
 

DEPARTMENT OF THE AIR FORCE 

WASHINGTON 

OFFICE OF THE UNDER SECRETARY 

27 September 1977 

MEMORANDUM FOR MR. W. BOWMAN CUTTER, OMB 

SUBJECT: RAND Studies 

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

Hans Mark 

1 Attachment 
RAND Study 
(2 Vols) 
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In this report, we have undertaken .a conservative and realistic 

engineering appraisal of the posSibilities of building a spaceship 

which will .circle the earth as a satellite. The work has been based on 

our present state of technological advancement 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 a new satellite. The centrifugal force will just 

balance the pull  of gravity. Such a vehicle will make a complete cir-

cuit of the earth in approximately 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 turn about 1/16 of a turn underthe 

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 used. 

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

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

obtaining much desired scientific information on cosmic rays, gravita-

tion, geophysics, terrestrial magnetism, astronomy, meteorology, and pro-

perties of the upper atmosphere. For this purpose, a payload of 590 lbs. 

and 20 cu ft. was selected as a reasonable estimate of the requirements 

for scientific apparatus capable of obtaining results sufficiently far-

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

establish the orbit at an altitude* of about 300 miles to insure sufficiently 
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low drag so that the vehicle could travel for 10 days or more, with-. 

out power, before losing satellite speed. 

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

a speed of 17,000 m.p.h. on the outer limits of the atmosphere is the 

rocket. The two most important performance characteristics of a rocket 

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

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

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

tained for these two characteristics. 

The' study of. rocket performance indicated that while liquid hydro- 

gen ranks highest among fuels having large exhaust velocities, its low 

density, low temperature and wide explosive range cause great trouble 

in engineering design. On the other hand, alcohol though having a lower 

exhaust velocity, has the benefit of extensive development in the German 

V-2. Consequently it was decided to conduct parallel preliminary design 

studies of vehicles using liquid hydrogen-liquid oxygen and alcohol-

liquid oxygen as propellants. 

It has been frequently assumed in the past that structural weight 

ratios become increasingly favorable as rockets increase in size, and 

fixed weight its such as radio equipment become insignificant weight 

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

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

Consequently, there is an optimum middle range of sizes. Improvements . 

in weight ratios over that of the German V-2 are possible only by the 

slow process of technological developent, not by the brute force methods 

of increase in size. This study showed that an alcohol-oxygen vehicle 

ftrr I , 44; 
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could be built whose entire structural weight (including motors, con-

trols, etc.) was about 16% of the gross weight. On'the other hand, 

the difficulties with liquid hydrog&I, such as increased tank size, 

necessitated an entire structural weight of about 25% of the gross 

weight. These studies also indicated taataa maximum acceleration of 

about 6.5 times that of gravity gave the best overall Performance for 

the vehicles considered. If the acceleration is greater, the increased 

structural design loads increase the structural weight. If the accelera-

tion is less, rocket thrust is inefficiently used to support the weight 

of the vehicle without producing the desired acceleration. 

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

nor alcohol-oxygen is capable of accelerating a single unassisted vehicle' 

to orbital speeds. .1-3y the 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 a multi-stage rocket, first con-

sider a vehicle composed of two parts. The primary vehicle, complete. 

with its rocket motor, tankS, propellants and controls is carried along 

as the "payload" of a similar vehicle of much greater size. The rocket 

of the large vehicle is used to accelerate the combination to as great 

a speed as possible, after which, the large vehicle is discarded and the.  

all vehicle accelerates under its own power, adding its velocity in-

crease to that of the large vehicle. By this means we have obtained an 

effective 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 z.areful analysis of the ad-

vantages of staging showed that for a given set of performance requirements 
jaisan 
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an optimum number of stages exists. If the stages are too few in num-

ber, the required velocities can be attained only by the undesirable 

process of exchanging payload for fuel. If they are too many, the mul-

tiplication of tanks, motors, etc. eliminates any possible gain in the 

effective weight ratio. For the alcohol-oxigen rocket it was found that 

four stages were best. For the hydrogen-oxygen rocket, preliminary analy-

sis indicated that the best choice for the number of stages was two, but 

refinements showed the optimum number of stages was three. Unfortunately, 

insufficient time was available to change the design, so the work on the 

hydrogen-oxygen was completed using two stages. The characteristics of 

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

shown on the drawings preceding page 203. 

Stage 

Vehicle Powered by Alcohol-Oxygen Rockets 

1 	 2 	3 	 4 

Gross Vt. 	(lbs.) 233,669 W  53,689 	11,829 	2,868 

':eight less fuel (lbs.) 93,669. 21,489 	4,729 	1,148 

Payload (lbs.) 53,689 11,829 	2,868 	500 

L: ax. Diameter 157 138 	105 	 90 

Vehicle Powered.  by Hydrogen-Oxygen Rockets 

Stage 1 2 

gross 291,564 15,364 

height Frnpty 84,564 4,464 

Payload (lbs.) 15,364 500 

Lax. Diameter (in.) 243 167 
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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 lbs. 

indicatina.  this combination should be given serious consideration in any 

future study). 

In arriving at the above design figures, a detailed study was made 

of the effects of exhaust velocity, structural weight, gravity, drag, 

acceleration, 	path inclination, and relative size of stages 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 control surfaces in the rocket jets and ro 
-. 

tating the entire vehicle so that lateral components of the jet thrust 

could be used to produce 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 3)0 miles without using excessive amounts of con—

trol it was found desirable to allow the vehicle to coast without thrust 

on an extended elliptic arc just preceding the firing of the rocket of 

the last stage. As the vehicle approaches the summit of this arc, which 

is at the final altitude, the rocket of the last stage is fired and the 

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

It was shown that excessive anounts of rocket propellants are re—

quired to make 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 

- ,-r- 
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speeds. It was concluded that the orbit could be established with suf—

ficieht precision so that the vehicle would not inadvertently re—enter 

the atmosphere becaUse of an eccentric orbit. 

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

arise as to "what are .the possibilities of damage by meteorites, what tem— 

peratures will it experie ce, and can its orientation in space be con— 

trolled? Although the probability of being hit by very small meteorites 

is great, it was found that by using reasonable thickness plating, ade 

quate protection could be obtained against all meteorites up to a size 

where the frequency of occurrence was very small. The temperatures of 

the satellite vehicle will range from about 40°F When it is on the side 

of the earth fading the sun to about -.20°F when it is in the earth!s 

shadow. Either small flywheels or small jets of compressed gas appear to 

offer feasible methods of controlling the vehicle's orientation after the 

cessation of rocket thrust. 

An investigation was made Of the possibility of safely landing the 

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

that it would be destroyed by the heat of air resistance. It 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. These same wings: 

could be used to land the vehicle on the surface of the earth. 

An interesting outcome of the study is that the maximura acceleration 

and temperatures 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 vehicles will be built . to•carry human 

bein5s. 

It has been estimated that to design, construct and launch a satel- 

lite vehicle will cost about U50,000,000. Such an undertaking coUld.  be  • 

accomplished in approximtely 5 years time. The launchihc would probably.  

be made from one of t)t. Pacific islands near the equator. A series of 

telemeterinE.  stations would be established around the ecuator to obtain 

the datE from, the scientific apparatus contained in the vehicle. The • 

first vehicles will probably be allowed to burn up on plunging back into 

the atmosphere. Later vehicles will be designed so that they can be 

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

missiles or for carrying human beings. 

MN 
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PRELIM' NARY DESIGN OF AN  
EXPERIMENTAL WORLD-CIRCLING SPACFsR7P 

1. INTRODUCTION 

Technology and experience have now reached the point where it is 

possible to design and construct craft which can penetrate the atmos-,  

phere and achieve -sufficient velocity to become satellites of the 

earth. This statement is documented in this report, which is a de-

sign study for a satellite vehicle judiciously based on German ex- 

perience with V-2, and which relies for its success only on sound 

engineering development which can logically be expected as a conse-

quence of intensive application to this effort. The craft whiCh would 

result from such an undertaking would almost certainly do the job of 

becoming a satellite, but it would clearly be bulky, expensive, and 

inefficient in terms of the spaceship we shall be able to design after 

twenty years of intensive work in this field. In making the decision 

as to whether or not to undertake construction of such a craft now, 

it is not inappropriate to view our present situation as similar to 

that in airplanes prior to the flight of the Wright brothers. We oan 

sea:tno more clearly all the utility and implications of spaceships 

than the Wright brothers could see fleets of B-29261 bombing /span and 

air transports circling the globe. 

Though the crystal ball is cloudy, two things seem clear; 

I. A satellite vehicle with appropriate instrumentation can be 

expected to be one of the most potent scientific tools of 

the Twentieth Century. 

quawywrawomm., 
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2. The achievement of a satellite craft by the United States 

would inflame the imagination of mankind, and would probably 

produce repercussions in the world comparable to the explo-• • 

sion of the atomic boMb. 

Chapter 2 of this report attempts to indicate briefly some-of the 

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

do a stable orbit. 

As the first major activity under contract W33-038AC-14105,- we 

have been asked by the Air Forces to explore the possibilities of making 

'a satellite vehicle, and to present a. program. which would aid in'the de-

velopment of such a vehicle. Our approach to this task is along two re-

lated lines: 

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

of making a satellite vehicle using known methods of engineer-

ing and propulsion. 

2. To- explore the fields of science in an attempt to discover 

and to stimulate research and development along -lines which 

will ultimately be of benefit in the design of such a 

satellite vehicle and which will improve its. efficiency or 

decrease its complexity and cost. 

This report concerns itself solely with the first line of approach. 

It is a practical study based on techniques that we now know. The 

implications of atomic energy are not considered here. This and other 

possibilities in the fields of science may be the subject of future 



PLANT 

REPORT MO, ..$14■11 

Tm.°4716,61, 
• "7' A ! 

DATE:__.._ _May_ 2_,. 19_46_._ 	_ 

_ _PRE1111111ARY 	OF SitTzLrare: VFITTC.ILE 

	Or—sew 
••• 

reports, which will cover the second line of approach. 

In the preliminary design study analytical methods have been 

developed which may be used as a basis for future studies in this 

new field of astronautical engineering. Among these are the follow-

ing: 

1. Analysis of single and multi-stage rocket performance and 

methods for selecting the optimum number of stages for any 

given application. 

2, sDimensional analysis of varying size and gross weight of 

rockets, deriving laws which are useful in design scaling. 

These laws are also of assistance in appraisal of the 

effect of shape and proportions on the design of multi- 

stage rockets. 
, 

3. The effect of acceleration and inclination of the trajectory 

on structural weight and performance of a satellite rocket. 

4. Methods of determining the optimum trajectory for satellite 

rockets. 

5. Variation of rocket performance with altitude and its'effeot 

on the proportioning of stages. 

6. Preliminary study of effect of atmospheric drag onthe rocket 

and how it affects the choice of stages, acceleration, and 

trajectory. 

7. Analysis of dynamic stability and control throughout the 

entire trajectory. 
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8. Method of safely landing a satellite,  vehicle. 

It cermet be emphasized too strongly that the primary contributions 

of this report are in methods, and not in the specific figures in this 

design study. One point in particular Should be high lighted: - the de-

sign gross weight, which is of the greatest importance An estimating cost  

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

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

in the design of a satellite or spaceship, since the slightest variation 

in some of the minor details of construction or in propulsive efficiency 

of the fuel may result in a large change in gross weight. The figures in 

this report represent a reasonable compromise between the extremes which 

are possible with the data now in hand. The most important thing is that - . 

a satellite vehicle can be made at all in the present state of the art. 

