare m

and v are the mess and wveloclity of the satellite and g and R are the
acceleration of gravity and the radius of ‘the earth. Placing —HEE T og
end ueing the equatorial velues of R = 3,963 miles and g = 32.086 ft. per
secg, we readily find that v = 25,810 ft. per sec. or 17,600 miles per
hour. If this motion were to take place in the plane of the equator ve
would have to add or subtract the velocity of rotation of the earth, de-
pending on whether the vehicle were rotating with or againmst the earth, |

These new values are 24,285 ft./sec. and 27,335 ft./sec. “These values

are only approximately correct because the effect of the earth's rotation

on £he gravitational attraction of stationsry objecta has been neglected.
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A i:ore detziled calculaticn is given in Appendix C. Traveling at these
speeds, the times to make & complete circuit of the earth would be 1 hour
and 30 min. and 1 hour' and 20 min. respectively. It is of course imprac-
tical to attempt to move at such great apeeds within the etmosphere ;Jf
the earth. However, at a height of 300 milea above the surface of the
earth, the air ig so thin that such aspeeds are practical.—:' If we repeat
our calculations for this altitnde, taking into account that the attrac-
tiom of gravity falls off as the square of the distance from the cemter
of the earth,ve find that the new volocities ave 23,655 ft. per sec. and
26;705 ft. per sec. and the nev times for camplete circuita of the earth
are 1 hour snd 32 min, and 1 hour and 22 min. Interestingly enough, the
energy required to establish an orbit et an altitude of 200 miles 1is not
very much larger then that required at the surface of the earth because ’
although the potential energy is coneiderably greater, it 1s partly com-

pensated by the lower kinetic energy of the higher orbit.

It 1s interesting to mote that in our equaticn % = mg the mase

occura on both sides and capcels out. Comsequently, the speeds for
orbital motion 4o not depend onx the mass of the object nar an.the material
from which it ia made.

As mentioned above, we normally
expect the trajectories of freely moving N
¢bjecta to be parabolic. However, if we
take strict acsount of the curvaturs of

the sarth, our mathematics tells us. that

all such trajectories sre arce of
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Kaplerian* ellipses. If the velocity 1s emall, the trajectory is only

s small portion of the outer emd of the ellipse, as ghown inlthelprecad-
ing figure. Thie tip porﬁian of an elongat.ed ellipae ie very nearly but
not quite pareﬁ:olic. As the gpeed inaraase, the porbion of the ellipse
lying cutside the carth likewise inocreaseq end the firat tra,jectory lying
entirely outaide the earth is the cirgular ane whose speed vaeg computed
above. As the Bpeed increasges still further, the orbits will become
ellipnes extending far out into.
spac; as shown in the flgure at
the right. Owr own mocn_ia, of
gourse, traveling in an crbit

that is very nesarly circular.

So far, only the effect of
velocity on the crbit has been mentioned. Hovever, there Ais anctaer
factor of importance 1n determining thé characteristics of an orbit,
namely the initial direaticn with which the body was launched. This, in
turn, will determine whether the orbit is a long flattened ellipse or a
nearly circular cme. Both kinda can correspond to the same velocity of
launching, differing cnly with the direction of launching.

Suppose now that our satellite, mentiomsd above, 18 launched directly
upward with the same velocity, instead of om a circular orbit parallel to
the purface of the earth. The simple squaticm of ita motion-showa that {t
will travel out into space a distance egqual to the dlameter of the sarth

bvefcre returning to the earth. If the velocity is Increased, the vehicle

*After the noted astronome-, fohannas Kepler (4, IF\?O\
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will, of oourse, trﬁwel even farther out. When the initial velooity has
been increased to a wvalue equal to thevs_kor 1.41) times the orbital speed
of 25;810 f%. per sec. or 36,500 ft. per gec., it will travel out Beyoﬁd
the influence of our planet and never returh.' This epeed is appropriately
called the escape velooity.

‘Returning now to a more datailed examination of the characteristios
of a wehiole fbtating in a ciroular orbit a few hundred miles above the
surface of the earth, we note that the balance beiween gravitational and
oentrifugnl forces exists not only for the vehicle itsolf, but also for
all objects within the vehicle. Consequently there will de no "up” or
*down". Everything will float weightless inside the vehicle.

¥hen we consider the possible orbits in which the vehicle could
travel, as seen fron the sarth, we reulize that they must all be great
eircle paths, i.e. in planes pasaing through %the center of the earth. Of
all such puths, only the one lying in the plane of the equator will repeat
itself on each revolution because for all <The others ;hen the vehicle has
ocompleted & oiroult in approximately l—ifé hours, the earth has turned
undef 1% 1/18 of a revolution and the vehlole is over a new spot on the
earth's swiuce. Consequently, the first atterpts at establishing satel-
lites will be around the equator so that they may be repeatedly observed
from fixed ground stations.

So far, wse have purpdsely avoided considering the means of supplying
the enormous ansryies necessary to obtain the apeeds calculated above. .
This is such an important problem that it will be given special considern-

tion in the next ochapter.
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POWER PLANT: SUITABLE FOR: SATELLITE. VEHICLES

In ordsr to be abls to establish & vehicle in a satellite orbit, a
powsr pient muat be capable, not only .of lifting ite own weight and that
of 1te fuel and the aésqciated. atructure and payldad, but also to acceler-
ate these componente sufficiently to attaln '_l'.he enohnoua velocities calcu-
lated in the praceding cyapter. Clearly this will requiz:e a power plant
capable of producing thrusts meny times ite own weighi. At the present
time, the only quasi-conventional powar plants that meet thie requirement

are the rocket, the turbo-jet and the ram-jet.

7 The turbo-jet and the ram-jet both depend upon atmospheric air for

their combustion. Their maximum thrusts fall off rapidly with altitude
g0 that their useful range 1s well below 100,000 ft. When speeds of the
order of 24,500 ft. per sec. (Approximstely a Mach number of 25) are con-
gidered, the coinpression and friction of the alr give calculeted tempera-
turee of the order of k49 ,OOOOFT Even at 100,000 ft. .tha' density of the
.ai'r is sufficiently great to bwrn up the vehicle in short order. Conse-
guently it weould appear that the turbo-Jet or the ram-jet could be used
anly in the very initial stages of launching man-created satellites.

It is concelvable that these power plants may be found to merve a
useful pﬁ'pose as initial launching engines. Hovever, for the present
investigatiom, this scheme. hag 1?6611' left out of consideraticn in order

to avoid the complication,

#*Long before such temperatures are reached, the conventicmel methods of )
calculstion become Invelid. However, the conclusiom that the temperatures
are prohibitiwely high is sti1ll valid.
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The rocket mt&, cerrying its own propellants, can traverse the
atmosphsre at limlited spesde and after entering the rarefied ionoaphere |
'bé free to accelerate to the speeds required for orbital motion. The V-2
has demonstrated the practicelity of such a scheme. The greatest question
to be answersd ia wvhether within the stern accounting of engineering
reality,succeseors to the V-2 can be built capable of accslerating to
gpeeds of the order of 25,000 ft. per sec.

Before ettempting to answer this question, it will be of interest to
examine rocket pot;er plants in scme detail. At present these power plante
can be divided into two general classes. The first is the femiliar solid
propellant type 6f rocket used extensively in Fourth of July celebraticns.
¥When used to obtain high performance, the propellent containers ﬁrust with-
stand, such great pressures that their weight becomes prohibitive where
velght iz an important consideration. This has lod..torthb:,dsroloment'r.
of the liquid propellent rocket in which the propellanta sre forced imto |
the combustion chember urider ges pressure (frequently compressed nitrﬁgen)
or by means of pumpa as in the V-2, For installations where large thrusts
are required this latier system has proved to be of ligh;ter weight.

It 1is helpful to have an understanding of the perameters which are used
for evaluating the performance of & rockst motor and vwhich, since they are
unigque to the field of. jet propuleion, may be unfamilier to the reader.
From N.airhm's familar second and third laws, it may readily be shown that
the thrust T 1s equal to the product of the exhaust velocity, ¢ and the
mase rate of propellant consumption, -g% , thus T = ¢ %.% The quantity

% may be mede 28 large as ve plezee since it 18 omnly a matier of arranging



" G. H. Pecbles

Swevien,  emesaneo sv..F. H. (lauser DOUGLAS AIRCRAFT COMPANY, INC. racr 23
DATE: 2, 1546 SANTA MONICA PLANT mopeL:__ #1200 N
TITLE: PRELIMINARY LDESICN OF SATELLTIE VEHICLR Report No.SM=11827

Chapter &

adequate means for delivering and burning the desired amowmts of proyei-

lants. However, this 1s not the case with the exhaust velocity which is
more strictly a characteristlc of the propellants used. The sxhaust veloc-
1ty' is determined tc a large extent by the molecular welght, the tempera-
ture, and the specific heats of the combustion products. For a given fuel
we have litile control over theaé quantities. The preassure in the combus -
tion chember, the external atmospheric preseure and the overall efficisncy
of the power plant (which are the faztors over which we have greatest con-
trol) also affect the exhauat velocity but 1:.6 such & lesser degree that it
is possible %o assees the ezha-u-st ve-locitiea of an installation largely

from a knowledge of the ﬁropellanta used. _

) It‘ will be seen later that the exhduat velocity of a rocket installa-
tion is of prime importance in determining itas suitabiliiy for us.e, as a
satellite-producing power plant. In addition to the exheust velocity. ¢,
two other perameters are f:equently used. .- ::. The equatioxi for the
thrust of a rocket motor showe thet a given quantity of propellants, if 7
consumed under comparable comditions, repreéen‘ba an abllity to produce a
g'ivgn impulse, eiﬁer es a large thruet for a short time or a smell thrust
for a proportionately larger time. Conseguently, it ia in crder to ask |
for the pounds of thrust ob;hainad per pound of propellant per second. It
is seen at once that this parameter, known as the specific .'mpuls'e I, 18

glven by the formula I = "?E 22, f.e. 1t 1a obtalned from the exhzust

’
at
velocity simply by division by the accelexation of gravity (I is the same

in both c.g.3. and ft.-1b.-sec.systems since it contains units of force
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“in both .nusrapstisrr and dencminator). Agein, we may ask for the pounds of -
propellant consumed per poimd of thrust per secomd. This is kncown as the
apecific fuel consunption a.nd is merely the reciprocal of the impulae:

e.f.&; ‘% -'1—' * -.E“’;. Typical values of these parameters are ¢ = 6,h3h.fjt.

per sec., I = 200 sec., end s5.f.c. T .005 goc >
In the discuselon ‘a.bove » 1t wvas mentloned that extermal atmosphsric

pressure played a lesse.;r role maiﬁteﬁinmg the exhaust velocity. While

this role is small, it is not insignificant and enters into the proble.n;

of aatablihhj.ng a men-mede satellite in & very helpful fashion. As ve g0

to higher altitudes, the a'unoei)l_:oro exerts less of a teck preasure om tha_

. exhausting gasés » 8llowing thelr v'elocity to inoreass util at extreme
altitudes 1t has increased by aane 20% to 30%. This will be found to be
of: ai@;ficant megnitude in our problem of determining 1f rocket motors
ere capable of imperting a anrﬁciéntly large momentum to the proposed

satellite vehicle , & problem to which we now return.
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5. DYNAMICS QF ACHIEVING CRBITAL MOTION

Let ue begin Ly conﬂ.idering the simplest possible camse of a rocket

mdtor accelerating cur vehicle to high speed. We shall temporarily neg-

lect gravity and air resistence in order to dstermine what are the funda-

mentel factors occuring in owr problem. If m is the mass of the vehicle

at sny instant, %{- the acceleraticn and T the thruet, then m&‘% = T.
3

In the preceding chapter, we saw that T = -cg%-. Placing this in- our
Qv . ‘

equation, . we have mys = -c%. . This can be integrated to giveaV = ¢ log o
: : x]

vhere &V is the chenge In velocity of the vehlsle that the rocket pro-
_ duces and m, and my ars the 28868 atr the beginning and end of the acce'lersg:;i..
tiomn, theilr difference being the fuel used in the process. This formuila,
although 1t will be successively modified mumerous times, brings imto )
focue the two most fundamental .parameters of our problem; namely, the
exhaust velocity and the mass ratio. In fect, these two parameters are so
vital that the next two chapters will be devoted emtirely to a critical
englneering anslysis of what valuss we 'ca.n reagonably ‘eéxpect to achisve.
It is clear that the gain in velocity of the vehicle 1s directly pro-
porticnal to the exhsust ';elocity apd any improvements in thie factor will
be immediately reflected in the verformance of the vehicle. The mass ratio,
entering the 'bgarithm would appear to be & factor of minor importance.
- However,this esppearance is gquite deceptive as we shall pregently see.
If we put W eq.ual to the initial gross weight of the vehicle, P equal
to the peyload and S equal to the entire structural, power plant, tenk and
cantrol weight {i1.e. S includes all items except the fuel and the peylgad)
*The minue sign 1a necessary here becauss % 18 the rate of change of mass

of the vehicle {which is nesative) while Chapter b it was the rate of
propellunt consuwmption.
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then our formula becomes & ¥ = -¢ ln [% + %) As we have seen tefors,

¢ cannot be made arbitrarily large, but iz limited by the stete of develop-
ment of .ur technology. ILikewise, %,the ratio of the entire structural
weight to the groes weight, cannot be chosen arbiirarily emall but is limited\
by technological progress. Consequently, the quantity wilthin the peren-
theses of the logarithm hae a smallest value vhen the payload is zero (this
will meke the logarithm, with a negative sign in fromt,have i1te greatest
.value). Actually, In engineering application we usually must view this the
other way around; that 1s,the P&_\yload is given and the gross welght must
be varied. This has been illustrated on the accompanying greph. Here we
have plotted the ratio of velocity increase to exhaust velocity against
the ratic of gross weigﬁt to vayloed (i.e. the gross weight for a 1 lb,
veyload) for various Ivaluea of the structural welght ratic.-. The extreme
importance of this latter parameter is ilmmediately aspparent.

This greph aled 1lluatratea a.nother characteristic that will confront
ue time and agein; namely,the extrems varlability of the groes welght for
a fixed peyload when we aitempt to obtain high performences. For example,
suppose we could obtain an exhaust veloclity of 11,000 ft. per eec. and

build the complete structure for canly 5% of the gross weight. Then %o

¥

accelerats & payload of 1 1b. to 24,750 ft. per sec. (A-c— z 2.25) would

require a vehicle heving a gross waiéht. of 200 lba. Hovwever,if the de-

eired velocity hed been only 2% greater, the smallest vehicle with which

THere and throughout the rest of the report we shall refer to both the
fuel and the oxidizer simply as the fuel and designate ite weight by ¥.
If we call them propenants ahd deeignate their weight by P, we should
have a conflict with our designetion for payload.
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we could ‘accaxplish this would have a groas veight of 1000 lbe. ) B a f.‘marold
increase. The reason for Such e::::reme sensitivity 1s clear; the pcrrom-
ance gain was mede by adding a bit more fuel at the expense of payloa.d‘ and
then emlarging the entire project until the payload retwrned to_‘“fhs. L
original value. What vas & fracticn of & percent incr'eas? in fuel mun.tod

to 804 of the payload. - Consequently the multiplicaticn factor was five.

Simple clarity of reasom does not alter the fact that the gross weight is

a variable of questionable rellabllity.

We are now in a poaition to meke an elsmentary examination of the
feasibility of using rockets t;,qatablish new sateliites. '.l‘r.: do this we |
shall enticipate a few of the results of the next two chapters. - There we -~ |
shall find that by ueing alcohol and licuid oxygen (these were the propel.
lants used in the V-2), we can cbtain average exhaust veloc;itiea of about
8,500 £t./eec. ard = correapm entirs structural weight of about 16% of
the gross weight. Both of these figures have had a certain emownt of opti-
miam -injected in them, to represent what we might reasonably expect to
ecccmplish in the foressesble future. If we select 500 lbe. aa owmr goel
for a paylcad, then our fonm_ila showe that a vehicle rof 5000 lbe. initial
gross weight could be -a.ccalerated to 11,420 ft. per sec, If the size of
vekicle is increased to 50,000 lbas. groes weight, t.he velocity is 15,060
ft. per sec. and a 500,q00 Ib. vehicle only gives an increase to 15,510
ft. per seo.‘ All of these velocitles are impressively laxge, but fall wns.f
considerably short of our round figure of 24,500 f. per eec. required for

orbital velocities.

*Even 1f the vehicle vere made indefinitely largs the velocity could not
exceed 15,600 ft. per sec.
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The guestion immediately arises: Dy using liquid hydrogen, the fuel
that tops the list with an exhaust velocity of sbout 13,500 ft./sec., can.
we achleve our desired velocity? Unfortunately, liquid hydrogen hee &

number of characteristics (which will be diecussed in detail later) that
neceasarily cause an- increage in structural weight. Our f_iguré of 16% for
structural veight i1s insreased to 25¢% for use with liquid ;Jydrogen. The '
following table summarizes the velocities ca].culaﬁed for botk eleschol end
ligquid hydrogen:

Groes wi. for Veleocity of Vehicle Velocity of Vehicle
500 1b. payload Using-Alcchol - 7 Using Liguid Hydrogen

5,000 1bs. 11,420 ft./sec. 14,180 £t./zec.
50,000 1bs. 15,090 ft./amec. 18,160 t./sec.
500,000 1bg. 15,510 ft./sec. 18,620 ft./sec.
Indefinitely large 15,600 ft./sec. 18,700
The liguid hydrogen shows improvement* over the alcohol but 1s etill
. caneiderably short of producing the.orbital velocity figure of 24,500 ft.
per Bsec.

We are forced to comslude that a realistic appraisal of the problem
ahowa that our technology, e'va:n alloving & reasomable note of optimism to
creep In, has not sufficlently advanced as yot to permit ue to build a
singl_e ‘uassisted vehicle capabls of a.cquiring-aufﬂcient speed to remaln
in spece as a gatellite. This is doubly emphesized when we remember that
a8 yet we have neglected entirely the effects of air resistance and gravity.

Since ve canpot attain our goal with an unassisted vehicle, we next

examine the problam of giving the vehicle enough initial speed so that it

#This is true anly for single sseisted wvehiclee using the simplified analysis

presented here. ‘Hhen the multist.age vehiclaa (to be considered presently)
- Dmesed 1odin : : clusicn 1B dlfferent.
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can gubsequently attain orbital wvelocitlea under its own power. Sinéé
rocket power plente have been shown cepable of supplying more than hal:f of
the velocity required, it appears logical to ask if they cannot be used to

" gupply the other half, To answer this quesiion In ‘cl_ze affirmative ve in-
troduce the comcept of a multistage rocket. We shall find this ;daa
fimdamental to our later work, To illustrate this concept, lest us comeider
a two-stage rockst, The primery vehicle will be carried along as the "pay-
1@1" of a larger secondary vehicls. When this larger-vehicle has exheust-
ed 1ts fuel, and hence its usefulness, it will be discarded end the small-
er vehlcle will coemtinue. to accelerate undsr its own power, addiﬁg its own
veloclity lncrease to that lmperted by the larger stage. The particular
exsmple selected above ié & special case of & much more general idea, namely,}
that of dlscarding weight once 1t has served its pu.rpoaa and 18 no longer
necessary. A moment's reflection.shows that t.:nis_ can be of great z2id, be-
cause as the fuel i1s used up, the structural welght and the payload,
1ni-tiall_v ingignificant, become major items apd if subatantial reductians
in the structural weight are possible at this point, the remaining fuel
vill be capable of supplying correspondingly grsater accelerations and
velocities.

In place of the method proposed  above, 1t is conceivable that the
fuel could bte contained in mz.}.tipls tanks and ag each ig dreined in twm,
it 2nd ite assoclated structure would be Jjettlaomed. With this reduced
welght, the acceleration would increase considersably and it might be de-

girable to shut down a portion of the rosket power plant to keep the loads

on the remainder of the structure within reascpable limits, The remainder
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of the fuelwould be used to produce smaller thrust over a longer period
of time. If this is dome, 1t is of course advisable also to Jettison the

*
idle power plents.

It will be readily appre&iated that rsuch staging schemes are limited
only by the fertility and ingenuity of the designer's imagination, For
the sake of definiteness, we have confined owr attention in this report
to the clearcut scheme originally proposed, but it is not intended to
imply that this is a final arrangement.

Let us return to the problem of examining the possibilities of
achieving orbital wvelocities, ‘-V;e found for a single stage, that
Va-c¢iln _S__;__E If we now have & two stage rocket, and we designate
ﬁhe larger vehicle, which is fired firs'q, by the subseript 1 and the
smaller by the subseript 2, then

vtotal=-c.'ln——jiz—-cln-——w—2-

Here we have used W, tﬁe gEross wéight of the smaller vehicle, as the
payload of the larger. With this notation Wy is the gross weight of the
entire aggregate,

It is now logical to ask: For a given payload and a fixed value of
aggregete welight, what is the correct proportioning of the two'stagea to
give the greatest total velocity? If the large stage can be bullt so
that its entire structural weight is the same percentage of its gross

welght as that of the smaller stage, then simple differentiation shows

1}

#Viewed from this standpoint, our original proposal of & series of pro-
greesively lerger vehlclss each carrying the preceding member as payload,
consists of building tanke, power plants and structurs in assgoclated
81ze units and jettisoning them as wits.
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the greatest total veloecity is obtained wher the ratio of paylesd to
gross weight is the same for each stage, i.e. :3 = ;—.
B | 2 _

If we apply tﬁese'results to our alcohol and liquid cxygen powered
vehicle, (and assume that the entire structure of the large stage can
also be built for 16% of its groas weight) we can achieve the following
velocities with the corresponding aggregate combinations:

TWO STAGE ROCKET VEHICLE, USING ALCOHOL AND LIQUID OXYGEN AND

CARRYING A PAILOAD.QF 500 LBS

Gross Weight "~ Gross Weight Total
of lut Stage of 2nd Stage Velocity .

50,000 1bs. . 5,000 1bs. 22,849 ft,/sec,
5,000,000 ibs, : 50,000 1bs. 30,180 f£t,/sec.
500,000,000 1lbs, 500,000 1bs. 31,020 £%./sec.

This table illustrates two sallent points:

ist, a ‘two stage rocket wehicle, using feasible walues of exhaust

velocity and structural weights has been shown to have a
reasonable mergin over the minimum essential requirement to
attain orbital speeds. It only remeins to be seen if this
margin is sufficient to account for the effects of air
resistance, gravity and the like,

we notice, upon comparing this table with the results of our
single stage calculations that for a given total weight,
(e.g. 50,000 1bs.) we can attain a grester total velocity
from two stages (22,840 ft./sec,) than we can from one stage
(15,090 ft./sec.). And this is in spite of the fact that we
have the weight of iwo mechinee instead of one,
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This second point immediately poses the.fpllowing questions: Is it
alwaye better to use two stages than one? If two stages are superior,
would three or more stages give'even greater velcclities for a fixed
aggregate weight? These questions are anawered by the accompanying graph,*
on which has been plotted the total velceity with the available exhaust
velocity taken as a unit, against the gross weight of the-aggregate for
a one pound peylcad for 1, 2, 3, 4, and 5 staées. This haé been computed
on the assumption that each vehicle coﬁld be built for an entire struec-
turel weight of 16% of its gross weight. In each case, the stages have
the optimum proportions mentioned above.

We see immediately that two stages are not alwgys superior to cne,
For small aggregate weights, a single stage is better, bﬁt abhigher
weights the tlo-stggé curve crosses over and givea higher-velocities.
For a better understandirg of the ressons behind this it 1s helpful te
refer back %o owr remarks on the great variabillity of the gross weight
of a single atage. There we gsaw that in ouwr atiempt to get higher and
higher performances from a fixed exhaust wvelocity, we wére exchanging
payload for fuel and then swelling the size of the entire vehicle to
return the payload to its specified value. As the payload became a
diminutive rortlion of the wvehicle, its exchange for fuel could affect
the performance but little, while the mdtiplicatlon in size became

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

*For additional graphs of the same type but with %. e 1, .143, .182,

and ,25, see Chapter 8.
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better to use two steges. This same line of reascning answers our
question about larger numbers of stages, because as the two-stage
vehicle reaches its point of diminishing returns, it is-advantageous

%o use 3 stages and so on for 4, 5, 6 and higher numbers of st&ges.

It is interesting to note that this simplified analysis would indicate
that the Germans could have accomplished the mission of éhe V-2'3 with
an approximate 25% decrease in total weight if they had used two stages
instead of one. Undoubtedly; with all facters taken into account, in-
eluding the urgency of the situastion, they were well justified in

using a single stage missile.

Thus far, by neglecting the "practical® details of gravity, air

resistance, variation of-exhaust veloecity with altitude, inclination
of flight path, control, maneuvering and the like, we have indicated
the possibility that our technology hes advenced sufficiently for us
to launch a new satellite into space. Ncw we must determine how great
w111 be the influence of thesé foractical” aetails.