Even our more conservative engineers agree that it is definitely possible 

to undertake design and construction now of a vehicle which would become a 

satellite of the earth. 

Another important result of this design 'study is the conclusion on 

liquid hydrogen and oxygen as fuel versus liquid oxygen and alcohol (the 

Germans' fuel). The relative merits of these fuels have occasioned spirited 

controversy ever since liquid fuel rockets have been under development. 

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 has approached this subject from another viewpoint. On the assump- . 

tion that all these nasty problems can be solved, a design analysis has 
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been made for the structure and performance of rockets using both types 

of fuels. Because of the law density of liquid hydrogen, the greater 

tankage weight and volume tends to offset the increase in specific im-

pulse. Early in the design study it was necessary to make a choice of 

the number of stages fin. both proposed vehicles. Based on the design 

information available, a decision was made to use four stages for the 

alcohol-oxygen rocket and two stages for the hydrogen-oxygen rocket. 

Of these two designs, the alcohol-oxygen rocket proved to be somewhat 

smaller in weight and size. However,the problem was later re-examined, 

when more reliable data were available. It was found that while the 

choice of four stages for alcohol-oxygen had. been wise, the hydrogen 

oxygen rocket could have been substantially improved by using three 

stages. The improvement was sufficient to indicate that the three 

stage hydrogen-oxygen rocket would have been definitely superior to the 

four stage alcohol-oxygen rocket. Unfortunately, the work had progress° 

so far that it was impossible to alter the number of stages for the 

hydrogen-oxygen rocket. 

One of the most important conclusions of this design study is that 

in order to achieve the required performance it is necessary to have 

multi-stage rockets for either type of fuel. The general characteristic 

of both types are shown in the following table: 

4 Stage Alcohol-Oxygen Rocket 

Payload 5040 
Stage 	1 2 4 

Gross 'weight (lbs.) 	235769 53789 32;15.29 r716  

Fuel weight (lbs.) 	140,000 32,200 7,100 172 
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2 Stage Hydrogen-Oxygen Rocket 

Payload 500# 

	

. Stage 1 	 2 

• Gross weight (lbs.) 	 291,564 	 15,364 

Total Fuel Weight (lbs.) 	217,900 	 10,000 

The design represents a series of compromises. The payload is 

chosen to be as small as is consistent with carrying enough experimental 

equipment to achieve significant results. This is done for the purpose 

of keeping the gross weight within reasonable limits, since the gross 

weight increases roughly in proportion to the payload above a certain 

minimum value. The design altitude was originally chosen as 100 piles 

since previous calculations indicated that the atmospheric drag there 

was not great enough 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 study show that these early estimates were 

in serious error, and indicate that the satellite will have to be es-

tablished at altitudes of 300 to 400 miles to insure the completion of 

multiple revolutions around the earth. 

It is'interesting that the design analysis shows that the optimum 

accelerations are well within the limits which the human body can stand. 

Further, it appears possible to achieve a safe landing with the type of 

vehicle which is required. Future developments may bring an increase 

in payload and decrease in gross weight, sufficient to produce a large 

manned spaceship able to accomplish important things in a scientific 
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and military way. 

We turn now from the design study phase to the basic research 

approach of the scientists. Our consultants have all made suggestions 

which haye been taken into consideration in the preparation of this 

report. In the future it is our expectation that the services of these 

scientists will be of the greatest benefit in planning and initiating 

broad research prograMs to explore new fundamental approaches to the 

problem of space travel. 

The real white hope for the future of spaceships is, of course-, 

atomic energy. If this intense source of energy can be harnessed for 

rocket propulsion, then spaceships of moderate size and high performance 

may become a reality, and conceivably could even serve efficiently as 

intercontinental transports in the remote future. We are fortunate in 

having the consulting services of Drs. Alvarez, McMillan, and Ridenour, 

well known in scientific circles. Alvarez and McMillan were two of 

the key men at the Los Alamos Laboratory of the Manhattan Project. 

With the benefit of their advice, we hope to achieve a degree of compe-

tence in the fields of application of nuclear energy to Propulsion. 

Alvarez and Ridenour, who are also radar experts, have made basic 

analyses of the radio and radar problems associated 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 chemistry, has made valuable 

suggestions for the development of new rocket propellants. 
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Schiff has contributed to our knowledge of the optimum trajectories 

to be used in launching the vehicle. 

More important than the ideas and suggestions received to date is 

the fact that these consultants, who are among the leaders in U.S. 

science, have begun to think and work on these problems. It is our 

earnest hope that ander the terms of this new study and research con-

tract with the Army Air Forces we may be able to enlist the active co-

operation of an important fraction of the scientific resources of the 

country to solve problems in the wholly new fields which manYs imagina-

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

and challenging. 
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kttemptin: in early 1946 to es.timete the vale to to derived frcyl 

a development pro:r,q aired et the establishment of a satellite c:Ircling 

the earth e.hoee the st:lose.'ere ic as (!ifficult as it would h.:-ere been, 

some yeers before the riht brothers flee at Kitty Hawk, to vis2aliso 

the current uses of aviation in war and in peace. Some of the fields in 

which important results are to be expected are obvious; others, which 

nay include some ef the most important, will certainly be overlooked be-

cause of the novelty of the undertaking. The following considerations 

assume the future development of a satellite with large payload. Only 

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

the design study of this reeort. 

The !'ilitar-r ImportrJnce of a Satellite - The military importance 

of establishing vehicles in satellite orbits arises largely from the 

circumstance that defenses against airborne attack are rapidly improving. 

nodern radar will detect aircraft at distances up to a few hundred miles, 

and can dive continuous, precise data on their position. Antiircraft 

artillery andenti-aircraft ,mlidel missiles are able to engage such 

vehicles at considerable range, and the proximity fuse increases several 

fold the effectiveness pfanti-aircraft fire. Under these circumstances, 

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

.difficulty of intemoption. 

This bcin_; so, we can assume that an air offensive of the future 

will be carried o:t lerT1:-  or altoe,ether by hi,t-speed pilotless mis-

eiles. The mini:nue-energy trajectory for sich a space-missile without 

TiTLE: 	,7" 1 r I 	. ILI  
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ar 	namic lift at lor_ ran:e is very flat, intersectin„; the earth at a 

shallow anle. This m:,,nns that small errors in the trajectory of such a 

missile will produce lnr ,e r=, 2e  errors in -tb..1 point of impact. It has 

been su :ested that the acenrac: cal be incrensed by f_rin; such a Tic—

silo alon; the same -fener'll course as tliat bein: followed lo:r a satellite, 

wid at 	 that the two :..re close to one another at tie center 

f 1,11e tralectory of tie missile. Under these circq.mstancee, precise 

observations of the position of the missile can be male from the -satel— 

lite, and a final control i'Tuise applied to the trd9sil ,,  down on 

its intended tarzet. This sc!leme, v6ile it involves crinsidorable com—

plo;:it:T, in instrumentation, seems entirely feasible. Alternatively, the 

satellite itself can he considered - as the missile. After observations 

of its trajectory- a control impulse can be applied in such direction 

and amount, and at such a time, that the satellite is brought • 'down on 

its target. 

There is little difference in desin, and performance between. an.. 

intercontinental rocket missile and a satellite. Thus a rocket missile 

with a free space—tra1ector7 of 6,00° miles requires a minimum ene'ev • 

of launching which corresponds to an initial velocity of 4.14 miles per 

secon, vjlile to satellite requires 5.1. Conseuently the development of • 

a satellite will be ljrect17 applicable to the development of an inter—

coatinental 

It shoull also be remnred t'.! at 	saL.Jlite ofhcrc an observation 

aircraft which cannot be i ro'.1 ht down 	aa!''nem, who has not astored—_, 

similar techni,ues. in 	t a 	corpAntion from tfle radar:. 
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elation shows that s :oh a 	c1litc is virtually undotectalae from the 

srcand by .%cans of ; re --rlt-..22.LT 	 tc,%1 	L-aportant 

chszs or ot7-rv-It In, 4.;lo- c?n c aJc 	,ch a satelnt ere the 

sn-tf 	of 	o: 	at -.)f bo 	 an i the 

t 	r Coo-2 4, 	 re 2,-.r"."!;:i  

srt-re ,ve.,,ther forocstinj: cnr,..'.eru in t;le vicinity of the orbit 

of tne satellite is sxtremeiy simple. 

Certainly the fill -!litary ..zsof 7n,..ss of this technique cannot 

be evaluated tod27. There are doubtless many important possibilities 

'chich 	11 be reve.41ad onl - as v:ork on the proj2ct proceeds. 

Th,,,  Satellite r' F  an ,r3 to -='csearch  - The usefulness of c satellite 

in scientific rescarcll is vcry 'Treat. Typical -f the outet.r.Indin: prob-

le::s which it can hl t attack are the fn7,lol-in:: 

On,, of tl-x irstest-Tovin: fields of investi;ation in modern nuclear 

phy..sicslu the stud7 '-if cosmic rays. :yen at the hihest altitudes whfIcl 

IV TJ been recIled with nananned soundinj balloons, a coSsidere depth 

of atwsphere has Jeer tmvsrscd by the cosmic rays :before their oserva. 

tion. Du .)-rd such a satellite, the 	nr:: cis.- .dc rays could be . 

witho,...t the cor!olications which a ri . o ithin the. atIrlare. 

ro%t this stud:7 	coew more i..TToraht clues to uale,.,,,shin;' the enerr • 

of the atomic nucleus. 

Studios of :ravitation with precision hitherto  impossible may be 

made. This is possi71e hecamise fcr the - 1.-r -Jt 	in historLT, a satelidd • 

would provide ar, 	 laboratorLT where the ever oretent, r412,; 

or the.  Wit-  Li; ' a rh'iitational flid As c.,hcedled byr  to centrifa_:al force 
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of the rotating satellite. Such studies might lead to an understanding 
. 	 ... ••- 

of the cause of gravitation - which is now the greatest riddle of physics. 

The variations in the earth's gravitational field over the face of 

the earth could be measured from a satellite. This would supply one very 

fundamental set of data needed by the geologists and geophysicists to 

understand the causes of mountain-building, etc. 

Similarly, the variations in the earth's magnetic field could be 

measured with a completeness and rapidity hitherto impossible. 

The satellite laboratory could undertake comprehensive research at 

the low pressures of space. The value of this in comparison with pressures 

now attainable in the laboratory might be great. 

For the astronomer, a satellite would provide great assistance. Dr. 

Shapley, director of the Fervard Observatory has expressed the view that 

measurements of the ultra-violet spectrum of the sun and stars would con-

tribute greatly to an understanding of the source of the sun's surface 

energy, and perhaps would help explain cunspots. He also looks forward 

to the satellite observatory to provide an explanation for the "light of 

the night sky." 

lotronomical observations made on the surface of the earth are 

seriously hampered by difficulties of "seeing," which arise because of 

variations in the refractive index of the column of air through which 

any terrestrial telescope must view the heavens. These difficulties are 

greatest in connection with the olJeervation of any celestial body whose 

inare is en actual disk, within which features of structure can be 

 

a 040' ' 	'.W.'.14,,,:.:VA7Y.7 
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recognized: the moon, the sun, the planets, and certain nebulae. A 

telescope even of modest size could, at a point outside the earth's atmos-

p}_ere, make observations en such bodies which would he superior to those 

nova made with the largest terrestrial telescopes. Because there would 

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

the sole:- corona and the solar prominences should also be possible. As-

tronomical images could, of course, be sent 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 patterns on the earth, and of their changes with time, could be made 

with great ease and convenience. This information should be of extreme 

value in connection with short-range weather forecasting, and tabulation 

of such data over a period of time might prove extremely valuable to long-

range weather forecasting. A satellite on a North-South orbit could 

observe the whole surface of the world once a day, and entirely in the 

daylight. 