Firat, let us-consider the effect of gravity. So far, it has
nade no difference whether we used our fuel to produce a large thrust
for a short time or a small thrust for a longer time. All that
nattered was the veloclty of ithe exhaust procducta and not the corgump-
tion rate, Howaver, ahen the vehicle is accelerating-vertically upward,
this is no longer the case. If the thrust is insufficiently large to
exceed the weight of the vehicle, the rocket will ineffectually expel
its fuel, accomplishing little more than a display of fireworks, It

can easily be shown that for vertical zcceleration, larger
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velocities will be atiasined as greater thrusts are used for shorter
times. As the thrust becomes infinite, the velocity will approach
that calculated by our simplifieﬁ analysis. This concept of an in- .
finite tﬁrust, frequently eﬁﬁauntered in more abstract treastises on
rocket vehicles, would indicate that the effgct of gravity could be made
negligibly small, However, closer examination shows this-ls not the
cage, As we‘increase the thrust, the weight of the rocket combustion
chamber, pumps, piping, controls and asscciated structufe goes up.
Furthermore, the remdining structurs such as tanks and supports is sub-
jected to increasing loads as the thrust increases, with a consequenﬁ

" inerease in weight of -these ifems. Since we have seen that the per-
fofm;hce is critically sensitive to the structural weight ratio s/,
the increase of this parameter will rapidly mullify the benmefits of
increased accsleration; in fact, we would anticipate that an optimum
acceleration exists, representing the best compromiés between the ad-

vantages of high thrust ard the accompanying disedvantages of high

 structural weight. Unfortunately we have ﬁot as yot laid the founda-

tion of structural analysis necessary lo pursue this;investigation
further at this point.

If we attempt to examine the other Ypractical” factors in detail
we shall find that corresponding fcundation‘détg are lacking for them
too. Consequently, it is advisable to turn our attention now to a de-
tailed examination of the capabilities of the rocket power plant and
an analysis of the feasible weights of structures. Later we shall

resume our investigation of the "practical" details. In the anélytical

work that preceded the writing of this report, performance studies,



' eront NOM

Chapter _2_'
structu:_-al analysis, and the assessment of rocket power plant capabilities
all proc;eeded hand in hand, Conaequently,; in the next two chapiers, which
deal in turn with rockets and structural weighta, we shall £ind freguent
references to the results of our more detailed performance analysis which
' will be presented later. Unfortunately there appears to ba no way of
avoiding this lack of straightforwardnese in the .presentatiop of a sub=
Jeet whose parts are so closely interrelated.

As an aid to the readsr, a few words of coordination may prove
helpful. It was decided to investigate two vehicles, One.emplcyed
alcohol and liguid oxygen rocf{et_s_as representative of an establlshed
techrnique founded on the Germans! experience with the V-2. The second

employed liquid hydrogen and liquid oxygen rockets as representative of

the top class of high veloecity propellants., It was foumd best to use a
four stage vehicle when using alechcl and oxygen and a two stage vehicle

when ueing hydrogen and oxygen,
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5. ROCKET FOWER PLANTS AND FUELS

. The importance of selecting propellants which give high exhaust

velocities is obvious from Chapter 5. High exhaust velooity cannot be
the sole‘criterion, however. Omne or both propellants of ewery system
‘propeged to date poassesses phya;cégfproperties which are. so extreme as
to preaent major engineering or of?rétional problems, in some_cases; to
a degree salmost pyecluding use of the propéliant. Consequently, along
with a consideration of specific impulse must go a ocareful weighing of
the other advantages and disadvantages of a particular system. The
disadvanfages of some properfl;q such as inflammability, corrosivity,
toxiolty, sensitivity to detonation, gvailability and handling andfator-
ing'éualitiea are obvious. Others,such as hiéh vapor pressﬁre; low den;
sity, low boiling point, high average molecular weight of the products
of ocombuation are not a; obvious énd‘require & few words of explanation.
Two types of liquid propellant systems are used: bipropellant and

monopropellant. In the biprqpallant syaten a fuel and an oxidizer, both
of which may be a mixture oif two or more compounds, are mixed and bu;ﬁT
ed in the combustion chamber. In the case of th; monopropellant system
‘a liquid or & mixture, which is stable at ordinary temperatures, is injeo-
ted into the combustion chamber where, after ignition it decomposes at
the temperatures and pressures prevaiiing. The biproﬁellant sysatem is
more complicated than £he monnpropall#nt since it presents problems of
'daaigning injectors to give good miiing, of feeding the propellants at a
constant mixture ratio and of providing tgnks,-tubing and pumps for two

propellants. The monopropellants have, in general, lower specific im-
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pulses and are inherently unstable, decompusing explosively under high
-tempe£a£ures or shock.

" Motors operating continuously for periods ionger than about 30
geconds rust be providéd with cooling. 'Onelmethod, knﬁwn &8 regenerative
coocling, brings one or both propellants to the combustion chamber through
ducts in the motor walls. This system is limited by the ability of the
propellants to absorb the nocessary heat without boiling or decompoéing.
Another method ounlled film cooling injects a liquid, preferably one of
the propellants, through numerous small orifices so as to provide a
sool film between the hot gases and the motor walls. This system was used
‘on the German V-2 motor in addition to regeﬁerative céoling with aleohol.
Temparafure o the gaseg nay also be feduced by using an excess of fuel
or oxidizer, by addition of water to.tha fuel, or by injecting waler di-
rectly into the‘chamber- “If carried %o extreme the lattér methods are
costly in specifiec impulss. |

Unlsss gaé wressurigation is used pumps are required to supply the
propellants to the combustion chember at high pressures sud nass flow
rates. To keep the weight of the punping system low iT is desirable to
use high speed centrifugul pﬁmps and as few pump stages as possible.
Weight saving along these lines is limited by cavitation. Since cavi-.
tation appeﬁrs en the blade at the point where the preséure drops te the
vapor pressure of the fluid, a propellant with ﬁigh vapor pressure leads
to lower rotative speeds and mofe stages and so to excessive feoed system
weights. Low density of the propollanﬁ also increases pump weights.

This is due to the fact that lower density reduces the pressure rise



Rt emeraneo wvi_ G Ho PEEBIES DOUGLAS AIRCRAFT COMPANY, INC.  race_ o
| oam: —an—zr—nﬂsﬁl—c"rrﬁ—?/*—ﬁ)-smm, MONIGA - PLANT wooer._ 1033

TITLE: ER,.I,H—J!HA:T" MBI OF "nun LLTTE VEHTYCLS © neporr NO. SM=11B27

Chaptér 6

per stage of a centrifugal, pwp 80 that more stages are required.
The speuzﬁ.c ‘impulse of a propellant aystem at optimum expanamn

*

ratio can be calcula.tad from the formula

¥-1o 1

- ¥
. o P
B rmeefiizn o

if 7T c» AM and ¥ . (respectivelv. the temfserature, average mlecular
weight,and ratio of the specific heats ol the gases in the chamber, are

known for the preasure ratis p e/p « Now pe/pc, with minor reser'vatlons

" can be chosen without regard to the propellant system and, although .b’
varies some for the different s#stam's, its efi‘ect is obmpara.tively small,.
donoe the ratio T(./H aocoun'l:'.a for the major part of the variation in
specific impulse exhibited in table (1). Stoichiometrie mixture ‘
ratice give a raximum for T but not necessartly for T,/M. For .
example, stolchiomeirid mixturs ratio for liqulcf hyd_ro.gen and
liquid oxygen occurs at approximately 895 by weight of oxy-
zen, _but fipure (1) aﬁows, <hat the maximum of TO/H &s reflected
in I lies at about 76%% whioh corresponds to nearly five moles of
hydrogen to one of oxygen instead of the stoichiometriec ratic; of -2
to 1. The reason, of course, is that the laow mo&eoula.r welght of the .
oxcess hydro‘ge,n in the gases reduces M and more.than off'sets the

decrease in temperature.
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TABLE 1. - Summary of Rocket Propellants
Bipropellant Systems

System (wt. percent) Spee.’ P, Te Te N 1
Grav., atmos, °R. °A. seo,

(1) 23.9% liquid hydrogen, 248 23,0 4,960 2,650 8.3 362
76.1 liquid oxygen .

(2) 45.8% hydrazine, 54.2% 1.061  20.4 6,850 292
liquid fluorine . .

(3) 60.,1% hydrasine, 39.9% 1.061 20.4 5,550 3,09 264,.0
liquid oxygen

{4) 32.6% methyl amine, .985 20,4 6,100 3,560 251.5

67.4% liquid oxygen

(5) 31.9% liquid ammonia, 20.4 5,880 257
8.1% liquid acetyline, .-
60% liquid oxygen

(6) 25.4% liquid acetylens, 23.0 6,230 3,90 256
74.6% liquid nitrogen : '
tetraoxide -
(7) 41.5% liquid ammonia, 20.4 249
. 61,6% liquid oxygen '
(8) 58,5% hydrasine, 58.6% 1.237 20,4  4,8% 2,900 249
: hy_drogen peroxide
(9) $.8% 1iquid acetylens, 23 5,530 3,600 244

21,1% liquid ammonia,
69.1% liquid nitrogen

tetraoxide

(10) 40% ethyl alcohol, &0% . 966 20,4 5,720 243
liquid oxygen

{11) 71.5% 1iquid oxygen, L9718 0.4 5,930 3,460 22,66  242.0
28,5% gasoline

(12} 24.0% liquid acetylepe, 21.4 4,140 2,070. 2.0

31.4% liquid ammonia,
4463 liquid oxygen

(13) 19.4% liquid propane, 23 5,580 3,600 238
80,6% liguid nitrogen
tetraoxide '

*Table I (slightly revised) from "Fuel Systems for Jet Propulsion” (prepar'ed for
Commander in Chief, U. S, Pleet) by Alexis ¥, Lemmon, Jr.
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TABIE 1. - Summary of Rocket Propellantq(Cont.)

Bipropellant Systems

System (wt. percent) Spec. P, Te Te M 1
Crav, atmos. °R. °R. _ ‘sec,

(14) 46.6% liquid ethylene, T 2004 4,040 15.00 236
53.4% liquid oxygen

40% nitromethane, €0% 20.4 5,350 : 24.3 227
hydrogen peroxide :

"70% nitromethane, 21% 20.4 4,950 1.1 226

hydrogen peroxide, 4%
water, 5% methyl alcchol

(17) 92.9% nitromethane, 1,139 20,4 5,160 2,910 225.5
7.1% liguid oxygen

21.44% methyl aleokol,  1.239 204 4,590 2,90 225
78,568 hydrogen peroxide :

(19) '22.2% gasoline, 54.5% .931  20.4 5,290 3,020 23.92 221,5
1liquid oxygen, 23,3% .
1iquid nitrogen

(20) 57.1% wethyl alechol .91l  20.4 4,120 2,350 221
42,9% liquid oxygen

25% aniline, 75% red 1.3%0 20.4 5,525 25.41 220.5
fuming nitric acid )

(2) 17.9% mono-ethyl ani- 1,396 23.0° 5,060 3,400 210.0
line, 82.1% aixed acid :

(23} 33.6% liquid dihorane, 706 20,4 200
66..% water

2,.4% ethylene diamine, - 1.174 20,4 3,140 1,780 196.3

55.4% hydrogen peroxide,
20,28 water

48.4% 1liquid ethans,
51.6% liquid oxXygen
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TABLE 1, - Summary of Rocket Propellants (Cont.)

Monopropellant Systems

System (wt, percent) Spec. Po Te Te M I
: Grav. atmos, Ogr, °R. sea,
{1} Nitromethane (100%) 21,139 | 20,4 4y 590 20.3 22
(2) 80% methyl nitrate, 20,4 4,370 20,0 221
20% methyl aloobol _
(3} 70% nitroglycerins, 20.4 4,950 2.9 217
30% nitrobenzene
{4) Nitromethane (100%) 1.139 20,4 4,430 2,400  20.34 216.5
{(5) Diethylene-glycel 1.483 20.4 4,590 21.8 A5
dinitrate (100%) : '
(6) Diethylene~glycol 1,483 - 20,4 4,540 2,520 213.1
dinitrate (100%) . :
(7) 89.6% nitromethans, 1,181 20,4 4,450 2,400 212
10.4% nitrobensene ,
(8) 90% nitromethans, 20,4, 3,980 19.4 21
10% nitrobenzene
(9) 83% nitromethane, 1,123 20.4 3,940 2,050 206
17% nitroetbane _
(10) 90% diethylene-glycel 20,4 3,960 20.6 204
dinitrate, 10% nitro-
bengene
(11) Ethyl nitrate (1003) 20.4 3,530 18,2 203
(12) 61.9% nitromethane, 1,105  20.4 . 3,310 1,650 195.9
38.1% nitroethane
(13) ggg;?en peroxide 1.463 20,4 2,258 1,173 22.68 146,
(14) 87% hydrogen peroxide, 1,381 20,4 © 1,668 ' 840 12¢

13% water
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The quantities T o’

M and ¥ of formula (1) are oalculable for a giveﬁ
chamber pressure. Their values along ﬁth specific impulse and density ‘ .
ere given in table (1) f‘or. a-mml.)er- of propellunt systems. This list
does not contain all possible sysﬁems but ié representative of rockets
obi;aihing; their ,é_hefgy from combustion. At first glance it might seem that
in view of the variety of fuels available for consideration, the perform-
ance might well rise beyond the limlits indicated by the table as unnoticed
fuels with higher heats of combustion are brought to attention. That the
problem i3 not guite so simple is shown by comparison o’ liquid oxygen-
aleohol with liquid oxyrem=gasoline, The heat of combusstiun of gasoline
is ﬁppreqiably higher (6055 higher if n-octuane is used for gasoline) than
ethyl alcohol. Yet the specific irmpulses of the two systems are approxi-
mately equal. The umierlying reason is the uppeeranee of dissociation at
about 4500°R which absorbs large smounts of energy. Both systau'ls are
ocompoaed of the elen’wnts- carbon, hydrogen and oxygen. In addition to the
equations of oxidization of alcohol and gésoline to carbon dioxide and
water, the revex"sibla reaotions of dissociation

2 HzGZ H, + 20H,

HZOZ H2 + 0 ,

2 HOZZ2M,+ O,

'H.z — 2 T,
002+H2 xco_*' Hzo,

enter into the equilibriun of the products of corbustion for the two
cases. The dissociation processes are aocompanied by the absorption of
lérge amounts of heat so thut the greater heat of combustion of ragoline

is absorbed chierly by increased dissociation. Fron this exanple of a
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general ‘behaviour it is evident that the oommon oxidizers and fuels composadl

‘principally of carbon, hydrogen, oxygen, and nitrogen musi be fairly repre-

" sented by the examples of table (1) since the same dissociations nust

appear to limit the chamber temperatures. The use of g.iquid ozone, for
insAta.no_e, which has a negative heat of formation, imt;a.d of liquid oxygen
may increase specific impulses but not significantly.