The properties of the ionos. here could be studied in a new ray from 

such a satellite. Iresent ionospheric measurements are all made by 

studying the reflection of radio waves from the ionized upper atmosphere. 

A satellite would permit these measurements to he extended by studying 

the transmission properties of the ionosphere at varcus frequencies, 

angles of incidence, and times. heflection measurements could also be 

made frem the top of the ionosphere. Since re nor knor that disruption. 

.of the ionosphere accompenying euroral diseltys is caused by the impact 

I 	, , 
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of a cloud of ratter fro. pace, the satellite could Jetertine the nature, 

and maybe the source of th,t cloud. 

7liologistsuJ edical scintists would want to stud: life in the 

acceleration-free environment of the satellite. This is an important 

pre-recuisite to sp'Ice travel r  flan, and it may also lead to important 

new observations in 3ower forms of life. 

The  Satellite qcsa Ccnr-Jnjcationa=  7.e7ay  Station - Long-range radio 

com:nunication, except at extremely low freouencies (of the order of a fev 

kc/sec), is based entirely on the reflection of radio waves from, the 

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

foundly with the time of day, the season, sunspot activity, and other 

factors, its difficu2t to maintain reliable long-range communication 

by means of radio. A satellite offers the possibility of establishing a 

relay station above the earth, throuEJ1 which long-range communications can 

be maintained independent of any except geometrical factors. 

The enormousban attainable at microwave frequencies enable 

a very large number of independent channels to be handled with simple 

equi:,ment, and the only Tifficulty which the scheme appears to offer is 

that a low-altitude 	 satellite would remain in the view of a 

single ground station 	for about 2100 miles of its orbit. 

For communictlnns prter:Is it wrold be desirable to operate the 

satellites at an altIth6--, c,1-eate,r than 30J. ii1ee, If they could be at such 

an altitude (approxi7tat:.ily 25,000 Ydles that their rotational period was 

the same as that of the earth, not only .would the "shadowl effect of the 

earth he greatly reduced, 	also a 	 station could be associ- 

ated with a rive.n eranirtio).1 t.Irminus on. the earth, so that the coca- 

171  	 :'Irr.)!.1.1 421 . I  
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The Satellite as e Forerunner of Interplanetary Travel - The most 

fascinating aspect of successfully launching a satellite would be the 

pulse quickening stimulation it would give to considerations of inter-

planetary travel. Whose imgination is not fired by the possibility of 

voyaging out beyond the limits of our earth, traveling to the Moors, to 

Venus and Mars? Such thoughts when put on paper now seem like idle 

fancy. Eat, a man-made satellite, circling our globe beyond the limits 

of the atmosphere is the first step. The other necessary steps would 

surely follow in rapid succession. Who would be so bold as to say that 

this might not come within our time? 

1 

:411 
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GENERAL CEARACTERISa7CS OF A SX.rELLITE VERTCLE  

Within the limits of our everyday experience, the trajectories of 

freely moving objects are nearly parabolic. The departures from truly 

parabolic trajectories are caused largely by air resistance. However, 

there is an additional factor whose influence is email at low speeds 

but rapidly becomes larger as the speed increases. This factor is the 

curvature of the earth. Because of it, even a vehicle traveling paralle3 

to the earth is subjected to a centrifugal force and at high speeds this 

force can become of equal importance to the force of gravity. Since 

gravitational force is inward and the centrifugal force is outward, there 

is a speed at which the two would just balence and the vehicle would re-

volve about the earth like a new satellite. The speed to accomplish the 

is easily calculated. If, for the moment, we disregard aerodynamic force 

then a satellite near the surface of the earth would be balanced between 

mv2  a gravitational attraction of mg and a centrifugal force of 	where 

and v are the mass and velocity of the satellite and g and R are the 
mT2 

acceleration of gravity and the radius of the earth. Placing —7— 2 

and using the equatorial values of R = 3,963 miles and g 32.086 ft. per 

sec., 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 we 

would have to add or subtract the velocity of rotation of the earth, de-

pending on whether the vehicle were rotating with or against the earth. 

These new values are 21;,285 ft./sec. and 27,335 ft./sec. These values 

are only approximately correct because the effect of the earthys rotation 

on the grevitationci attraction of stationary objects has been neglected 

*rsy.sors..-.7 
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A more detailed calculation is given ir Appendix C. Traveling at these 

speeds, the times to make a complete circuit of the earth would be 1 how 

and 30 min. and 1 hour and 20 min. respectively. It is of course imprac-

tical to attempt to move at such great epeede within the atmosphere of 

the earth. However, at a height of 330 miles above the surface of the 

earth, the air is so thin that such speeds are practical. If we repeat 

our calculations for this altitude, taking into account that the attrac-

tion of gravity falls off as the sauare of the distance from the center 

of the earth,we find that the new velocities are 23,655 ft. per sec. and 

26,705 ft. per sec. and the new times for complete circuits of the earth 

are 1 hour and 32 min. and 1 hour and 22 min. Interestingly enough, the 

energy required to establish an orbit at en altitude of 200 miles is not 

very much larger than that required at the surface of the earth because, 

although the potential energy is considerably greater, it is partly com-

pensated by the lower kinetic energy of the higher orbit. 

It is interesting to note that in our equation 
mv2

.7. mg the mass 

occurs an both sides and cancels out. Consequently, the speeds for 

orbital motion do not depend on the mass of the object nor an the materV 

from which it is made. 

As mentioned above, we normally 

expect the trajectories of freely moving 

ob,:eets to be parabolic. However, if we 

take strict account of the curvature of 

the earth, our m-,thentics tells us that 

all such trajectories ore arcs of 

7,7 

kW; 	 • • 	1194,et=45.1.,Tges.me,r 	 13 -,■061 
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Keplerian ellipses. If the velocity is small, the trajectory is only 

a small portion of the outer end of the ellipse, as shown in the preced-

ing figure. This tip portion of an elongated ellipse is very nearly but 

not quite parabolic. An the speed increases, the portion of the ellipse 

lying outside the earth likewise increases and the first trajectory lyink 

entirely outside the earth is the circular one whose speed was computed 

above. As the speed increases still further, the orbits will become 

ellipses extending far out into 

space as shown in the figure at 

the right. Our own moon is, of 

course, traveling in an orbit 

that is very nearly circular. 

So far, only the effect of 

velocity on the orbit has been mentioned. However, there is another 

factor of importaftce in determining the characteristics of an orbit, 

namely the initial direction with which the body was launched. This, in 

turn, will determine whether the orbit is a long flattened ellipse or a 

nearly circular one. Both kinds can correspond to the same velocity of 

launching, differing only with the direction of launching. 

Suppose now that our satellite, mentioned above, is launched direct] 

upward with the same velocity, instead of on a circular orbit parallel tc 

the surface of the earth. The simple equation of its motion shows that 

will travel out into space a distance equal to the diameter of the earth 

before returning to the earth. If the velocity is increased, the vehicle 

*After the noted arltronc, cr, STolar:n,,:: Kepler (d. 1630) 
(1 
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will, of course, travel even farther out. when the initial velocity has 

been increased to a value equal to the 	(or 1.41) tines the orbital speed 

of 25,010 ft. per sec. or 36,500 ft. per see., it will travel out beyond 

the influence or our planet and never return. Thi s speed is appropriately 

called the escaeo velocitei. 

Returnin:: now to a more detailed examination or the characteristics 

of a vehicle rotating in a circular orbit a few hundred rules above the 

surface of the earth, we note that the balance between gravitational and 

centrifugal foroes exists not oily for the vehicle itself, but also for 

all objects within the vehicle. Consequently there will be no "up" or 

"down". Everything will float weightless inside the vehicle. 

When we consider the pessible orbits in which the vehicle could 

travel, as seen from the earth, we realize that they must all be great 

circle paths, i.e. in planes passing through the center of the earth. Of 

all suoh paths, only the one 'lyin3. in the plane of the equator will repeat • 

itself on each revolution because for tll the others when the vehicle has 

oompleted a circuit in approximately 1-1/2 hours, the earth has turned 

under it 1/16 of a revolution and the vehicle is over a new spot on the 

earth's surface. Consequently, the first attempts at establishing natel-
• 

lites will be around the equator so that they may be repeatedly observed 

from fixed ground stations. 

So far, we have purposely avoided considering the means of supplying 

the enormous energies necessary to obtain the speeds calculated above. 

This is such an important problem that it will be given special considera-

tion in the next chapter. 
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4. POL-R PLANT SITIT2.BLE FOR SATELLITE VEHICLES  

In order to be able to establish a vehicle in a satellite orbit, a 

power plant must be.capable, not only of lifting its own weight and that 

of its fuel and the associated structure and payload, but also to acceler 

ate these components sufficiently to attain the enormous velocities calct 

lated in the preceding Chapter. Clearly this will require a power plant 

capable of producing thrusts many times its own weight. At the present 

time, the only quasi-conventional power plants that meet this requirement 

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

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

their combustion. Their maximum thrusts fall off rapidly with altitude 

so that their useful range is well below 100,000 ft. When speeds of the 

order of 2)4,500 ft. per sec. (Approximately a Bch number of 25) are con-

sidered, the colepression and friction of the air give calculated tempera- 
* 

tures of the order of 149,000°F. Even at 100,000 ft. the density of the 

air is sufficiently great to burn up the vehicle in short order. Conse-

quently it would appear that the turbo-jet or the ram-jet could be used 

only in the very initial stages of launching man-created satellites. 

Tt is conceivable that these power plants may be found to serve a 

useful purpose as initial launching engines. Eowever, for the present 

investigation, this scheme has been left out of consideration in order 

to avoid the complication. 

*Long before such temeereturee are reaohod, the conventional methods of 
celculetion become invalid. Bowever, the conclusion that the temperature 
are prohibitively hirt 	till valid. 

• `...,1-,71:774,1514EP2,24.V714■::41",  ' 
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The rocket motor, carrying its own propellants, can traverse the 

atmosphere at limited speeds and after entering the rarefied ionosphere 

be free to accelerate to the speeds required for orbital motion. The V-2 

has demonstrated the practicality of such a scheme. The greatest question 

to be answered is whether within the stern accounting of engineering 

reality,suocessors to the Y-2 can be built capable of accelerating to 

speeds of the order of 25,000 ft. per sec. 

Before attempting to answer this question, it will be of interest to 

examine rocket power plants in some detail. At present these power plants 

can be divided into two general classes. The first is the familiar solid 

propellant type of rocket used extensively in Fourth of July celebrations. 

When used to obtain high performance, the propellant containers must with-

stand such great pressures that their weight becomes prohibitive where 

weight is an important consideration. This has led.to,thM,dmveltpmemlv 

of the liquid propellent rocket in which the propellants are forced into 

the combustion chamber under gas pressure (frequently compressed nitrogen) 

or by means of pumps as in the V-2. For installations where large thrusts 

are required this latter system has proved to be of lighter weight. 