Sinos common fuels and oxidizers promise nothing phenomenal it is
natural to examine the uncommon reactants. If we tu.rn to the hglogeﬁs,
fluorine is the logical cholte because of its low molecular weight.
Furthermore, hydroéen fluorid.a dissociates less easily <than water. lljgh
molecular weights, however, lim_:‘L"c 'l;he choice of fuels to the ncn—c?trbon—
aosous, since the best carbon corpound which could appear in the produota
of combustions is carbon tetrafluoride which has 8 riolecular weight of 88,
twice that of its oxygen-formed oounterpart, ocarbon dioxicie. Anp.'t:her |
disadvantuyge of _fluorine is thav 4t is one of the moust reactive substunoces
mown and therefore extremely difficult tto handle and store. Also
hycimgen fivoride is sufficiently toxio to have had consideration as a

weapcn of chemical warfare.
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Metals have also been considered as fl-xels because of their fligh hfea.t'a""
of combusation. ﬁowever when the molecular ﬁeighta of their oxides are |
- wolighted against Eheir heats of combustion it is not olear tﬁat this
approaoh leads to higher specific impulses. Dr. A. J. Stosick* calls
'a.ttehtion %o the fact that the heat of formation of the: gaseous form of
the metal oxides is considerably less than thet of the svlid form. The
latter is the one usu'ally qunted in the present connection.

Table (1) shows t—hat the specifio iﬁpulse of liguid hydrogen é.nd
liquid .oxyg'en exceeds by a.u_s_xpprelcia.ble margin that of any other system
listed. If we consider that liquid oxygen is pure oxidizer, that T,
oannof be increassed appreciably and that an excess of hydrogen is the
moat effective practioal means of obtaining low avera..ge; molecular weight,
it seems probsble that the oxygen - hydrogen syste;m will maintain its
thecreticel supremacy in specific impulse for somo time to cone. The
sfﬂlzem has, however, a 1z::\rge number of diaadvantages which must be
overcome before use iz,1 a rocket motor. To begin with the 'density of the
systen is fa;r below that of any other systemn. Low density im.:reases the
size and therefore the weight and drag of the vehicle. The boiling point
of hydrogen is of course very low, -259.18°C_. which means that the vapor
pressure will be high. The combination of high vapor pressure and low
dsnsitsr makes a light wei.ght simple pumping system almost impossi..b'io.

*Most of the above argument against the likelihood of remarkable propellant

systens was gained through awverbal discussion with Dr. Stosick of GALCIT
‘Jet Propulsion laberatéry Any inmccurancies in fact or theory must be char'ged
to misunderstanding or misquotation on the part of the writer.
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The low boiling point, small temperature range (6.4°C) of the liquid phase

~ and low heat of vaporization of liquid i:ydrogen make almoat imperative use

of thermeos piping and pumps., High diffusivity of hydrogen makes sealing
leads nearly impossible which, combined with the fact that hydrogen and
oxygen ars viclently explosive in mixture ratios anywhers from 2% to 98%,
makes accidents inevitably frequent. Cooling a hydrogen rocket ia es-
pecially diffi.cult. Reither liquid oxygen nor liquid hydrogen are usable
for regenerative cooling because of their low beciling points., Liquid oxygen
could not be used for ::u; cooling asince the more nearly stoichiometiric
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, Experimental investiéa.tion is.difficult and
basardous because the excess hydrogen in the rocket ezhaust forms a huge
ball of flame on coming into contaet with the atmosphere.

The difficultles enumerated tend to reduce the effective engineering

- "use of the hydrogen-oxygen motar,.. In fact, the German V-2 engineers, from

‘\-

whom some of the information on hydrogen and oxygen was obﬁhed, state
that, comparative designs, mude for a rocket using hydrogem-oxygen and
for the riml rocket using alcohol-oxygen showed that the alcohol-oxygen
rocket was superior in overall perf{ormance when all factors were taken
into aécount.

'Ihile the difficult.ies of using liquid hwdrogan ag a fuel are dise

comging, no one of them can be said tc be impoasible of satisfactory

. adIut-iog. . It is conceivable that our technology may advance to a point

vhere pum.s Qn be rg;.:laced by a lighter pressure feed system such as a
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gas generation syst.em'.& The need for cocling mey 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 disadwantages
- of hydrogen, only the effect of low déna:l.ty on the size and weight of the
vehicle is an irremovable difficulty. Consequantly in a study of the
feasibility of a satellite vehicle, the liquid hydrogen-liquid oxygen motor
mist be included as an evaluation of the werth and necessity of: a high per-
formance motor.

By the same token it is desirable to includg in the present study
sone motor with less spectacular performance, but which has had sufficiemt

. develorment to insure that this sozémhat lo'tar performance can actually be

atta:md in practice. Only fowr systems, liquid oxygenealcohol, acid-
anilinre, hydrogen peroxide=slcchol (with h&drazine hydrate) and liquid
ovgeﬁ-gasoline, have passed out of th.rtﬁeoretiul-ezperimental stage and
become production or semi-production motors. One of these, oxygen and
gasoline, is dubicusly placed in this class aince satisfactory cooling has
not yot been achieved. The most suceesaful motor, to date, particularly
from the important standpoint of specific upulie, is the V-2 motor which
used liquid oxygen and alcohol. The theoretical value of the specific
impulae is seen from table (1) to be aprreciably higher than any of the
other four exept oxygen and gasoline, the least successful of all., Con-
sequently, if the choice of motor is restricted to those now availai:le,
both thecrstical and past performance force the selection of the liquid
oxygen=-aleohol motor,

The thecretical value of the specific impulse of a rocket motor, as

would be expected, is never reached in practice. It 1s generally agreed
that 90% of the maximum theoretical impulse is obtainable. This figure
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is supported by experience with asid-aniline notor which has been subject tof
exten;?;if‘e investigation and development. By improving the cooling so Qs- to
allow use of the most favofable mixture ratio and by improving the injector
gysten so as o obtain better mixing, the specific impulse of the acide-
aniline motor has been brought up to QO‘,‘Z c;f' its theoretiocal mexinum. It .
is reasonable, therefore, to suppose both oxygen-a.lco};ol and oxygen~hydro gerg

~

will ultimately be brought to the sume degree of perfection which is

equivalent to assuming specific impulses of about 220 and 326 sec.=*
respectively. In the cuse of oxygen-aleohol, 220sec. is not overly
optirmistic since the V-2 motor is estimated to have had a specific impulse
of about 215 dec.
Available time pemi_{'.ted stixdjles of satellite vehicles ampioying voth

an cxygen-?alcohol motor with the aforementioned expected impulse of 220
sec. and an oxygen=hydrogen motor with a specifio impulse of 326 sec. Had
time been available a study based on the liquid oxygen-hydrazine would
have been interesting as a happy mean between the hipgh performance and
excessive digadvantages of the oxygen-hydrogen motor and the l.ower perform-~
" ance but proven feasibility of the oxygan-aloohél motor. .According to
table (1) the specifie impulse of the system with 80 hydrazine is 264
sec. and the I)rbpel;ant density is 1.061. Both figures ar: higher than
those for oxygen and alechol. The boiling point ;t‘ hf,rdru.zine is 113.50C+
which is alaso ‘higher than sleohol. }\nc-:‘cher. advantage lies in the fact |

that the motor cen be oooled by using an excess of fuel without seripusly

*These values are those ob:ained at sea level with a combustion chumber 1
pressure of 20 atnospheres which is representutive of current rocket 1
designs,
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lowering the specifio impulse; the loss in chamber tenperature being part—l
ially offaet by the apgenrénce of free hydrogen in the pases. No obvious
di;advantages enter except unavailabilitf.of.hydrﬁzine in large gquantities
and sume téxicity. The former is said to be due to lack of commercial
demand and to be easily overcéma..

A few items in connection with the propellant feed a}sten, the oharber
pressure and the configuration o’ the combustion chamber and nozzle remain

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

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

" fugal pumps‘should be the most. econorical in weight for sach stage of the

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

providing the pressure lus been considered and some work hues been done on

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

standpoint. At present the turbine driven pump is the rore advanced, al-

though the margin is rather amall since only a few punp-{eed systems have

been designed.

Geses for the turbine could be generated by burning the propellants

" in a firepot separate from the combustion chamber. However, gases gener-

ated from mbat systems must bs cooled by acme neaﬁs such #3 introducing
;ater as a third component. A notable exception is the monopropellant
hydropgen peroxide which under the action of suitable catulysis deoomboses
to steanm and oiygen. 'Thia system was used to generate steum for the V-2
turbines.

An optimum chamber pressure exigts for uny given installation. This
optimm is fixed by two faobors, the favorable incroase in specific impulae

and the unfavorable increase in weight of chamber and pumping system as the
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chamber preséure increases. 8ince, for most installations, the optimum’
works- out to be about 300 psia, this value was assumed for the aatellite
vehicles oonsidered. A motor desipgned to operate at a given chaber
pressure may-r also be run at a lower pressure, as long as the lower limit
at which the propellants burn ’stably is not passed. Consequently thro-lbtl-"
ing %o a lower thrust is boasible, a maneuver which will be seen in &
‘la.tsr chapter to off'er an advantuge in reduced structural weignt. Fig.
(2) shows the behaviour of T, P, and'I with throttling for an acid-.
aniline motor. Since no aulteble duta were quickly available on the
throttled .characteristics o'f.'- either alcchol-oxygen or hydrogen-oxygen
rockets, we shall use for later:investigations of this problenm variations
simile.r_ to those shown for acid-aniline.

An important parameter governing the configuration of the ncpzzle.is
the ratio of the exit area to the throat urea, called the expansion ratio.
For each value of pe/p‘3 an expansion ratio |

existy for which the $peocific impulse is a ' | [TTHROAT

maximum. In the case of the satellite ve-

COMBUST /0N

hicle for which the motor must operate at CHAMBER MOZILE

T T

s constantly inereasing altitude and there-
fore oconstantly decreasing pressure ratio,
a compromise between The optimum expansion
ratios at highest and lowest mltitudes of operation of the motor. st be
made. .Figures (3) and (4) show the variation in specific impu;lsa with

altitude, for alcohol-oxygen and hydrogen-oxygen rockets respectively.

For these figures, the chamber pregsures are assumed to bs 20 atmospheres

and the specific impulses at sea level for opiimum expansion ratiov are
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taken as 220 and 326 seconds, in agreement with our earlier values. It

‘is olear from these ourves that for the first stuge of the éatallite ve-
hicle a smeller expansion ratio is required than for later stages. In

the case of' the alcohol-oxygen powered vehicle an expansion ratio of & was
used for caeloulating the trajéctory of the first stage; in the case of

hydrogen~oxypgen, 8. For the later stuges in both cases the expansion ratiocs
were arbitrarily limited to 20 for %the prelimiﬁary oulculations. As the
degign progressed, it beceme apparent that somewhat larger expansion ratios
were both desirable aund possible for these later stuges. However the work
necessary to change the cal;;létions at this time was felt to be umwarran
The chief consideration governing the shape of' the combustion chamber
is the neeessity for allowing sufficient time for mixing and burﬁing of the
propellants while still in the cheamwer. Aas inproverents in mixing are nade
tha.dimens;ons of the chanber tend to decreuse since the time for combus-
tion becomesless. This p;inciple was carried to a hiéh degree of develop~
ment bﬁ'the Germans, who by the end of
the war, succeeded in reducing the chamber

dimensions to such an extent that they

were able to use the so-called throatless
SPRAY

ocombustion charber shown in the sketch. ALATE

For the V-2, this ccembustion chumber was
less than half as heavy us the one used

on production riodels.
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FPor most roocket motors, where the \\——””,ff

expansion ratioc is not exceasive, it is

sufficient to use a straight conieal ex=-- //nﬁh\\‘“\\

pansion for the nozzle. However, when

expansion ratiocs of the order of 20 are reached, a conical diffusor must

be made uﬁdesirably long in order to avoid losses in nozzle efficiency
caused by the large radial components of

Jet @mentm. In order ‘co avoid this it \/—-

is advantageous“té use & nogzzle shaped

as gshowm &t the right. This type nozzle - //’ﬁ\\\\\\\h-;—__

. was used on the proposed design.
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Chapter 7

7. CONSIDERATION OF STRUCTURAL WEIGHT
On The Influence of Size on Structural Neight of Rockets. If two

geometrically similar struetures of different size are compared for
strength the smaller is usually the ;slativaly stronger. The laws govern-
ing this relatioﬁship are expressed by the doctrine of mecl;anical simili-
tude, which considers the dimensional correlations imposed by the invari-
ance of certain of the physical properties involved. -

Aagumo for instance, that the geometrical similarity extends to all
st:ructural deteils, especially-t:he_ degree of subdivision of structural
pembers, If the loads are primarily dorivéd from volume forces such
as woights and inertie and if the two structures will be subjected to
identical sccelerations, assuming also that the structures are made of
identical materials, then the following relationships obtain between
dimensions M mess, L length, T time

I/L3 * congt for invariant material density
]:./'!.‘2 : eonst for invairiant acceleration

The product of both implies
I/L2T2= const, invariancs of fores per unit volume

Since atress is force per unit area it does not remain invariant
but inereases as H/LTQ_= conaf x L. Thergfore where strength is governed
by. atress, as for insiance In members carrying tensile or ‘bending gstrea-
ses the ratio,of astress to given strength increases in linear propor-
tion with size, To mssure equal strength, the larger member will have

to be made huskier, hence heavier. If wall thicknessea are increased,
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the structural weight per volume of vehicle would tem to go up approxi-
mately in direct propertion; actually this starts s viciocus eirele in-
asmuch as the increase im gross weight will encroach on performance.

Where structural mecbers are endangered by limits of structural

stability as in column compression, there the critical carrying capacity

is also increased at the rate of the square only instead of the cube of
s1ze so that the disadvantage in atrength as well increases linearly with
-sizo.exnctly as in the case of tensile stress members. However, wherse
strengthening can be done by incraasing column diameters, this would
,auffice at the rate of the fiva-fourths pownr of size inatead of wall
thickness incresse at the rate of the square of size.

Loads originating from anrodynanic action which are suffared by
Qurfhco impingemnnt; increase cnly proporticnal to the square of linear
size, They can therefore, as far as velocities are invariant as inte-
grals of aceceleration ("Invariance of time scele") be suffered yiﬁhouﬁ
additional burden. However, they will not evoke equal transverse ac-
celerations, hence less path curvature, in inverse proportion fo linear
size. Hence it follows that such inertia loads as are derived from
1ift {and neither from thrust nor gravity) can be cerried without beef~
ing up the structural members concerned heyond proportionality with sizs.

Wheres the load components due to gravity are negligible compared
to the axial inertia loads there it becomes prefersble to abendon the
invnrianca-of accéleration, retaining the invariasnce of corresponding

veloclitles by adopting a time scale properticnal to size; T = L. UHow
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all inerfia forceé will vary just like area forces; the stresases and
the . strength of all structural members'will be independent of sizZe.
Thrust will also have to inorease with area, not with volume, hence the
throat loading of a Jet nozzle will be invariant (wharaas it had to in-
creége linearly with size under the assumption of equal agéeleration).
The thrust nrocess will nbw take longer in proportion te the-lipear sizs
and the renge traveled under power will similarly be larger, but this
may not be detrimental. It will reduce maneuverability because the same
velocities will be attained at_}esser air densities.

; This enalysis has a beariné on ﬁhe choice of the best acéeleration
peak valune for a given fehigle gize as this choilee must be.gqverhed_by

a compromise between those factors which derive an advantage from guick

aceeleration and those which favor keeping it alow. The structural weight

of members carfying the inertia load belong into the latter group. In
a vehicle of the V2 (44) ﬁype they - tanks and fuselage - are estimated
to make up about 5% of the gfoss weight., This weight component will
have to be expected to go up in linear proportion to axial acceleration.
The weight of the thermodynemic and mechanical machinery of the power

- plant which make up about 10% of the missile's gross weight, should es-
-santially be linearly proportional to thrﬁst, thus similarly to axial
acceleration. Since tank loads diminish as fuel is burned at a constant
rate, theif strength is dictated essentially by the initial acceleration -
of their own stage or by the early surge of it occasioned by the gain

of motor thrust efficiency with altitude. However, they must also be



TS emesaneo oy MuE. Xiompersr DOUGLAS AIRCRAFT COMPANY, INC. eice -
DATE:_._____MAL.LQJ’.L_ e SANTA MOFICA _  prant mooeL, ._ #1033 |

£17
N PRELIMINARY DESIGN OF SATELLITE VEHICLS serorT Ko SH=11227

capable of withstarding their full fuel load at the peak accelerations
of all precéding stages. All subsequent stages will therefore require
relatively stronger structures than the first one, unless the motors
are throttled during all of the powered flight stagaa.except the last
one. This means that a margin has to be apnlied iﬁ any attempt to ex-
trapoldta a multi-stage aggregate from 2 single stage prototype.

In terms of the whole vehicle it may be desirable to stirike a

compromise to balance the advantages and disadvantages. A slightly

heavier structure ie balanced by the relatively lightef powsr plant

when the thrust.or acceleration ie decreased approximately st some ratio

like L-2/3. The following table gives a rough eatinqte of the weight

change in § of the ptototype gross weight, assuming the "tanks and tank-
" 1ike structures® made up 5% and the "powsr plant® 10% of the prototype

gross weight,

Case | linear scale factor of geo~
' metrically similar enlarge-
ment: ‘

Retaining the prototype ac-
celeration schedule, struc- -
ture]l weight increases to:
while power plant weight
remalins upchanged

Redueing the thrust loading
inversely with enlargement,
namely to:

saves on power plant weight
and incurs no increase of
structural weight

To offset structural weight
increase by saving in power
piant weight would require
reduction of thrust loading to
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However, any drastic raducfion of thrust loading can only be con-
siﬁered where the prototype acceleration is many times gravity in the
first place. I% would disastrcusly encrcach on performance when weigbt
alone exacts a large fraction of the thrust loading. Obvioualy, a re-
duction of the apparent acceleration of'ﬁhe V2 to 50% of ite initial
value of 2 g would leave it burning itaself out aitting on the grouﬁd.
Actually, considarations of the influence of acceleration changes cannot
be separated from performance calculationa; they will te treated in con-
siderabls detail in the next chaptar. o

On the other hand, any complete vehiclo of a typleal design will be
composed of various compomsnts which may be divided into several groups

whoge weights vary essentially with some more or less established ex-

ponents n of size, or of other charactiristic'parameters and these compo-

nents will make up certain fractions og,ﬁ of the gross weight.

Assume for instance, that tank weight is proportional to the nth
power of the fuel weight. (It was shown above that under certain assump-
tions ﬁ'=4/3; under others part of the tank and fuselage structures may
have n = 5/, or some value between 4/3 and 1; an average may well be less
then 1.30). Assume that all other compenents weigh proportionally to
gross weight, Let AW denote the fuel weight. Denote the quantities
An a known prototype breakdown by index o 80 that the prototype fuel
_weight is &, f, =nd the prototype tank weight (1~ A - jo) W, where
A,w, is the weight of everything that is neither fuel nor tank and

assﬁmed to waigh proportional to gross weight. Then in any article
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geometrically enlarged (except for beefing up where necessary) the fuel
must be 'a lesser fraction of the gross weight, namely AW and the tank

woight (l-aA ~/f )¥. These quantities will then compare in the prcpor-

| n
.La_i}.g/- = .‘Fz:.\ﬂ
/_dn-/’a .=d=W‘

/=gA = 4 W !
/- t 71 tw:;

The following table of values of gross over payload for exponents

tion (AW W )

from 1.3 down to 1.1 will give an idea of the order of magnituds of the

reduction of fuel capacity nacésagry and also of the sensitivity of'th_.a

result to the choice of the assump"hion: of n.

Values of gross weight/payload.

1.15 1.20
.20 .25 20 | .25 .25

1 1 1 1 . 1
“ 26| 17 12 50 || 7. 23
81 613 ] 35 | 176
a5 | u350 Jl130 | ssoll e | 292
1830 | 23500 || 435 | 3340 ] 168 | 920

Actually there will alsc be some parts of the missile whieh will not
require- enlargement or even duplication on mother stages, for instance the -

- "brains”. These could well be taken out of the structural welghts 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 lmprovement
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of the mothér stages' mass ratio and can be pitted against the weight in-
creases entailed by enlargement previously discussed. However, the ad-
vantage thus =2fl-rded eventually fades into insignificance when en-
largement is carried to extremes. The fact therefore remainsthat un-
limitad geometrical enlargement of a rocket will eventually bring a2 penal-
ty in weight. This 1s contrary to the contention advance&-by some that
structural efficiency will indefinitely increase with size,

7 The very fact that some parts of the prototype need not be enlarged
a3 the protoiype is enlarged works & hardship when an attempt is made to
reduce the size. Indeed some ph;ta cannot be reduced proporticnally or
not at all. They may have attained practical or qtherwiss'dgtermined
minimun sizes. This‘ia ; vefy raai prqblom‘iﬁ the manufacture of minia-

ture models. For this reason it appears that the real weight per unit

volume increases towards both the gmall and the large end of the scale,

Thera is an opﬁimum somewhere in the realm of "moderate” sizes. This

" optimum is presumably rather flat, its exact position will sensitively

denend on minor variations of the componentas.

Thus far only geometrically similar "blow-up® with size has been
considered. The disaﬁvantages attending this method of enlargement arise
from the fact that pressures due to volume forces go up with size. This
applies to all hydroststic pressures in tanks and the critically thin
suppofta of mass loads. It would equally apply to power plant paftal‘
built to withstand pressures, notably the burning chamber if the latter

were 1o handle a thruat proportional to the volume through a throat




+

65

Grevem'  raxeaneo sv:WoB. Klemperer DOUGLAS AIRCRAFT COMPANY, INC. raor
OATE:- May 2, 1946 SANTA KONYCA PLANT wooer, #1033

rimis.___PRELIMINARY DESIGN OF SATELLITE VEHICLE  neponr noSH=11827 -

area proporticnal only to the cross sectlonal area of. the wvehicls.

The latter is not feasible thermodynamically, there being no reasonr

wﬁy higher preassures and temperatures should become easier to handle

as the article is enlarged in size, Within a limited degree it may be |

possible to increase the nozzle diameters more than in~geo¢etric§l

proportion to the rest of the vehlcle, but when it surpasses the cali~

ber then geometrical similarity of the configuration is violated.

Both the hydrostatic pressure increaae and the nozzle thrust lcad~
ing increase are avoided if the vehicle were to be enlarg.d in cross
.-section area only and not at all in height. It would then become fat-
.tar at the rgte of the square root of the gréss welght increase, but
all weight preportions would remain assentially.the same. It is as
though a plurality of the prototypes wvehicles were afrayed, L2 in paral-
lel only and not also L in series. Actually this method of fattening
cannot be carried to several mother stages as the grandmother would
look like a mushroom. Aerodynamic draé cbnsiderations‘might.weigh
heavily againat such malformation. The idea is nevertheless fruitful
in that‘it points the way to a compromise: As the vehicle is enlarged,
it may to advantage be fattened a little, thue reducing the hydrostatic
and nozzle penalties without growing out of bounds in girth, If for in-
.stance the heights (lengths) are increased by the one~fifth power and
the diameter by the two-fifth, instead of each by the 1/3, the hydro-
static penalties should be reduced to 2/3, yet the fineness ratio would

drop only to 1/2 for every 32 fold increase in weight. However, any such
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violation of geometric éimilarity conjures up nsw problems of structural
subdivision, large bullheads, anti-sloshing devices and other structural
ex;gancies whose weight penalty has toc be carefully watehed lest.it en=
_eroach on the gain to he derived from the whole scheme.