It is helpful to have an understanding of the parameters which are used 

for evaluating the performance of a rocket motor and which, since they are 

unique to the field of jet propulsion, may be unfamiliar to the reader. 

From Norton's familar second and third laws, it may readily be shown that 

the thrust T is equal to the product of the exhaust velocity, c and. the 

dm mass rate of propellant consumption, , thus T 	
dm 

c 	. The quantity 

dm may be made as large as we please sine it is only a matter of arranging dt 

APIIIM441. 
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adequate means for delivering and burning the desired amounts of propel-

lants. However, this is not the case with the exhaust velocity which is 

more strictly a characteristic of the propellants used. The exhaust vele 

its; is determined to a large extent by the molecular weight, the tempera-

ture, and the specific heats of the combustion products. For a given fu€ 

we have little control over these quantities. The pressure in the embus 

tion chamber, the external atmospheric pressure and the overall efficient 

of the power plant (which are the factors over which we have greatest con 

trol) also affect the exhaust velocity but to such a lesser degree that i 

is possible to assess the exhaust velocities of an installation largely 

from a knowledge of the propellants used. 

It will be seen later that the exhaust velocity of a rocket installa 

tion is of prime importance in determining its suitability for use as a 

satellite-producing power plant. In addition to the exhaust velocity_ co  

two other parameters are frequently used. 	. The equation for the 

thrust of a rocket motor shows that a given quantity of propellents, if 

consumed under comparable conditions, represents an ability to produce a 

given impulse, either as a large thrust for a short time or a small thr 

for a proportionately larger time. Consequently, it is in order to ask 

for the pounds of thrust obtained per pound of propellant per second. 

is seen at once that this parameter, known as the speeific impulse Io  is 

given by the formula I = 	 i.e. it is obtained from the exhe 
dm 
at 

velocity simply by division by the acceleration of gravity (I is the earn 

in both e.g.e. and ft.-lb.-sec.systems since it contains units of force 

7-1 A 
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in both .numerator' and denominator). Again, we may ask for the pounds of 

propellant consumed per pound of thrust per second. This is known as the 

specific fuel consumption and is merely the reciprocal of the impulse: 

s.f.c. = 1 	. Typical values of those parameters are 	= 6,434 ft. 
I  

per sec., I 	200 eec., and s.f.c. : .005 aec.
-1 

 

In the discussion above, it was mentioned that external atmospheric 

pressure played a lesser role in determining the exhaust velocity. While 

this role is small, it is not insignificant and enters into the problem 

of establishing a nan-nade satellite in a very helpful fenhion. As we go 

to higher altitudes, the atmosphere exerts less of a tack pressure on the 

exhausting gases, allowing their velocity to increase until at extreme 

altitudes it has increased by some 20% to 30%. This will be found to be 

of significant magnitude in our problem of determining if rocket rotors 

are capable of imparting a sufficiently large momentum to the proposed 

satellite vehicle, a problem to which we now return. 
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Chapter _2_ 

5. DYNAMICS OF ACHIEVING ORBITAL MOTION  

Let us begin by considering the simplest poseible case of a rocket 

motor accelerating our vehicle to high speed. We shall temporarily neg- 

lect gravity and air resistance in order to determine what are the funda- 

mental factors occuring in our problem. If m is the nose of the vehicle 

dV at any instant, — the acceleration end T the thrust, then lir—
dV  

- T. 
dt 

mit 

In the preceding chapter, we saw that T.  L... -ear. Placing this in our 41, 

_ - dm 
equation, we have mix 	. This can be integrated to give 41V 

wherezV is the change in velocity of the vehicle that the rocket pro-

duces and no and ml are the masses at the beginning and end of the acceler 

tion, their difference being the fuel used in the process. This formula., 

although it will be successively modified numerous times, brings into 

focus the two most fundamental parameters of our problem; namely, the 

exhaust velocity and the mass ratio. In fact, these two paraneters are sr 

vital that the next two chapters will be devoted entirely to a critical 

engineering analysis of what values we can reasonably expect to achieve. 

It is clear that the gain in velocity of the vehicle is directly pro-

portional to the exhaust velocity and any improvements in this factor will 

be 	ediately reflected .in the performance of the vehicle. The mass rati 

entering the logarithm would appear to be a factor of minor importance. 

However, this appearance is quite deceptive as we shall presently see. 

If we put equal to the initial gross weight of the vehicle, P eval 

to the payload and S equal to the entire structural, power plant, tank and 

control weight (i.e. S includes all items except the fuel and the p&ylad 

*The minue siga is noceos+.lry here b0CE0 7-7 is the rate of change of race 
of Lif: V. >... 	(6i41.:.7,h is ne 	c 	 CLP.rty 	1t w,,Aci the rLite ot 

prorla,eTA, z(72:17-7±tion. 
	 r": 
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then our formula becomes a 7 : -c In 	+ 	As we have seen before,  

c cannot be made arbitrarily large, but is limited by the state of develo/, 

meat of ur technology. Likewise, ,the ratio of the entire structural 

weight to the gross weight, cannot be chosen arbitrarily small but is limit 

by technological progress. Consequently, the quantity within the paren-

theses of the logarithm has a smallest value when the payload is zero (`hi 

will make the logarithm, with a negative sign in front,have its greatest 

value). Actually, in engineering application we usually must view this th 

other way around; that is,the payload is given and the gross weight must 

be varied. This has been illustrated on the accompanying graph. here we 

have plotted the ratio of velocity increase to exhaust velocity against 

the ratio of gross weight to payload (i.e. the gross weight for a 1 lb. 

payload) for various values of the structural weight ratio,,- The extreme 

importance of this latter parameter is immediately apparent. 

This graph also illustrates another characteristic that will confront 

us time and again; nprelyp the extreme variability oi tie gross weight for 

a fixed payload when we attempt to obtain high performances. For example, 

suppose we could obtain an exhaust velocity of 11,000 ft. per sec. and 

build the complete structure for only 5% of the gross weight. Then to 

accelerate a payload of 1 lb. to 24,750 ft. per sec. (4;1:= 2.25) would 

require a vehicle having a gross weight of 200 lbs. However,if the de-

aired velocity had been only 2% greatvr, the smallest vehicle with which 

There and throuE;hout the rest of the report we shall refer to both the 
. fuel and the oxidizer siliTly as the fuel and designate its weight by F. 

If we call then propell;inte and desilznate their weight by P, we shou11 
have a conflict with our desguation for payload. 
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we could accomplish this would have a gross weight of 1000 lbs., a fivefo. 

increase. The reason for such extreme sensitivity is clear; the perform-

ance gain was made by adding a bit more fuel at the expense of payload an, 

then enlarging the entire project until the payload returned to its. 

original value. 'What was a fraction of a percent increase in fuel amount 

to 80% of the neyload. Consequently the multiplication factor was five. 

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

a variable of questionable reliability. 

We are now in a position to make an elementary examination of the 

feasibility of using rockets to establish new satellites. To do this we 

shall anticipate a few of the results of the next two chapters. There we 

shall find that by using alcohol and liquid oxygen (these were the propel 

lents used in the V-2), we can obtain average exhaust velocities of about 

8,500 ft./sec. and a correeponding entire structural weight of about 14 
4 

the gross weight. Both of these figures have had a certain amount of olet 

miem injected in them, to represent what we might reasonably expect to 

accomplish in the foreseeable future. If we select 500 lbs. as our goal 

for a payload, then our formula shows that a vehicle of 5000 lbs. initial 

gross weight could be accelerated to 11,420 ft. per sec. If the size of 

vehicle is increased to 50,000 lbs. gross weight, the velocity is 15,090 

ft. per sec. and a 500,000 lb. vehicle only gives an increase to 15,510 

ft. per eec. All of these velocities are impressively large, but fall 

considerably short of our round figure of 24,500 ft. per sec. required fe 

orbital velocities. 

• 

*Even. if the vehicle were made indefinitely large the velocity could not 

 

15,'600 It. per sec. 

 

 



Ea:10A .PLANT DATE 

TITLE 
	 FTR1LIKINARY. EN1LI1,74 VEEICLE t 

REPORT NO ...2!t!..::!"._: 

	4141101111MINOMMISS 

Chapter 

ckagis, • 

The cuestion immediately arises: 	using liquid hydrogen, the fuel 

that tope the list with an exhaust velocity of about 3J,500 ft./sec., can 

we achieve our desired velocity? Unfortunately, liquid hydrogen has a 

nember of characteristics (which will be discussed in detail later) that 

necessarily cause an increase in structural weight. Our figure of 16% fat 

structural weight is increased to 25% for use with liquid hydrogen. The 

following table summarizes the velocities calculated for both alcohol and 

liquid hydrogen: 

Gross wt. for 	Velocity of Vehicle 	Velocity of Vehicle 
500 lb. payload 	Using Alcohol 	 Using Liquid Eydrogen 

	

5,000 lbs. 	11,420 ft./sec. 	 14,180 ft./sec. 

	

50,000 lbs. 	15,090 ft./sec. 	 18,160 ft./Eect. 

	

500,000 lbs. 	15,510 ft./sec. 	 18,620 ft./sec. 

	

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

The liquid hydrogen shows improvement over the alcohol but is still 

considerably short of producing the orbital velocity figure of 24,500 ft. 

per sea. 

We are forced to conclude that a realistic appraisal of the problem 

shows that our technology, even allowing a reasonable note of optimism to 

creep in, has not sufficiently advanced as yet to permit us to build a 

single unassisted vehicle capable of acquiring sufficient speed to remain 

in space as a satellite. This is deuble emphasized when we remember that 

as yet we have neglected entirely the effects of air resistance and gravi 

Since we cannot attain our goal with an unassisted vehicle, we next 

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

Thlo is tr»,o czay for 
rrcLtd 

LEi2, AQd liehieles using the simplified anr.a 
,ietee to be corisiderca  preocn:i-1 
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Chapter • 
can subsequently attain orbital velocities under its own power. Since 

rocket power plants have been shown capable of supplying more than half oi 

the velocity required, it appears logical to ask if they cannot be used tc 

supply the other half. To answer this question in the affirmative we in-

troduce the concept of a multistage rocket. We shall find this idea 

fundamental to our later work. To illustrate this concept, let us conside 

a two-stage rocket. The primary vehicle will be carried along as the "pay 

load" of a larger secondary vehicle. When this larger vehicle has exhaust 

ed its fuel, and hence its usefulness, it will be discarded and the small-

er vehicle will continue to accelerate under its own paver, adding its or 

velocity increase to that imparted by the larger stage. The particular 

al-emple selected above ie a special case of a much more general idea, name 

that of discarding weight once it has served its purpose and is no longer 

necessary. A moment's reflection shows that this can be of great aid, be-

cause as the fuel is used up, the structural weight and the payload, 

initially insignificant, become major items and if substantial reductions 

in the structural weight are possible at this point, the remaining fuel 

will to capable of supplying correspondingly greater accelerations and 

velocities. 

In place of the method proposed above, it is conceivable that the 

fuel could be contained in multiple tanks and as each is drained in turn, 

it and its azeociated structure would be jettisoned. With this reduced 

weight, the acceleration would increase considerably and it might be de-

eireble to phut down a portion of the roeket power plant to keep the losds 

on the remainder of the etructure vithin reasonable limits. The remeindcz 
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of the fuel would be used to produce smaller thrust over a longer period 

of time. If this is done, it is of course advisable also to jettison the 

idle power plants. 

It will be readily appreciated that such staging schemes are limited 

only by the fertility and ingenuity of the designer's imagination. For 

the sake of definiteness, we have confined our attention in this report 

to the clearcut scheme originally proposed, but it is not intended to 

imply that this is a final arrangement. 

Let us return to the problem of examining the possibilities of 

achieving orbital velocities. We found for a single stage, that 

V - c In 5  *  P.  If we now have a two stage rocket, and we designate 

the larger vehicle, which is fired first, by the subscript 1 and the 

smaller by the subscript 2, then 

Vtotal = C  

Here we have used W2, the gross weight of the smaller vehicle, as the 

payload of the larger. With this notation W1 is the gross weight of the 

entire aggregate. 

It is now logical to ask: For a given payload and a fixed value of 

aggregate weight, what is the correct proportioning of the two stages to 

give the greatest total velocity? If the large stage can be built so 

that its entire structural weight is the same percentage of its gross 

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

*Viewed from thie etndpcInt, our origiLal proposal of a series of pro - 
groseively lexoer veh-"cles eecll c!.Irryinu, the pro,-)edint! mczber as rAyload, 
cOnf...;11.:U.3 of 17111_1 	•:!.; 1 '71" 	 z 

• 
	

•&!:‘ r•twi.d. 	 s 	:1" 

S1 * W2 c 122 
+ 
P2. 

W1 	 W2 



OA -- 	 21_ 1046 SL,TA MONICA 

TITLE 	 DE  yi  -'4O: OF SATILLIT1!,  VEHIOLL 

MODEL, 	jZ10;: 

0"1 
REPORT NO. -.Y_±.

,
!'.2 

.01,1ROPAINOPSOMMREMMINIRIMMINIMial 

PLANT 

Chapter  5  

the greatest total velocity is obtained when the ratio of payload to 
W, 

gross weight is the sae fcr each stage, i.e. 	= T-. 

"1 	2 

If we apply these results to our alcohol and liquid oxygen powered 

vehicle, (and assume that the entire structure of the large stage can 

Also be built for le; of its gross weight) we can achieve the following 

velocities with the corresponding aggregate combinations: 

TWO STALL ROCKLT VLHICLL, USING ALCOHOL AND LIQUID OXYGEN AND 

CARRYING A PAYLOAD OF 500 LBS. 

Gross Weight 
of 1st Stage 

Gross Weight 
of 2nd Stage 

Total 
Velocity 

50,000 Ths. 5,000 lbs. 22,849 ft./sec. 

5,000,000 lbs. 50,000 lbs. 30,180 ft./sec. 

500,000,000 	Ts. 500,000 lbs. 31,020. ft,/sec. 

This table illustrates two salient. points: 

let, a two stage rocket vehicle, using feasible values of exhaust 

velocity and structural weights has been shown to have a 

reasonable margin over the minimum essential requirement to 

attain orbital speeds. It only remains to be seen if this 

margin is sufficient to account for the effects of air 

resistance, gravity and the like. 

2nd, we notice, upon comparing this table with the results of our 

single stage calculations that for a given total weight, 

(e.g. 50,000 lbs.) we can attain a greater total velocity 

from two stages (22,840 ft./sec.) than we can from one stage 

(15,090 ft.isec.). -And this is in spite of the fact that we 

have the WE. 
	 instead of ore. 
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This second point it ediately poses the following questions: Is it 

always better to use two stages than one? If two stages are superior, 

would three or more stages give even greater velocities for a fixed 

aggregate weight? These questions are answered by the accompanying grali 

on which has been plotted the total velocity with the available exhaust 

velocity taken as a unit, against the gross weight of the aggregate for 

a one pound payload for 1, 2, 3, 4, and 5 stages. This has been compute( 

on the assumption that each vehicle could be built for an entire struc-

tural weight of 1.6% of its gross weight. In each case, the stages have 

the optimum proportions mentioned above. 

We see immediately that two stages are not always superior to one. 

For small aggregate weights, a single stage is better, but athigher 

weights the two-stage curve crosses over and gives higher velocities.  

For a better understanding of the reasons behind this it is helpful to 

refer back to our remarks on the great,variability of the gross weight 

of a single stage. There we saw that in our attempt to get higher and 

higher performances from a fixed exhaust velocity, we were exchanging 

payload for fuel and then swelling the size of the entire vehicle to 

return the payload to its specified value. As the payload beCame a 

diminutive portion of the vehicle, its exchange for fuel could affect 

the performnce but little, while the multiplication in size became 

astronomical. It is at this point of diminishing returns that it is 

• 

*For additional graphs of the same type but with 2- 	.1, .1431 .182, 
and .25, see Chapter 8. 
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better to use two stages. This same line of reasoning answers our 

question about larger numbers of stages, because as the two-stage 

vehicle reaches its point of diminishing returns, it is advantageous 

to use.3 stages and so on for 4, 5, 6 and higher numbers of stages. 

It is interesting to note that this simplified analysis would indicate 

that the Germans could have accomplished the mission of the IT-21 e with 

an approximate 25% decrease in total weight if they had used two stages 

instead of one. Undoubtedly, with all factors taken into account, in- 

eluding the urgency of the situation, they were well justified in 

using a single stage missile. 

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

resistance, variation of exhaust velocity with altitude, inclination 

of flight path, control, maneuvering and the like, we have indicated 

the possibility that our technology has advanced sufficiently for us 

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

will be the influence of these "practical" details. 

First, let us consider the effect of gravity. So far, it has 

made 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 

mattered was the velocity of the exhaust products and not the consump-

tion rate. However, when the vehicle is accelerating vertically upward, 

this is no longer the case. If the thrust is insufficiently large 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 acceleration, larger 
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velocities will be attained as:greater thrustS are used for shorter 

times. As the thrust becomes infinite, the velocity will approach 

that calculated by our simplified analysis. This concept of an in 

finite thrust, frequently encountered in more abstract treatises on 
L 

rocket vehicles, would indicate that the effect of gravity could be made 

negligibly small. However, closer examination shows this is not the 

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

chamber pumps, piping, controls and associated structure goes up. 

Furthermore, the remaining structure such as tanks and supports is sub-

jected to increasing loads as the thrust increases, with a consequent 

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

formance is critically sensitive to the structural weight ratio SA, 

the increase of this parameter will rapidly nullify the benefits of 

increased acceleration; in fact, we would anticipate that an optimum 

acceleration exists, representing the best compromise between the ad-

vantages of high thrust and the accompanying disadvantages of high 

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

tion of structural analysis necessary to pursue this investigation 

further at this point. 

If we attempt to examine the other "practical" factors in detail 

we shall find that corresponding founddtion data 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 analytical 

work that preceded the writing of thiS report, Performance studies, 
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structural analysis, and the assessment of rocket power plant capabilities 

all proceeded hand in hand. Consequently, in the next two chapters, which 

deal in turn with rockets and structural weights, we shall find frequent 

references to the results of our more detailed performance analysis whiCh 

will be presented later. Unfortunately there appears to be no way of 

avoiding this lack of straightforwardness in the presentation of a sub-

ject whose parts are so closely interrelated. 

As an aid to the reader, a few words of coordination may prove 

helpful. It was decided to investigate two vehicles. One employed 

alcohol and liquid oxygen rockets as representative of an established 

technique 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 velocity propellants. It was found best:to use a 

four stage vehicle when using alcohol and oxygen and a two stage vehicle 

when using hydrogen and oxygen. 

V V 



_ _ 	 1:014•11.14 	 PLANT 	MODEL:41033- 

TfiLg.21-2-ELILCI" 	 CV • OP r;7,---.1..7.-1-Ti;  
	

REPORT NO Sr" 

	NIIINIVIENNIEMIESEENNEIEffEME3. 	 

..... Chapter 6 

  

6. ROCKET 	PLANTS ArD FUELS  

The importance of selecting propellants which give high exhaust 

velocities is obvious from Chapter 5. High exhaust velocity cannot be 

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

proposed to date possesses physical properties- which are so extreme as 

to present major engineering or operational problems, in some cases, to 

a degree almost precluding use of the propellant. Consequently, along 

with a consideration of specific impulse must go a careful weighing of 

the other advantages and disadvantages of a particular system. The 

disadvantages of some properties such as inflammability, corrosivity, 

toxicity, sensitivity to detonation, availability and handling and stor-

ing qualities are obvious. Others,such as high vapor pressure, low den-

sity, low boiling point, high average molecular weight of the products 

of combustion are not so obvious and require a few words of explanation. 

Two types of liquid propellant systems are used: bipropellant and 

monopropellant. In the bipropellant system a fuel and an oxidizer, bolt 

of which may be a mixture o: two or more compounds, are mixed and burn- 

ed in the combustion chamber. In the case of the monopropellant system 
et 

a l_quid or a mixture, which is stable at ordinary temperatures, is inje 

ted into the combustion chamber where, after ignition it decomposes at 

the temperatures and pressures prevailing. The bipropellant system is 

more complicated than the monopropellant since it presents problems of 

designing injectors to give good mixing, of feeding the.propellants at a. 

constant mixture ratio and of providing tanks, tubing and pumps for two 

propellants. The monopropellants have, in general, lower specific in- 
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pulses and are inherently unstable, deconposing eXplosively under high.-  

temperatures or shock. 

Motors operating continuously for. periods longer than about 30 

seconds must be provided with cooling. One method, known as regezierativT  

cooling, brings one or both propellants to the combustionehamber thro4g 

ducts, in the notor walls. This system is limited by the ability.of.t1,Los 

propellants to absorb the necessary heat without boiling or decomposing. 

Another method called film cooling injects a liquid, preferably one of 

the propellants, through. numerous small orificeS so as to provide. a 

otAA 
cool film between the hot gases and the motor walls. This system was is 

A 

on the German V-2 motor in addition to regenerative cooling vithalcohol- 

Temperature 	the gases nay also be reduced by using an excess of fuel 

or exidizer by addition of water to the fuel, or by injecting Water di- 

rectly into the chamber. If carried to extreme the latter methods are 

costly in specific-impulse. 

Unless gas pressurization is used pumps are required to supply the 

propellants to he combustion chamber at high pressures and mass flow 

rates. To keep the weight of the pumping system low it is desirable to 

use high speed centrifugal pumps and as few pump stages as possible. 

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

tation appears on the blade at the point where the pressure drops to the 

vapor pressure or the fluid, a propellant with high vapor pressure load, 

to lower rotative speeds and more stages and so to excessive food syster 

weights. Low density of the propellant; also increases pump weights. 

This is due to the fact that lower densitt reduces the pressure rise • 
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per stage of a centrifugal pump so that more stages are required. 