The question may be posed: How will a change of fus] density ¢ af-
fect the tank weight? If the increased bulk is to be accommodated by
.geometrically similar enlarged tanke, then the linear tank dimensions
increase as g-ljb; the hydrostatic pressure {at Any.givon acceleration)
will actuelly decrease nemely as ?-1/29 = QZ/B. Sinee for a given ma-
terial strength the wall thicimess has to vary with the product of pres-.
sure by radius, and the latter varies as ?-1/3, the wall thickness
will alsc decrease as ¢ /3. ?'1[33 é.lJB, The tank ',ight is propor-

ticnal tc the surface and the wall thickness wviz to 7-2/3. 9.1/3. Hence

it increases wilth linear dimension or volume 1/3. This is a atrike a=

gainst liquid hydrogen fusl which weighs only 7§ of hydrazine or about
834 of alcchol per unit volume. This disadvantage is aggravated by the
flimsiness of the thinner walls of larger vessels,

If again the tanks are to be enlarged in width only and rot in height,
then the tank radius varies indirectly and the reguired wall thickness
directly with the square root of the fuel density, so that the tank
weight woﬁld repain unchanged. The progressive fattening of successive
stages would rapidly grow prohibitive. On the other hand fewer stages
are required to accomplish the same performance with the higher exhaust

veloeity of the lighter fuel and vice versa so that the overall picture
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may not be radically affected.

It is noteworthy that the optimum properticn of 2 cylindriecal tank
from a viewpoinﬁ of zinimum wall weight to volumetrie content is —ore
squat for hyirostatic pressure than for uniform (gas) pressure., as is
well known, the flat headed cylinder of least gsurface per volume is as
high as its dimmeter, (h=2r). :

In order to make the tank heads stand vnp under any uniform interrsl

" pressure, they should be bulged. Hence they would have a surface Ksrzvr
aach and a calotte volume of erau'. For equal wall thicimess the bulge
rﬁdiua would Pe twice the cyliﬁdér radius and the coefficients KS = 1,072
and K= .274. The_lightesﬁ shape (neglecting seams) would be attained
with a cylinder height of h.'(ZKs-BKv)r, here = 1,32r and the totalrheighf
including caps Hs1,36r, somewﬁat shallower than the flat headed cylinder.

On the other hand, if the tank is to stand hyirostatic pressure which
inereases linearly with height and if the walls could be sultably tapared,
the weight of the top would b; negligible but the 5ottom would have ic be
bulged alightly more than to the double eylinder radius if it was to be
made of the same thickness as the lowest part of the cylinder wall. If
we also negleet‘this bulge for the sake of & first rough approximation,

then the weight of the tank will be indicated by

Ws(h fr)rz'r!; wnfn/s

where w is the specific weight of the tank material, s its allowable stress;
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n the load factor and f the cspecific weight of the fuel. Defining

g V/r°x by the volume V end the radius r,

W-(E&Qr+r)‘ﬁmﬁ@

dw/dr = (=2V/3mw + 1) Vwnf/ws
Zquating this to zero yields
V=drlrsrnn
hsdr
which 1s four times as sguat as the square cylinder of uniform wall
thickness,

If the bottom is bulged to a radius equal to the eylinder diameter
and made thicker in the sump according to the hydrostatie pressure in-
érea;e,_then the lightest proportion turns ocut to be h=,325rand H=.593r
which is réthar squat. However, the influence of 2 variation from the opti-
mum is nbt largs and other considerations such as manufacture, bracing
and 1id, safeguards against sloshing, ete., militate against extrermely
shallow vessels., The 1id ecannot be made weightless, the walla cannot
be ideally tapered, seams and anfi-aloshing means have to bes provided.
Hence practical vessels will probably be of proportions H/r ranging
somewhere around 1Y 4. |

The preceding discusaion of scale effects is useful for giving an
ovérall view of the rocket design problem. However, in order to make

- weight estimates for preliminary designs a greater amount of detail is

necessary. An attempt is made in the followirg pages to corgider various
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parts of the vehicle weight separately, aprlying a separate acale factor
to each part. Up to the present time, the best (in fact, the only) long
range rocket ig the V2, For this reason the V2 is used as & basis or
standard for calculation. Some features of the present multi-stage de-
signs do not appear in.V2, and separafe welight allowences ;uét be nede 7
in such cases. Sinee no past experience or present design:practice
exists for staged rockets, various reasonable appearing assumptions must
be made,

It 18 to be expected that the art of esgtimating weights for long
range, low acceleration rocketé—till progress rapidly as designs reach

th& layout atege on the drawing board.
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Meisht Sstimation for Rocket Desiin Study. As a starting point

for this study, use is made of 2 breakdown >f weishts of V-2 as ziven
by Gilliland¥. rercentages corresponding to those weizhts are listed
in column {1) of Table I below. =ince they correspond to a mass ratio

gﬂrgzgs;twt;uel; of only 3.25, a new set of percentazes has been as-
) Pt 4 - .

siznaed in column (2@ to raise the mass ratio to i, a ratle which uas

achieved for V-2 al the end of the war.

Rased on a Iross welsht of 27,305# as ziven by fHilliland, the
percentagzes of column (2) yield weizhts for the various iltems as :iven
in column i3). The "Radio and lnstruments® and "larhead" of the above
veferente are lumped under "Paryload" below.

Tsbie I
V-2 Major elziit Breaxkdoun

(1) (=)
Mags Hatio 32.25 Hass Ratio 4 .

Tanks and Piping : . 5elh® L 45% 1230
Pumping Unit - 5.7 (o7 1230
Nozzle and Combustion Chamber 3.8 245 630
Controls and Surfaces L9 L ohd 1126
ruels 69.1 75,0 20,430
"Payload" 11,1 9.2 2510

total 100.0 100.0 27,305

Although the figures of Table ! above are admittedly inaccurats,
they represent the best information available to this writer at the

- present time.

#3i1liland, E. H., Hocket-Powered 'issiles, dJet rropelied ilssiles
Panel, fay 1945, paze 45.




" rORM 28.5.1
ARy, s-a2)

enerario sv:_1. F. Lioo  DOUGLAS AIRCRAFT COMPANY, INC. rmesi T

OATE: May 2, 1046 SANTA MONICA PLANT mooeL, #1033

TITLE: i V3 ‘ 'ESIGN S rePoRT NOL1R27

Items of Table T are further broken down in Table II, below, still

following 'G1lliland's outline, . but using revised figures.

Table II
V-2 "Detail" Breakdown
tem Subdivision Welght Sub-totals
' 1bs, : lbs.
1. Tanks & Plping ' 1230
Integral Tanks 1160

Distributing Pipes 70
& valves

Pumping Unit o
a. Power unit % tanks
b, Mounting & end frame -
e. Shell structure
Nozzle & Combustion Chamber
Controls & Surfaces
a. Fins

b. Internal controls

c. Bxternal controls

Oxygen
Alcohol
"Payload!
Radio commartment
& frames
Radio Bquioment - 130

Instruments, wiring 260

Comoressed air bottles' TG

Farhead 1720
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It is convenient, in the analysis vhich follows, to regroup the
items and subdivisions of Table II, so that cuantities which vary alike
with scale of the vehicle can be lumped. Such a regrouping is given in

‘Table IIT, with sub-totals that apply to V-2.

Tgable IIT

Feights Regroused for Analysis

Group Contains subdivisions " Reight
(From Table ITI)
T. Tanks & Structures la, 2b, ?-c, ba o 1980
M. Miscellaneous Structure not in V-2 - -
N.. Nozzle, chamber, pumps - lps 2a, 3 ' 1480
H. Provisions for H2. not iﬁ V—? ] - -
C. Controls La, 4b, Lc B 1120
B. "Brains®" not in V.2 - -
F. Fuels 5a, 5b _ 20,480
P. Payload 6b, 6c, 64, be __ 2240
Total 27, 300

Groups 2t listed in Table III are secarately discussed and analyzed

below. A list of notation is given here to facilitate such discussion.

ey

= design acceleration for structure (r_lo. of M"gtsh)
fy = a;pplied tensile stress, #/in?

F, = allowsble tensile stress, #/4n?

k, = constant, may or may not be dimensionless

.= scale dimension of Jlength

£ = length of fuel tank, inches

—~

Q

~—r
[}

subscript, referring to V-2 as a basis for calculations

© = fuel density, iﬁ"/fl.rl3
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P emesar T
p = fuel pressure #/in>
r = radius of fuel tank, inches

T, M, N, etc. = group welghts as captioned in Table ITT

wall thickness of tank or shell, inches

:*
I

Gross woight of a stage, considering the sum of all
succeeding ( smaller) stages as vayload

=
]

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

T = duration of burning for a stage, seconds

GroupT Tanks and Structure

Since a high perc_e;ltage of thecgross weight (60 - '70'% is in
fuel, it is to be exvected that fuel tank weights will have a major‘
bearing on the overall structural weight. For this reason, the
structural items listed by Gilliland for the V-2 projectile are
all lumped and assumed to ’vary as the fuel tank weigh.t.

For our purposes, the fuel tanks are assumed to be integral
with the structure, rather than separate, alt.h&ugh this point has
by no means been finslly settled.

" Consider the fuel tanks in a2 manner similar to the discussion
(p. 38 to 69 of this report) on the influence of size on the

structural weight of rockets.

P = k‘? al
fy = Fy = _:_r = constant for a given wall material

St =kpor=kipalr
{a) Side walls of tank

Area = 2W4d v
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wt of side walls
t x area = 2 kq pa IL?:-2
- bottom ‘ | l
= Ti‘r2
Tk, pa £r?
S e,
= ‘ITk3 pa (21.2r2 + 1r35
F ('= fuel weight) = [:»Trr2
F—kBa(2£+r) —ka.(f5+2)
From V~2: |

T, = 1980, F,_ = 20,490

o

-k 4= 000127

- T )
F~ =.000187 a(L+ %) (1)

Using approximzte dimensions i‘ér design studies of {a) a f;:ur
stage alcohol, oxysen rocket and (b) a two stage hydrogen, oxygeﬁ
vehicle, group T weights have been calculated and are given in |
Table IV below. In epplying e value for a, it should be noted
that the desipgn accelerstion for the first stage is at the start
of that stage {minimum @cceleration, full tanks) whereas for
succeeding stages the design acceleration ocecurs at the end of
the first stage t;uming (maximam ac'c“eleration, full tank‘s).

For stage 4 of the alecohel, oxygen system, it is considered
that the extrapolation from V-2 is too *grest for a simple scale

effect formula. fherefore an independent estimate based on a2

reasonable minimum shell thickness 4s shown for this cate in

Table IV.
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Table IV
Group T {tank and structure weights (pounds)
Stage : A 2 1
Alcoﬁol & Oxygen 120 ‘ L350 14,300

Hydrogen & Oxygen 2250 36,000

Group M. Wlscellaneous Strueture

This weight group is provided to ailow for structural items that
do not appear in V-2. There are twp maior components coﬁsidered. Pirst,
to allow for coupling of stages, an amount of 3% W is éllowed for each

stage. Second, to allow for mininmum gauges and general miscellaneocus,

weight is assumed which is 4% ¥ for ¥ = 1000 pounds and zero for ¥ =

27,000 ovounds ané>above.

Group ¥ weights as descrihed above are shown in figure 1, an arbi-
trary curve;
Group N. Nozzie, Chamber, Pumps

Feights placed within this group are those which depend uvoon the
rate of fuel flow for thelr size. It has been found in past designs
that the complete power plant varies nesrly directly with the mass [low
rate of fuel.

For V-2, 20,480 pounds of fuel are ?urned in 60 seconds and N is
14RO pounds.

.- -

= B0 .
W . (\

F
4L.32 % (
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Chapter 7

Group C. Contreols
Percentage of gross welght taken up by electrical, mechanical and
structural controls and surfaces has been found to vary roughly with the

souare root of a linear scale dimension, based upon past experience with

aircraft design.

c _ 3
Thus = ksL
But L varies as Wl/B
¢ = kW
To avoid handling large numbers, write this in the form

(% )7/6 ¥ )76
(

X)) - |
w) o T 10 9 500) (2)

...Co

Group H. Provisions for Hsp

For the hydrogen burning rocket only, it is believed that specisal

pfovisions vill be necessary to {a) maintain the liquid state inside

the hydrogen tank (b) prevent escave of the licuid and (¢} prevent
explosions due to the wide explosive mixturé range, Although no logiecal
basis now exists for calculating the weight of éﬁch provisions, a reason-
zble amount may be‘l% of the gross weight of each stage.

'-Grgup B. ™"Brains"

By "Brains" are meant the centrel guiding units which furnish com-
mands to the control system in order to guide the vehicle on its tra-
Jectory. A weight of 200 oounds is arbitrarily allowed for such eauip-
ment. This item is apolied only to the last stace of each rocket system,

since a single set of "Brains", with oroper control system connections,

should serve all stages.
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Group F. Fuels

The total fuel weight for eaf;h stage.is determined from a‘percent—
age of gross weight, which-in turn is derived from trajectory calcu-
letions for the particular fuels and number of étages employed. Tra- -
jectory calculations are set forth elsewhere in this report. It will
suffice to say‘ here that for alcohol-oxygen i-stage asystems the fuel
weight is taken as 60% of the gross weight for each stage whereas for
hydrogen-oxygen 2-stage systems the fuel is 71% of the gross weight.
Group P. Payload

For the final stage; the payload has been set arbitrarily at
500 pounds. For other stages, the payload of esach stage is the gross
weight of the succeeding stages. Since the gross weight of stage 2
(say) includes the weights of stéges 32 and 4 it can be. said that the
payload of stage 1 is simply the gross weight of stage 2, and so on
for the succeasive stages., -

Gross weight is the sum of groups T, i, N, C, H, B, F and P.
Using the formulas and aséumptions described above it is vossible to
tabulate the weights for a L-stage alcohol-oxygen rocket and a 2-stage
hydrogen-oxygen rocket. These gare given in tsbles V and VI, resvective-|
ly. E&ince the solution for gross weight, fuel and structure in terms
of each other is a trial anderror process, these figure$ are not
completely accurate ér cénsistent; howevgr, they are close enough for

preli!ﬁinary design purposes.
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Table V Weight Summary, Weight in 1bs.

4=stage Alcohol-Oxygen Rocket

Group Stage e =2 2. - 1

T.  Tanks & Structure 120 590 4350 14,360
M,  Miscell, Structure 160 '473 1610 7,000
N. lozzle, chamber, pumps 91 376 1550 | 74780
c. Controls % Surfaces 77 422 2150 13,19¢
H, Provisions for Hp None
B.  Brains 200 -- - - - -
F.  Fuels 1720. 7100 32,200 140,900
P,  Payload . _500 2868 11,326 53,439
Gross : 2868 11,820 52,489 235,657
S=T+H+H+C #8448 1861 QOE 33,585
S/% .156 157 J18 168

i
i—J
o
h

Table VI eight Summary, Weight i

2-stage Hydrogen-Oxysen Focket

Group Stagze 2 1
T, Tanks. & Structure 2,250 36,500
M. lilscell, Structure 555 2,740
W, Hozzle, chamber, pumps 250 5,620 -
c. Controls & Surfaces - 555 16,090
H, Provisions for Hy 180 2,750
B. Brains 200 ' - -
F. Fuels 13,50C 207,003
P. Payload A5G 15,364

Gross . . 15,282 201,544
S=T+H+i+C 3 24 A3,200
5~y ~oL T
Dy e o wipT o v 0
A —
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Chapter 8

8. INVESTIGATION OF DESIGW FROZORTIONS

This chapter has a double purpose. 1). The first is to coﬂtinus
and develop the study of the dynamics of orbital vehicles which was
initiated in' Chapter 5. Use will be made or the results gained in
Chapters & and 7 concerning power plants an; structural w;;ghts.

2). The second purpoae is to apply thé goneral theory_thug‘deveLOped
to the design of two actual vehicles. In this chaptsr we shall be con-
cerned only with the basic featurss such as number of stages, weight of
stages and maximum thrusts tolbe used., In the following chapter, these
values will be combined.with th; results of trajectory calculaticns to
.&lve ; final 1ntograt9d deaign,

General Dynamics of Orbital Vshicle. Single Stage Vehi¢le.- We

shall improve on the analysis of Chapter 5 by taking into consideration phe
practical details which were left out in that chapter; namely gravity,
inclipation, dependency of structural weight on load factor, drag and
throttling.
Gravity - Pirst let us consider a vartica%rtrajectory. It will
be necessary to add a term, -g (the acceleration of gravity) to the righ -
Tright hand side of the eqﬁation of motion, presented in Chapter 5.

We obtain

(1) dv _ _¢c dm
ac m a8

which integrates to

m
(2) Vp = clnm_}__gtB-tYo

4
Where ty is the burning time and subscripts "F" and "o" denocte

"final” and "initial" respectively.
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For the purposes of our later work we shall eliminate tB in

terms of the maximum load factor n defined by

(3) ng-= (g%) max + g

The missile reaches its maximal acceleration ({.e. thrust - mass’
ratio) at the end of buming time (wé assume constant thrust). Hence

it follows that

R
S’S_,.thBor

- _F :
(4) 'EtB - (._STg}n.

Thus (3) may be written as

(5) 4% .., % _ ¥
¢ T S n(5P)

r E .
(Note that Sp= = 1),

The following rumerical example shows the importance of n. Let

= .6 andn = 6.5 (we shall 1ater see that these are reasonable figures).
.6

Then 1ln E‘:p = 1n _6 = ,916 and n'r:pp) = TR - .27 = 287 of
.916. Thus if the exhauat velocity ¢ is 8,500 ft/sec, the velocity
increase during one stage 1= 7,200 ft/sec neglecting gravity, but if
gravity is considered, the velocity increase is only 757 of this or
5250 ft/sec.

Inclingtion - In most practical cszses the trajectory will have

.variable.inclination. In this case the formula for acceleration along
the path of flight is

(¢) §-_¢ 40 -¢zsino
There 6 18 the angle the trajectory makes with the horizontal.

This ecuation is not readily integrable unless © is considered constant.
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Chapter _8_
Te shall make this assumption, because in spite of its inaccuracy, it
will fummish us valuable information on how & affects our choice cf n.
8 will-be referred to 2s the average inclination. Instead of (5) we

then obtain
F sin 8

(7 -‘éc—v-ln w 'TS;P'T-

Clearly, the more horizontal -the flight path, the less is the los=s in

performence caused by finlte acceleration.

Nependency of Structural Velghts on Lozsd Factors -~ The example above

shows that a low acceleration like 6.5¢ has a detrimental effect on verform-
ance. On thz other hand, it was shown in Chapter '?,’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 %.. To study how these

factars balance each other, let us cor}sidér a missile whose total initial
weight ¥ 1s fixed and whose weight empty may b.e exg.:ressed in the form

(2) &+P = Q+R.n where Q is that portion of the weight which is
unaffected By the maximum acceleration and R-ﬁ is the weight of the re-
maining structure which is assmned. to be 'c?i.réctly proportional to n.
Actually, 7 represents essentizlly the weight of the payload and the conﬁrola,
wheress R*n is the weight of fuel tanks, power plants and accessories, etc.

Then (7) reads

4ayv . =
(<) c 1n0.+Rn

-aian—-——(-———)-W' 2t Bn

n{" + Rn)

In figure 1 we see hOW—I is affected by n in a vertical trajectory where
we have used the values Q/F = .275 and R/F = .019. These figures correspond
to a payload which 1s 20% of gross weight, a structure independent of accelera-

tion of 7.57 (.20 + 075 = ,275) and a remaining structure which weighs 1.9%

of gross weight for each gross acceleration.
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It can t;e seen from the figure that the adventages of high acceleration
tc reduce the loss from the effact of gravity are counteracted by the
poorer structufal weight in such a manner that an optimum acceleration
exists, For this ‘narticular example, the optimum acceleration is 7.z,

- This could also have been.cbtained by the zid of calculus. Namely, if

24V is eouated to zero, one obtains the following cubic eauation for n-

an
R
10) (W) -W-(g +a§)n +2a—(,-l)n+
29 = = 3
aw@ - l) 0, ®here a = 5in 0,

In Fizure 2 the solution of this equation has been plotted against
. R/W with parameters of% and 8. - This chart is very useful for a raoid
determination of the appmﬁmafe; value of the ootimal acceleration.
Two correctlons will have to be added for a more refined analysis:
1}). A correction based on a more exact weight formula. 2). A&
correction for drag.

From the diseussion in Chapter 7 it is evident that the exoressisn
af the welght empty as a linear function of n is overr-simplified.‘
However, 1f we use a more accurate formula for the wei;g'ht variatisn, «=
are forced to abandon genersl analytlical methods and shall havs to
reduce ourselves to a numerical study of 2 concrete example, In
choosing this example we anticipate some results to be established
later. The oxygen~alcchol missile to be provosed in this report =il
be g four-sta.ge missile. Its first (largest) stage will have a ¢roc=a
weight %, of 233,669 lbs.,’its payload (W,) will be 11,829. We select

this Stage as one example. The two weights mentioned will be keot
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constant, but the load factor will be varied from its desipgn value 6.5.
The analysls given in Chapter 7 shows that the weight of the
stmcture S1 will vary with the load factor n according to the ecustion

43 N 2 '
(11) § = 14,700 ( D+ 7,780 x .gg_ (F )
140,000 B.5 _ 140,

W
+11,400(2§3,66q> ", 20 (233,669) 5%

The terms on the right hand side represent in order the weight
of tanks, vower plant, controls and various miscellanecus weights.
The design vaiues of these weights afp 14,800 ibs., 7,720 1lbsg, 11,400 lbs
and 3.0% of W, respectively. 55.2 and 6.5 are the design values of
ty and n. If we select a value of I of 240" sec_and put ¥, and W,
egual to theif de&ign values, then every term on the right hand side is
a function of n only. The other variables may be eliminated with the
aid of the equations W = Sl+Fl+H2 and tB-= é(;\g%_) The result of
this rather cumbersome numerical calculation islgi%en in Figure 3.
 Once Fy, Sl and t; are known as functions of n, the'finalivelocity vF
may be computed from (2) (with ¢ = 32.2 x 2.0 = 7,750 foe). The result
has been plotted as curve 1 in Figure . (the other graphs in Figure 4
will be discussed shortly). The optimal vslue of n is seen to Be 7.5;
_ VF does not fall more than one percent below its maxdimgm {f n i3 kept

between 6.5 and £.75.

*This represents an average value during first stage.
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Chapter _ 8

Drag - For a rapid estimate of the effect of drag on performance,
the method of succeesive approxdmations is recommended. The equation
for a vertical trajectory is (D denotes drag):

12) Ne g dn -2,
(2) S--2 §-¢e-1

A zero order solution is obtained by putting D = 0. Then (12)

_ reduces to (1) and by integration one obtains the vacuum trdjectory,
i.e., velocity and altitud&as functions of time. Using these functiocns,
2 may he exprasud as a functiocn of time. The right hand side then
depends. on time only, and by integrating one obtaing the first order
. solutien fo;j'? as a function of time. The method has been elaborated
45 JPL-GALCIT Repart No. 4-11, "Vertical Flight Performance of Rocket
Missiles” by W. Z. Chien. It has been applied to the emmple 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 ne7.0.
Total Energy - So far, we have u.asured performance in terms of
the final velccity Vr.' Fowever, it would seem that one really should
- consider the total emergy gained which consista of kinetie + potential
energy. This total energy may conveniently be represented by an
*equivalent velocity" Vg, defined by Vg 2y Ve + 2gh where h is the
altitude gained, The eqt}ivalent velocity has also been plotted with and
without drag as eurves 3 and 4 in Figure L. The wvalues of n for maximum VF
are 6.0 (vacuum) and 5.5, as compared with the values 7.5 and 7.0 for maximum
Vpe
If our vehicle acteally were s single stage rocket Vg would clearly
be- the significant walue., However, if it is one of the initial st.a.gea

of a multi-stage rocket, the situatiorn is more complicated, The reason
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is that a rocket motor is characterized by its thrust T which is
_essentially independent of flying conditious, Its power on the

other hand is T x f and hence directly proportional to the speed

of the venicle’and the total enérgy gained duriﬁg one atage isrequal
to the . work done = f s g tB]' x Vdt (neglecting drag and gravity).
This showe the importance of ?:he initial velocity, But the initial
velocity of the second stage 1s the final veloclity of the first stage.
Thus by trying to get as much total energy as possible during the
first stage one might lose out oa later stages.

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

Throttling - On fhe baais of the above discussion of the
influence of maximum acceleration on weight, 1t smeems logical to
investigate whether weight can be saved by throttling during the
later portions of the burning period where the accelerations have
1ncr§aaad consliderably, However, s moment's reflection shows that
this will not reduce the critical design condition on soms of the
atructural components. hotors and pumps will bave to be designed
for maximal thrust rathe} than maximal acceleration and hence nothing
is saved in the weight of the power plant. The load on the tanks
of the rirst stage is greatest during the first part of the burning
period when the tanks are full, Cénsequently, the'weight of trese

tanks will be unaffected L, throttling.
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Calculations have shown that if the maximum acceleration is

reduced from 6.5¢ to 4g by throttling, the gain in structural
weight is sufficiently greater than the loss in efficiency of the
rocket, that a gain of about 3% on velocity is cbtained. However,
it is felt that this gain 18 not sufficient to warrant the

additional complication in the present astudy.
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Chapter _8

Proportioning of Stageg

Eﬁlti;stagé Vehicle - 1In Chapter 5 the comcept of aimulti—
stage rocket was introduced, A simplified anslysis showed that
if the structural weight ratio is the same for all stages the
performance is & maximum if the payload and the weights of the

varicus stages form a geometric progression:

wn -“n-l ern Wl

1) W, * ﬁ;‘

The final velocity at the end of bwrning of the oth sﬁage

is thus

R RUE

This basgic formula wss plotted in Chapter 5 for n = 1,2,3,4,5
and % = +16, On the next pages four additional charts of this
type are given for % = .1, .143, .182 and .25 (Figures BA - 5D).
The value .182 wes achieved b§ the Germans in their later redesign
of the V-2,

We now turn to a detailed comsideration of the problem of
optimal proportioning of the stages, when more realistic assump-
tions are introduced. It will turn out that factors like inclina-
tion, variable exhaust vélocity, etc., will cause deviations of the
optimel proportions given by the geometric series. However,
these deviations will in general be amall, sometimef”insigni-

fieant, It will also be seen that the maxims
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in general are fairly flat i.e. déviations from the theoretical
maxima will cause but =mall loss in oerfermance. In order to bring
out the trends cleariy, the various factors will be considered .
separately. Vhen concrete numerical computatlions are made a two-stage
rocket will be considered. If values are desired for rockets having
a gresat number of stages, these results may be applied to the stages
in pairs. The following .formulation of the problerﬁ apolies to all
such two-stage rockets: The gross weight of the first stage (w()

and the pay load of the second stage (P) will be fixed. The weight
of the second stage (1'2) will be varied and t.he'oerfomance_ plotted
aeaiﬁst W, (or some equivalent Variable like W2

5
S :
n, ¢, ¥ will also be considered fixed except when otherwise stated.

). Ouantities like

They' may or may not be the same for both stages, devending on vhat

-
]

factor is being studied.