The specific impulse or a propellant system at optimum expansion 

ratio cauloalculated from the formula 

   

(1) =.6.e 

  

if Tc, M and a- (respectively the ter:Perature, average raolecular 

weight,and ratio of the specific heats of the gases in the ohambereare 

known for the pressure ratio pe/po. Now pe/Po, with minor reservations, 

can be chosen without regard to the propellant system and, although ?5' 

varies sone for the different systems, its effect is comparatively 

Hence the ratio T(0.1 accounts for the .major part of the variation in 

specific impulse exhibited in table (1). Stoichiometric mixture 

ratios give a maximum for To  but not necessarily for Te/1,1. For 

example, stoichionetrirl mixture ratio for - liquid hydrogen and 

liquid oxygen occurs at approximately 89, by weight of oxy- 

gen, but figure (1) shows that the maximum of T
o 	

ds reflected 

in I lies at about 76;'; which corresponds to nearly five moles of 

hydrogen to one of oxygen instead of the stoichiometric ratio of 2 

to 1. The reason, of course, is that the low molecular weight of the 

excess hydrogen .n the gases reduces h and more than offsets the 

decrease in temperature. 
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(1) 23.9% liquid hydrogen, 	.248 
76.1 liquid oxygen 

(2) 45.8% hydrazine, 54.2% 	1.061 
liquid fluorine 

(3) 60.1% hydrazine, 39.9% 	1.061 
liquid oxygen 

(7) 41.5% liquid ammonia, 
61.6% liquid oxygen 

(8) 58.5% hydrazine, 58.6% 	1.237 
hydrogen peroxide 

(9) 9.8% liquid acetylene, 
21.1% liquid ammonia, 
69.1% liquid nitrogen 
tetraoxide 

(10) 40% ethyl alcohol, 60% 	.966 
liquid oxygen 

(11) 71.5% liquid oxygen, 	.978 
28.5% gasoline 

(12) 24.0% liquid ace.ylene, 
31.4% liquid ammonia, 
44.6% liquid oxygen 

(13) 19.4f, liquid propane, 

III 	80.6',:, liquid nitrogen 
tetraoxide 

411 	74.6% liquid nitrogen 

(4) 32.6% methyl amine, 	.985 
67.4,4 liquid oxygen 

(5) 31.9% liquid ammonia, 
8.1% liquid acetyline, 
60% liquid oxygen 

(6) 25.4% liquid acetylene, 

tetraoxide 
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Chapter 6 

TABLE 1. - Summary of Rocket Propellants 

Bipropellant Systems 

System (wt. percent) 	Spec. 	Pc 	Tc 	Te 	M 
Gray. atmos. °R. °R. 	 sec. 

23.0 4,960 2,650 8.36 362 

20.4 6,850 292 

20.4 5,550 3,090 264.0 

20.4 6,100 3,560 251.5 

20.4 5,880 257 

23.0 6,230 3,960 256 

20.4 249 

20.4 4,890 2,900 249 

23 5,530 3,600 244 

20.4 5,720 243 

20.4 5,930 3,460 22.66 242.0 

21.4 4,140 2,070 240 

23 5,580 3,600 238 

*Table I (slightly revised) from "Ftel systems for Jet Propulion" Tprepared for 
Colnuer in Chief, J. ,,. 'ler,) ,,,' ,,l, 4,,  ,. Lemon, Jr; 't  
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TABLE 1. - Summary of Rocket Propellants(Cont.) 

System (wt. percunt) 

Bipropellant Systems 

Spec. 	Pc 	Te  
Gray. 	atmos. 	oR. 

46.6% liquid ethylene, 
53.4% liquid oxygen 

40% nitromethane, 60% 
hydrogen peroxide 

.774 20.4 

20.4 

4,040 

5,350 

70% nitromethane, 21;; 
hydrogen peroxide, 4% 
water, 5 	methyl alcohol 

20.4 4,950 

92.9% nitromethane, 1.139 20.4 5,160 
7.1; liquid oxygen 

21.44% methyl alcohol, 1.239 20.4 4,590 
78.56% hydrogen peroxide 

22.2% gasoline, 54.5% 
liquid oxygen, 23.3% 
liquid nitrogen 

.931 20.4 5,290 

57.1% methyl alcohol - 	.911 20.4 4,120 
42.9% liquid oxygen 

25% aniline, 75% red 
fuming nitric acid 

1.390 20.4 5,525 

17.9% mono-ethyl ani- 
line, 82.1% mixed acid 

1.396 23.0 5,060 

33.6% liquid aiborane, .706 20.4 
66.4% water 

24.4% ethylene diamine, 1.174 20.4 3,140 
55.4% hydrogen peroxide, 
20.2X, water 

48.4% liquid ethane, .760 20.4 1,910 
51.6; liquid oxygen 

Te 	M 	I 
oR. 	 sec. 

15.00 236 

24.3 227 

21.1 226 

	

2,910 	 225.5 

	

2,960 	 225 

3,020 23.92 221.5 

	

2,350 	 221 

25.41 220.5 

	

3,400 	 210.0 

200 

	

1,780 	 196.3 

' 	12.40 180 

Longaix. 	 Atz..2244-;44Ê ..AP":"Lititi:AVVVVREtEiliESIWIAvalk EXIMW1tRnal9liekti=s4i,iteraltaiklakMiteiEvatinat4F3 
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TABLE 1. - Summary of Rocket Propellante(Cont.) 

Monopropellant Systems 

System (wt. percent) 

(1) Nitromethane (100%) 

Spec. 
Gray. 

Pc 
atmos. 

Tc  
°R. 

Te 
°R. 

M I 
sec. 

1.139 20.4 4,590 20.3 222 

20.4 4,370 20.0 221 

20.4 4,950 22.9 217 

1.139 20.4 4,430 2,400 20.34 216.5 

1.483 20.4 4,590 21.8 215 

1.483 20.4 4,540 2,520 213.1 

1.181 20.4 4,450 2,400 212 

20.4 3,980  19.4 211 

1.123 20.4 3,940 2,050 206 

20.4 3,960 20.6 204 

20.4 3,530 18.2 203 

1.105 20.4 3,310 1,650 195. 

1.463 20.4 2,258 1,173 22.68 146. 

1.381 20.4 1,668 840 126." 

(2) 80% methyl nitrate, 
20% methyl alcohol 

(3) 70% nitroglycerine, 
30% nitrobenzene 

(4) nitromethane  (100%) 

(5) Diethylene-glycol 
dinitrate (100%) 

(6) Diethylene-glycol 
dinitrate (100%) 

(7) 89.6%. nitromethane, 
10.4% nitrobenzene 

(8) 90% nitromethane, 
10% nitrobenzene 

(9) 83% nitromethane, 
17% nitroethane 

(10) 90% diethylene-glycol 
dinitrate, 10% nitro-
benzene 

(11) Ethyl nitrate (100%) 

(12) 61.9% nitromethane, 
38.1% nitroethane 

(13) hydrogen peroxide 
(100%) 

(14) 87% hydrogen peroxide, 
1Y% water 

kl.momemmiwisomKookourAix,wen-w.ogofJovv.,,,e1Q.,:ue:.,..mopgs...:Alv,..Hwvs57.,  
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enter into the equilibrium ot' 	,i-odoct.: of combustion for the two 

cases. The dissociation processeq are accoanied by the absorption of 

large amounts or heat so ta‘t the ;/-eater ::eat of combus'Abn of gasoline 

is absorbed chi a 	 reta;e. 	I.. 	 ria 	CX:'Lr 

PREPARED SY 

DATE:_ 

TITLE .  

L. IL. I'LL:hal:a_ DOUGLAS AIRCRAFT COMPANY, INC. 

Imi„A 	 PLANT 

PAGE, 

MODEL _ 

REPORT NC 

 

	•11111611111111111111111111111111W 

  

  

I 	Chap •_.ar 	6 

 

    

The quantities To, Z1 VAV t' of formula (1) are calculable for a given 

chamber pressure. Their values along with specific impulse and density 

are given in table (1) for a number of propellant systems. This list 

does not contain all possible systems but is reprca3entative of rockets 

obtaining their energy from combustion. AL rirst.glance it might seem that, 

in view of the variety of fuels available for consideration, the perform-

ance might well rise beyond the limits indicated by the table as unnoticed 

fuels with higher heats of combustion are brought to attention. That the 

problem is not quite so simple is shown by comparison of liquid oxygen-

alcohol with liquid oxyaen-gaseline. The heat of combustion or gasoline 

is appreciably higher (60;;, higher if n-octane is used for gasoline) than 

ethyl alcohol. Yet the specific impulses 	the two systems are approxi- 

mately equal. The underlying reason is the appearance of dissociation at 

about 4500°R which absorbs large amounts of energy. Both systems are 

composed of the elements carbon, hydrogen and oxygen. In addition to ha 

equations of oxidization of alcohol and gasoline to carbon dioxide and 

water, the reversible reactions or dissociation 



liav 2 hield 
	

rOYLIU 

TITLE • • 	• .1:  
_PLANT 	moDEL-4:141033 

/4411. 	 SE-1 
REPORT NO 

opt., 0,2, 	PRIU'AftirD PlY 	• 	 La 1/4/ %.7 

• (Iner7.777711 
• '6144314kii: 

uhapter 6 

sk-of 
general behaviour it is evident that the cannon oxidizers and fuels oomp 

principally c: curbe:-1, hydrogen, oxygen, and nitrogen nusu be fairly rep 

sented.by the examples of table (1) since the sane dissociations nust 

appear to limit the chambor temperatures. The use of liquid ozonei for.  

instance, which has a negative heat of formation, instead of liquid oxyg 

may increase specific impulses but not. significantly. 

Since common fuels and oxidizers promise nothing phenomenal it is.  

natural to examine the uncommon reactants. If We turn to the halogens, 

fluorine is the logical choice because of its lour molecular weight. • 

Furthermore, hydrogen fluoride dissociates loss easily than water. High 

molecular weights, however, limit the choice of fuels to the non-carbon- 

aceous,
5 - 

since the best carbon compound which could appear in the product 

of combustions is carbon tetraflupride which has a molecular weight of V 

twice that of its oxygen-formed counterpat, carbon dioxide. Another 

disadvantage of fluorine is tha it is one or the nes7, reactive substans 

known and therefore extremely difficult to handle and store. Also 

hydrogen fluoride is sufficiently toxic to have had consideration as a 

weapon of chemical warfare. 

-1 471i14112milb 
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• Metals have also been considered. as. fuels.uels, because of their high heat 

of combustion. However when the molecular• weights of their oxides are.  

weighted against their heats of combustion. it is not clear that this 

approach leads to higher specific impulses. Dr. A. J. Stosick* calls 

attention to the fact that the heat of formation of the gaseous form of 

the. metal oxides is considerably less than that of the. sulid fern. The 

latter is the one usually quoted.in the present connection. 

Table (1) shows that the specific impulse o' liquid hydrogen and 

IiqUid oxygen exceeds by an appreciable margin that of any other system 

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

cannot be increased appreciably and that an excess of hydrogen is the • 

most effective practical means of obtaining low average molecular weight 

it seems probable - that the oxygen - hydrogen system will maintain its • 

theoretical supremacy in specific impulse- for some time to cone. The 

system has, however, a large number of disadvantages which must be 

overcome before use in a rocket motor. To begin with the density of the 

system is fur below that of any other system. Low density increases the 

size and therefore the weight and drag of the vehicle. The boiling poird 

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

pressure will be .high. The combination of high vapor pressure and low 

density makes a light weight simple pumping system almost impossible. 

*Lost of the above argument against the likelihood of remarkable propell 
systems was gained throughaverbal dicussion with Dr. Stosick of GALCIT 
Jot Froculsion *Laboratory. 111:y inaccuracies in fact or theory must be eetrt 
to misunders,;anding 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 hydrogen make almost imperative use 

of thermos piping and pumps. High diffusivity of hydrogen makes sealing 

leads nearly impossible which, combined with the fact that hydrogen and 

oxygen are violently explosive in mixture ratios anywhere from 2% to 98%, 

makes accidents inevitably frequent. Cooling a hydrogen rocket is es-

pecially difficult. Neither liquid oxygen nor liquid hydrogen are usable 

for regenerative cooling because of their low boiling points. Liquid oxygen 

could not be used for film cooling since the more nearly stoichiometric 

mixture formed along the wall from the excess hydrogen would give intense 

heat. Nor could liquid hydrogen be used since it diffuses too rapidly 

to form an insulating film. Experimental investigation is difficult and 

hazardous because the excess hydrogen in the rocket exhaust forms a huge 

ball of flame on coming into contact with the atmosphere. 