Gra-j'rity_. Inclination ~ If gravity is considered the ootimal
orovortioning of the stages is still a.geometr'icai progression as
long &s verformance is being gauged by the final velocity VF' |
{Te thereby assume that the maximal load factor r rather than the
burning time ty is kept the same for both stages.) This result
mzy be proved by standard methods of calculus or by a qualitative
method to be discussed later in this chapter. A plot for an actual
concrete case (Figure 6, curve 1) shows this maximum to be rather
flat. 1If t..he equ:'.val'en:t, :.reloci.t;r VE is considered instesd, a smal-l |
displacenient cf ?:he maximim to the right takes place as shown by
curve 2.

In the same figure the effect of inclination 1s shown by curves 3,

4 and 5. The first stage {s assumed verticsl. If the second stage has
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average inclination with the horizontal of 600, a rather insignificant
displacement of the maximum ?o tﬁe right takes place (curve 3). In
order-to bring oui the trend more clearly, the exaggerated case qf a2 hori-
-zontal second stage was considered (curves L and 5). In this case, the

and V.

E is consider-

disolacement to the right of the maximum of bhoth VF

able.

Exhaust Velocity - Due to altitude effect on vower nlants the

average exhaust velocity of the second stape is usually larger than
that of the first stage (a 15% increase is a typical value). Multi-
stage rockets have also been proposéd where the second stage employe
fuel with considerably higher exhaust velocity than that of the first
gtage.

' for a two-stage rocket, the followlng formulz for ﬁhe ontimal

provertioning was obtained by calculuas:

W, : . g\ < 02
(13) W??i— = ']'2'1. (%)[-\El (r-1) + \}% (r-1)2 +1,(i) J where r = Ty

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

(14) E = 1-% (r-1) [1 + E“\J'—E__}

VFii S ¥y
Plots of valuea obtained from these eaquations are given in
Figures 7A and 7B. For the tyvical values off%)= 143 and ;} =20
and the exhaust velocity of the second stage 15% larger than that of
the first stage, the ootimal value of %o, is about 16% smailer ‘than

the geometric mean pf P and Wi.
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Chapter 8

Drag - An investigation of the effect of drag-on the optimum
proportionié:g of two stages was mgde for the case in which the first
stage bad higher drag than the second {(this is the nozﬁal case en-
countered). The r-esults showed that the influence of dragz on optimal
proportioning is comparatively ins-ignificant‘.

General Considerations about Optimal Proportioning. Influsnce

of Structural wWeight Ratio - The following qualitative method for

determining the optimel proportioning might sometimes prove useful,
Details of the method are omitted. A
Consider a two-gtage rocket as before. Express the performance

for oach' stage as a function of the payload weight ratio. Denote
P

these functions by :L'l(x). and fafx] . Put =— T e coustant and the
payload weight ratio of the first stage = 2@_ = x: then the payload
Wl ‘
paylcoad weight ratio of the second stage is % = % The total
. 2 L4

velocity increase expressed as a function of the payload weight ratio

of the first stage is then V{x) = £,(x) + £, (-i—)

Consjder the diffarence d = V(%} -Vi{x) = l:(tz (%)- rl (%)) -

&
(1‘2(:) - fl{x))] . If 4 is zero, the graph of V agains*a certain
‘ &
r .

type of symmetry around the value whers % =x, 1.0, x= - it 1s
then geometrically evident th.a.tﬂth.is polnt of symmetry recresents a
maximum. The difference 4 is zero when fl and f2 are aqual or differ
by a conntant.. This is true for the idealized cese when rllx) =

.rz(r.) = -¢ 1ln (x+‘-§--). It remains true when gravity is considered.
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. Now teke the case or'different exhaust velocities. Then the

2 8,8
difreranoe,Q is = {92 -8} [?n(x+ w) - ln(x * wj] This is negative

for x(_—%. . From the geometry of the graph it than follows that the
maximum bas been displaced from x =\/a towards smalier x.

.So far we have only verified previous findings, To obtain a
new result,.consider the case of variable structure weight ratio,

°.8. 5 s

1 a 1
Then 4 = ;n—ﬁz * X EI‘ tx
o ln -cln R
Sy a s, L :
— 2 .+ X
W x e
2

This is also'negative for x<% and égain we conclude that the maximum

has been displaced towards the left,i.e., the second stage is smaller
than the geometiric mean when its structural weight ratio is less than . .

that of the first stage.

Influence of the Various Sﬁggea on Each Qther - Above we have

sometimes applied the results obtained for a single stage vehicle to
each separate phase of a mulﬁi-stagé vehicle, However, the diascusaion

of whether VE or Yé is the signifieant performance parameter for the

first stage of a multi-stage vehicle (see p, 89 ) showed that a
certain-amoﬁnt of care is necessary.

Another"example of how the fafious stages influence ach other is
this: Por eﬁch separate stage one can find the optimal load
‘factor by the methods described at the befinning of this chapter.

Howaever, each stage cannot be designed for its own optimal load

factor, The reason 1s simply that any stage is subjected to the

maximum loads of any previous stage. And in general the optimal
A .~ _
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load factor is lower for later stages,

Application-of General Methods to Actus)l Design.- So far we have

developed a general analysis of performance parameters. We now proceed
to apply our resulis to actual_designa of two vehicles, Oﬁr starting
point will of course be the specifications of the orﬁital vehicle, Two
quantities are revelant for our'consid;rations: (1) orbital ieloéity;
{2) ieight of pay load.

Strictlyﬁtho altitude of the orbit should likewise be given.
However, it was found in Chapter 3 that tle altitude had‘little effect
oh the energlies requirsd for varl;us orbits, This is fortuﬁata, bscause

" it implies that the skape of the trajectory will exert only a secondary
influence on cur choice of design proporticna, A walue 24,500 f;/#ec‘
_was selected as the orbital velooity to be used in our present
consideration. The pay load,‘aelectad on the besis of a reasonable

_ allowance for sc;entific instrumeats, was taken as 500 lﬁs. However,v
for_the purposes of the analysia in thie chapter, we also have to count
the 200 ibs. 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 = noémal estimata of the structure-weight ratio S .

W
Thus, for the remeinder of this chapter, the weight'or the pay load

will be considered to be 700 lbs.

Next we need a value of the parameter ¢ (exhaust velocity) which
epecifies the performance of the power plant, in other words we have %o

select the fuel, Two different vehicles will be considersad, one powered
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by oxygen-alcohol, the other by oxygen-hydrogen.

“Albphoi-o:ygan Venicle - If liquid oxygen and alcohol are

used aa propellahts,.tha value ¢ = 8,500 fps, is a reasonabls
average value for our initial work. In selecting this value
6onaidaration was given to tae fact that most of the operation of
the rocket wiil be at altitude. Using this vélue of ¢, we find
that %- is 2.88. In the preliminary work we ahall use a value of

Sa .16 which is an average value cbtained from the results of

u
Chapter 7. rér our present purpcse it would be eitramely
convenient to have a correction factor to take care of these itema.
A good value of such a factor can only be based on long experisnce
in designing, building and testing orbital vehicles. Since this
oxperience 1s lacking, we u#e'the following astimate.. Tne v=-2

waa designed for a load factor of 6.5. A previocus estimste in
this chapter showed that with this load factor the losses due to
zravity in a vertical trajeciorylamount té 25, Inclination of
the lest portion reduces this to about 20%, HMurthermore,
preliminary calculations showed that drag will reduce the fipnal
velocity by 104, Thus we arrive at a correction factor of 1.30.
This incrsases the value of %-required from 2.88 to 3.74. A loock
at Figure 2 of Chapter Sltella us that a single-stage rocket

Vand a two-stage rocket are impossible. A three-stage rocket would
have to have a weight rgtio ;& of 4L50 and a four-stage and a

five-stage rocket would have about equal weight ratios or 330.

Thus & three-stage vehicle would necessitate a gross weizht of
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450 x 700 = 315_ ,00C lba, and a fogr-atage_ vehicle 330 x 700 =
230,000 lbs, T@is yeight saving seemws to warrant the additiomal
complicatibns or-%ﬁ;ing four stagea instead of three, wtdareas
pothing is gsined by adding a fifth stage. The weight of the other
stage8 will form a gecmetrical prograssion._ The ratio of tﬁe weights
batween two consecutive stages is k330;j{'= 427, AL thig stage

in the anaiysia, the detailed wesight study of Chapter 7 was
undertaken, Hand in hand with thie structural weight study, an
anelysis of. the optimum design proportions was Qade; using the
methoda previcusiy explsined in this cihapter. This combined study
resulted in the aset of valﬁea pregented in Chapter 7. '

The next step in our design study will be 60 determine more

rigorously the actual tra jectory of the vehicle, taking into account

the variation of drag, exhsust velocity and inclinetion. This
mnore. detalled computation wiil be done 1n.the next chapter., The
results obtained there will givb us an indication of how accurate
the preiiminary analysis of this clapter has been,

It is clear that it ie impossible to mintaiif a strict logical
order in determining tﬁa proportioné ¢f the vehicle, actually
one has to repeat the process dedcribed here several times, just
a# wipen solving a problem by successive sapproximations, As a

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

1
In the course of the reoviasions indigated above, this value was

changed to 233,669, Hence, ws may conoclude that tke factor 1.30
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used above-for correcting g was a reasomably good estimate. The
values for & finally established were .168, .18, ,157 and .156
for atages 1, 2, 3 and / respectively, which are likewise in

satisfactory agreement with the assumed value of ,16, It was

unnecessary to alter the velue of 6.5 for the maximum ratio of thrust

to weight,
Hydrogen-~ en - When the analysis was first made for the

liquid hydrogen~liquid oxygen rocket, the structural weight ratio

‘was sstimated to be 0.20. In addition, it was erroneously assumed

that higher accelerations would be used then were used for the

alcohol oxygen rocket with a consequent reduction_in the correction
factor to 1,2, Under these condifions, it appeared that a threé
stage hydrogen-oxygen rocket would give slightly smaller overall
gross weights than a two=stage rocket., However, the gain'was 80
small that it was depided to avoid the complications‘of the three-
stage rocket and proceed with the design of a two-stage rocket,

As the work on structural weight analysis progressed; it
became apparent that the acceleration would have to be reduced %o
the walue used for the aleohol-oxygen rocket. Maxing allowance
for this decreased acceleration and also for the higher drag of
the hydrogen rocket, a revised correction factor of 1.32 was

obtained, In additiorn, it was found that the structural weight
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ratio would increase to about 0,25, When these later figures
were used, they showed that it was advantageous to use three
stages instead of two. However, the design study for this vehicle
had ﬁroceeded eo far thaf it was inadvisable to alter the number
of staéea. |

If we use an éxhaust velocity of 13,500 fﬁ/sec and a correction
factor of 1.32 we find %—= 2.,4. For %-= .25 tigure 5D shows
that a value of EE_ of 400 is necessary for a two-stage rocket.

This corr99pondsPto a gross weight of -380,000-1bs,

The final design value—s- resulting from the combined structural
weight and performance study are tabulated in Chapter 7. The |
overall gross weight was 291,564 lbs., The values of gfwere .238
and .245 for the lat and 2pd stages respectively.

It is worthwhile at this point to say a few words about the
possibilities of & three-stage hydrogen-oxygen rocket. As mentioned
above, the study bad proceeded too far for alteration when the
design values had crystallized sufficiently to show the definite
edvantages of using three stagasl 'Let us examine this case at
greater length. Using %-s 2.4 and §-= 0.25, we find from figure 5D
that El = 120 for three stages.. This implies that the overall gross
weighz of this vehicle would be 84,000 lbs, which is considerably
less than the weight of elither the two-stage hydrogen-oxygen rocket
or the four-stage alcohol-oxygen rocket, From this we may conclude

that the three stage liquld hydrogem-liquid oxygen should be given

serious consideration in any furtoer studies of satellite vehicles.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [612.000 792.000]
>> setpagedevice