The difficulties enumerated tend to reduce the effective engineering 

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

whom some of the information on hydrogen and oxygen was obtained, state 

that comparative designs, made for a rocket using hydrogen-oxygen and 

for the final rocket using alcohol-oxygen showed that the alcohol-oxygen 

rocket was superior in overall performance when all factors were taken 

into account. 

Thile the difficulties of using liquid hydrogen as a fuel are dis-

couraging, no one of them can be said to be impossible of satisfactory 

solution. It is conceivable that our technology may advance to a point 

where pumi.s can be replaced by a lighter pressure feed system such as a 

• -411.:^=4:4a4,,e.21,4,-PfZi41,,,t,.. 	 Relati,nt,c 



CAT( May Pit.1.946  .(Corr_.. 5-24-46)__ __SANTA TON 	PLANT rs4 °DEL 	It..kve?.2 

InnerevEN2Argra nffitexicxwMarfamaMeSaamerangill 

D'4ZIG-1.,i C417  SATELL1T" "7".ICTE -- • 

Chapter 6 

gas generation system. The need for cooling may be reduced by more heat 

resistant materials and the inclusion of a third fluid for the specific 

purpose of film cooling, and so on down the list. Of all the disadvantages 

of hydrogen, only the effect of low density on the size and weight of the 

vehicle is an irremovable difficulty. Consequently in a study of the 

feasibility of a satellite vehicle, the liquid hydrogen-liquid oxygen motor 

must be included as an evaluation of the worth and necessity of a high per-

formance motor. 

By the same token it is desirable to include in the present study 

some motor with less spectacular performance, but which has had sufficient 

development to insure that this somewhat lower performance can actually be 

attained in practice. Only four systems, liquid oxygen-alcohol, acid-

aniline, hydrogen peroxide-alcohol (with hydrazine hydrate) and liquid 

oxygen-gasoline, have passed out of the theoretical-experimental stage and 

become production or semi-production motors. One of these, oxygen and 

gasoline, is dubiously placed in this class since satisfactory cooling has 

not yet been achieved. The most successful motor, to date, particularly 

from the important standpoint of specific impulse, is the V-2 motor which 

used liquid oxygen and alcohol. The theoretical value of the specific 

impulse is seen from table (1) to be appreciably higher than any of the 

other four except oxygen and gasoline, the least successful of all. Con-

sequently, if the choice of motor is restricted to those now available, 

both theoretical and past performance force the selection of the liquid 

oxygen-alcohol motor. 

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

would be exiect,,)d, is never reached in practice. It is generally agreed 

th,t r;C,` of the 	 figure 
TVNI tatea,,n, 	 .74 	

f - -2messurz--c--  
k. 
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is-  supported b2.'.  expert Fenee With coin-a,;iline uotor whi eh has been tyAbjeet to 

extensive inveatigatio ) and development. 13; improving the coolir; 30 as to 

allow use or the rest f't:Nortible mixture ratio.82-ni by iMproVing the injector 

systems 6.0 as to obtain better mixing, 	ie specific impulse ofr the aoid- 

aniline Meter:. ha0 !wer breUght up to 90'!, or its theoretical maxinur. It. 

AS reasonable, therefore, to suppose both oxygen-alcohol and oxygen-hydro 

will ultimately be broUght to the Skre degree of perfetiOn which is 

equivalent to assuidng Specifid impulsos of about 220 and 326 sec.* 

respectively. In the case or oxygen-alcohol, 220aec. is not overly 

optimistic si nCe'the V-2 Meter ia estimated to have had a apeeifio impulse. 

of:abou 21.6 sec. 

Available tiro perni,tted studies of satellite vehicles employing both::; 

an oxygen alcohol rotor with: the aforementioned expected impulse of 220 

sec:, and on oxygen-hydrogen motor with a specific-  impulse oi! 326 sec. Had 

tine boon avai101e a Study based on the 	oxygen-hydrazine would  

have been interesti 	s A happy riet- 11 between tii0 high performance and 

excessive - disc lyantages Of the oxygen-hydrotean Meter and the lover. perform- 

anee e: provers feasibiqit;! .(51..  the oXygen-alconei motor. According to 

table (1) the speei 4'ic impulse of the systen with 60 hydrazine is 264 

sec. and the propellant density is 1..061. Both figures are hieher than 

those for oxygen and alcohol. The boi4nc, point of hydrazine is 113.6°C. 

Which is also hip!hor than alcohol, Another advantage lies in the fact 

that the rotor can be cooled by uain ne excess. cif fuel Without seriously 

*These values arc those gib ,ained at sea level with. a cor:ibustion chamber 
pressure of 20 aLnusphoren vii]jOh in representative of current rocket 
designs. 
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lowering the specific impulse, the logs in chamber temperature being part- 

ially offset by the appearance of free hydrogen in the gases. No obvious 

disadvantages enter except unavailability of hydrazine in large quantities 

and some toxicity. The former is said to be due to lack of commercial 

demand and to be easily overcome.. 

A few items in connection with the propellant teed system, the ohanber 

pressure and the configuration o' the combustion chamber and nozzle remain 

for discussion. Tine has not perm;tted a study of the feed system but, 

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

fugal pumps should be the most economical in Weight for each stage of the 

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

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

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

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

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

been designed. 

Gases for the turbine could be generated by burning the propellants 

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

ated from most systems must be cooled by some means such as introducing 

water as a third component. A notable exception is the monopropellant 

hydrogen peroxide which under the action of suitable catalysts decomposei 

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

turbines. 

An optimum chamber pressure exists for any given installation. This 

optimun is fixed by two factors, the favorable increase in specific impulse 

and the unfavorable increase in weight of oh .ber and pumping system as the 
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chamber pressure increases. Since, for most installations, the optirnLi 

works out to be about 300 psia, this value was assumed for the satellite 

vehicles considered. A nutor designed to operate at a given chamH)er 

pressure may also be run at to lower pressure, as long its the lower lir:at 

at which t.,e propella; s burn stably is not passed. Consequentl:! thrott 

ing to a lower thrust is possible, a maneuver which will be seen in a 

later chapter to offer Eut advantage in reduced structural weight. Fig. 

(2) shows the behaviour of T, p
c 
and I with throttling for an acid-

aniline m,,tor. Since no suitaJle d ta were quickly available on the 

throttled characteristics of either ulconol-oxygen or hydrogen-oxygen 

rockets, we shall use for later investigations of this problem variation, 

similar to those shown for acid-aniline. 

An important parameter governing the configuration of the nuzzle is 

the ratio of the exit area to the throat area, called the expansion rats 

For each value of 
pe/ps 

an expansion ratio 

exi sts for Which the specific impulse is a 

maximum. In the wise of the satellite ve-

hicle for whicn the motor must operbte at 

a core;tantly increasing altitude an. there-

fore constantly do,n-,.:.sinc] is ,,:s are ratio, 

a coripre.a.i.so 	Oen -;;:e CI`ti?.lul u:::7,:t.nnion 

ratio at hi 0 2 st and lowest altitude 3 of operation of the motor nu!it 

made. 	igurus (5) aL: (,; ) si,ow the variation in specific impulse with 

altitude, or alcunol-oxygen and aro 	rockets respective T. 

For these fi gtAres, 	ch..s:ber ores Are s 	marled to be 20 fttnosTilcr 

O11O the 5:- e fW - 

cr 	 

c( .e..rausrlo,v 
C 	$1.1,147)t 

expansion ratiu are 

CM 

7.1gCA 
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: Chapter 6 

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

is clear from these curves that for the first stage of the satellite ve-

hicle a smaller expunsioh ratio is required than „for later stages. In 

the case of the alcohol-oxygen powered vehicle an expansion ratio of ti was 

used for calculating the trajectory of the first stage; in the oase of 

hydrogen-oxygen, 8. For the later stages in both cases the expansion rati 

were arbitrarily limited to .20 for the preliminary calculations. As the 

design progressed, it became apparent that somewhat larger expansion ratios 

were both desirable and possible for these later stages. However the work 

necessary to change the calculations at this time was folt to be unwarran 

The chief consideration governing the shape or the combustion chamber 

is the necessity for allowing sufficient time for mixing and burning of the 

propellants while still in the char ler. As improvements in nixing are made 

the dimensions of the chamber tend to decrease since the time for combus-

tion becdmeSless. This principle was carried to a high degree of develop-

ment by the Germans, who by the end of 

the war, succeeded in reducing the clumbor 

dimensions to such an extent that they 

were able to use the so-called throutless 
SPRAY 

FLAT combustion chamber shown in Ile sketch. 	( 
 

For ,11(3 V-2, this combustion charmr was 

less than half us heavy as the one used 

on prodoeti.co models. 
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Y'or 	roci:ot r.tors, . nen-3 the 

exnsion ratio 151 	excessive, it 15 

sufficient tc.,  use a ::brai Ent conical ex- 

Lu_on f:) -: the s.OZZ1O 	however, when 

exlansion ratios of 6hc, order of 20 are reached, a conical diffusor, must 

be made lni'losirubly long i I order to avoid lose 3 in nozzle efficiency 

caused by the inri7e radial coponents of 

jet momentu:I. In order to avoid this it 

is advantai:eous to use a nozzle shaped 

as shorn h 	 This ripe nozzle 

W&3 used on ,he oreposed design. 
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7. CONSIDERATIO  OF STRUGT7RAL WEIGHT 

On The Influence of Size: on Structural 15eight of Rockets. 	If two 

geometrically similar structures of different size are compared for 

strength the smaller is usually the relatively stronger. The laws govern-

ing this relationship are expressed by the doctrine of mechanical simili-

tude, which considers the dimensional correlations imposed by the invari-

ance of certain of the physical properties involved. 

Assume for instance, that the geometrical similarity extends to all 

structural details, eseecially the degree of subdivision of structural 

members. If the loads are primarily derived from volume forces such 

as weights and inertia and if the two structures will be subjected to 

identical accelerations, assuring also that the structures are made of 

identical materials, then the following relationships obtain between 

dimensions M mass, L length, T time 

M/L3  = const 	for invariant material density 

L/T2  = const 	for invariant acceleration 

The product of both implies 

-2 
Mira 	= const, invariance of force per unit volume 

Since stress is force per unit area it does not remain invariant 

but increases as M/LT2  = const x L. Therefore where strength is governed 

by stress, as for instance in members carrying tensile or bending stres-

ses the ratio of stress to given strength increases in linear propor-

tion with size. To assure erlual strength, the larger member will have 

to be made hueid er, hence heavier. If wall thicknesses are increased, 



SASE TA =ICA_ 

PELLT;771LeRY]i= 	 VEEIGLE 

. PLANT 	MODEL: .#1.03; 

e el,,e  • 
REPORT NO.!•=:'.•_ TITLE: 

1946_ 

Low/ Se/ 1.0 v.F bra—% 	 • • it • wows s • os 

 

Chapter 7 

the structural weight per volume of vehicle would tenito go up approxi-

mately in direct Proportion; actually this starts a vicious circle in-

asmuch as tl-;e increase in gross weight will encroach on performance. 

Where structural members are endangered by limits of structural 

stability as in column compression, there the critical earring capacity 

is Elso increased at the rate of the square only instead of the cube of 

size so that the disadvantage in strength as well increases linearly with 

size exactly as in the case of tensile stress members. However, where 

strengthening can be done by increasing column diameters, this would 

suffice at the rate -of the five-fourths power of size instead of wall 

thickness increase at the rate of the square of size. 

Loads originating from aerodynamic action which are suffered by 

surface impingement, increase only proportional to the square of linear 

size. They can therefore, as far as velocities are invariant as inte-

grals of acceleration ("Invariance of time scale") be suffered without 

additional burden. However, they will not evoke equal transverse ac-

celeretions, hence less path curvature, in inverse proportion to linear 

size. Hence it follows that such inertia loads as are derived from 

lift (and neither from thrust nor gravity) can be carried without beef-

ing up the structural members concerned beyond proportionality with size. 

Where the load components due to gravity are negligible compared 

to the axial inertia loads there,  it becomes preferable to abandon the 

invariance of eccelpration, retaining the invariance of corresponding 

velocities by aior.tir. s time scale proportional to size; T = L. Now 
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all inertia forces will vary just like area forces; the stresses and 

the strength of all structural members will be independent of size. 

Thrust will. also have to increase with area, not with volume, hence the 

throat loading of & jet nozzle will be invariant (whereas it had to in-

crease linearly with size under the assumption of equal acceleration). 

The thrust erocess will now take longer in proportion to the linear size 

and the range traveled under power will similarly be larger, but this 

may not be detrimental. It will reduce maneuverability because the seine 

velocities will be attained at lesser air densities. 

This analysis has a bearing on the choice of the best acceleration 

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

a compromise between those factors which derive an advantage from quick 

acceleration and those -eich favor keeping it slow. The structural weight 

of members carrying the inertia load belong into the latter group. In 

a vel- icle of the V2 (A4) type they - tanks and fuselage - are estimated 

to make up about 5% of the gross weight. This weight component will 

have to be elected to go up in linear proportion to axial acceleration. 

The weight of the thermodynamic and mechanical machinery of the power 

plant which make up about 10% of the missile's gross weight, should es-

zentially be linearly proportional to thrust; thus similarly to axial 

acceleration. Since tank loads diminish as fuel is burned at a constant 

rate, their strerjth is iiotete] 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 altittde. However, they must also be 
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capable of Adthstaniing their Pull fuel load at the peak accelerations 

of all preceding stages. All subseluent stages will therefore require 

relatively stronger structures than the first one, unless the motors 

are throttled durr.g all of the powered flight stage6 except the last 

one. This means that a margin has to be applied in any attempt to ex-

trapolate a multi-stage aggregate from a single stage prototype. 

In terns of the whole vehicle it may be desirable to strike a 

compromise to balance the advantages and disadvantages. A slightly 

heavier structure is balanced by the relatively lighter power plant 

Ilen the thrust cr acceleration is decreased approximately at some ratio 

- 
like L 

2/3
. The following table gives a rough estimate of the weight 

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

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

gross weight. 

Cese linear scale factor of geo- • 
metrically similar enlarge-
ment: 1.4 2 2.8 

Retaining the prototype ac-
celeration schedule, struc-
tural. weight increases to: 
while hoer plant weight 
re-.airs uncInged 

2 5 

...,....... 

9 

t_ .._.M 

15 

2 Reducing the thrust loading 
inversely with enlargement, 
namely to: 70 50 35 25 

...........4 

% 
saves or power plant weiLffA by: 
and incitr5 no increase of 
struct-Ar,i1 we::it 

-3 -5 -6 -7i % 

3 To Of fc:3t structl-ral we At 
incrse by saving in rower 
.:,lp,t we is 	would 	re7Ilre 
rc3uction of thrust lo;...din 	to O 66 50 i,C) 



Mr,,  2. 1946 
	

MODEL, 	1'10: 

TITLE: ja:S.1-Cil;_017..,L;7:TjTa V7TITCLF:  REPORT 

AWE 

 

411 	 Chapter 7 

However, any drastic reduction of thrust loading can only be con- 

sidered where the prototype acceleration is many times gravity in the 

first place. It would disastrously encroach on -performance when weight 

alone exacta a large fraction of the thrust loading. Obviously, a re-

duction of the apparent acceleration of the V2 to 50%  of its initial 

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

Actually, considerations of the influence of acceleration changes cannot 

be separated from performance calculations; they will 1-e treated in con-

siderabla detail in the next chapter. 

On the other hand, any complete vehicle of a typical design will be 

composed of "variouscomponents which may be divided into several groups . 

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

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

nents will make up certain fractions ayi„ of the gross weight. 

Assume for instance, that tank weight is proportional to the nth 

rower of the fuel weight. (It was shown above that under certain assump-

tions n a 413; under others part of the tank and fuselage structures may 

have n= 5/4 or sone value between 4/13 and 1; an average may well be less 

than 1.30). Assume that all other componenta weigh proportionally to 

gross weight. Let aSW denote the fuel weight. Denote the quantities 

in a known prototype breakdownby index 0  so that the prototype fuel 

weight IS ,A4p/f0  oni the prototype tank vaiight (1-c,(0-4fo) Pio  where 

/3404.: is the wegl- t of everything that is neither fuel nor tank and 

assumed to weigL pro, ortio I to gross weight. Then in any article 



Chapter 7 

geometrically enlarged (except for beefing up where necessary) the fuel 

must be a lesser 'traction of the gross weight, namely AM and the tank 

weight (1-0l - 4 )W. These quantities will then compare in the propor-

tion (4o0C11A(mo)n  

hence 

(44*13 	3  6\f4V/0 

The following table of values of gross over payload for exponents 

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

reduction of fuel capacity necessary and also of the sensitivity of the 

result to the choice of the assumption of n. 

Values of gross weight/payload.  

n 	se 
, 

1.10 1.15 1.20 1.25 1.30 

if m  .20  .25_ .20 .25 .20 .25 .20 .25 .20 .25 

ois.70 1 1 1 1 1 1 1 1 1 1 

As.65 130 2310 ' 	26 179 12 50 7.3 23 5.4 14 

.60 5580 322000 331 4950 81 613 35 176 21 80 

.55 2860 65600 415 4350 130 850 61 292 

.50 r- 1830 23500 435 3340 168 9201 
i 

Actually there will also be some parts of the missile which will not 

require enlargement or even duplication on mother stages, for instance the 

"brains". These could well be taken out of the structural weights class 

and lumped with the ultimate payload. It is estimated that about 10 of 

the V2 may be in this category, which would bring a worthwhile improvement 
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of the mother stages' mass ratio and can be pitted against the weight in- 

creases entailed by enlargement previously discussed. However, the ad-

vantage thus afforded eventually fades into insignificance when en-

largement is carried to extremes. The fact therefore remains that un-

limited geometrical enlargement of a rocket will eventually bring e penal-

ty in weight. This is contrary to the contention advanced by some that 

structural efficiency will indefinitely increase with size. 

The .very fact that some parts of the prototype need not be enlarged 

as the prototype is enlarged works a hardship when an attempt is made to 

reduce the size. Indeed some parts cannot be reduced proportionally or 

not at all. They may have attained practical or otherwise determined 

minimum sizes. This is a very real problem in the manufacture of minia-

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

volume increases towards both the small and the large end of the scale. 

There is an optimum somewhere in the realm of "moderate" sizes. This 

optimum is presumably rather flat, its exact position will sensitively 

depend on minor variations of the components. 

Thus far only geometrically similar "blow-up" with size has been 

considered. The disadvantnges attending this method of.enlargement arise 

from the fact that pressures due to volume forces go up with size. This 

applies to all hydrostatic pressures in tanks and the critically thin 

supports of mess loads. It would equally apply to power plant parts 

built to withstand presures, notably the turning chamber if the latter 

were to handle a thrust proportional to the volume trough. a throat 

1.• 	
4.4.4 
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area proportional only to the cross sectional area of the vehicle. 

The latter is not feasible thermoiynamicallye there being no reason 

why higher pressures and temperatures should became 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 geometrical 

proportion to the rest of the vehicle, but when it surpasses the cali-

ber then geometrical similarity of the configuration is violated. 

Both the hydrostatic pressure increase and the nozzle thrust load-

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

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

ter at the rate of the square root of the. gross weight increase, but 

all weight proportions would remain essentially the same. It is as 

though a plurality of the prototype vehicles were arrayed, L
2 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 drag considerations might weigh 

heavily against 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, thus 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 shou2i 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 similarity conjures up new problems of structural 

subdivision, large bulkheadsA snti-sloshing devices and other structural 

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

croach on the gain to be derived from the whole scheme 

The question may be posed: How will a change of fuel density f af-

fect the tank weight? If the increased bulk is to be accommodated by 

geometrically similar enlarged tanks, then the linear tank dimensions 

increase as -1/3; the hydrostatic pressure (at any given acceleration) 

-1/3 	2/3 
will actually decrease namely as 	ac c . Since fora given ma- 

terial strength the wall thickness has to vary with the product of pres-

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

will also decrease as s,2/ • C-1/3 = 4 1/ . The tank weight is propor- 

tional to the surface and the wall thickness viz to 4 
-2/3 . f-1/3. 

 Hence 

it increases with linear dimension or volume 1/ . This is a strike a-

gainst liquid hydrogen fuel which weighs only 7% of hydrazine or about 

814 of alcohol 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 not in height, 

then the tank radius varies indirectly and the required wall thickness 

directly with the square root of the fuel density, so that the tank 

weight would reeain unchanged. The progressive fattening of successive 

stages would rapidly grow proMbitive. On the other hand fewer stages 

are required to accomplish the same performance with the higher exhaust 

velocity 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 proportion of a cylindrical tank. 

from a viewpoint of mini= wall weight to volumetric content is core 

squat for hydrostatic pressure than for uniform (gas) pressure. As is 

well known, the flat headed cylinder of least surface per volune is as 

high as its diameter, (h= 2r). 

In order to make the tank heads stand up under any uniform internal 

pressure, they should he bulged. Hence they would have a surface K
sr
2

wr 

each and a calotte volume of Kvr-
1  
r. For equal wall thickness the bulge 

radius would be twice the cylinder radius and the coefficients Ks = 1.072 

and Kv .274. The lightest shape (neglecting seams) would be attained. 

with a cylinder height of h =(2K5-3Kv)r, here = 1.32r and the total height 

including caps H:.1.8.6.r, somewhat shallower than the flat headed cylinder. 

On the other hand, if the tank is to stand hydrostatic pressure which 

increases linearly with height and if the walls could be suitably tapered 

the weight of the top would be negligible but the bottom would have to be 

bulged slightly more than to the double cylinder radius if it was to be 

made of the same thickness as the lowest part of the cylinder wall. If 

we alaa) neglect this bulge for the sake of a first rough approximation, 

then the weight of the tank will be indicated by 

W 4 ( h + r) r2 Tr '7mM/a 

where w is the spkc3fic waight of the tank material, s its allowable stres 

• 
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n the load factor and f the specific weight of the fuel. Defining 

Its V/r` a by the volusa V and the radius r, 

Y1 ( 7,/r24r r) 71wnf,is 

dslsr s (-2V/r3rt. I) Vwnf,/ir s 

Equating this to zero yields 

V s •r7rs s r2  rh 

h• r 

which is four times as sivat as the square cylinder of uniform wall 

thickness. 

If the bottom is bulged to a radius eqnsl to the cylinder diameter 

and mode thicker in the sump according to the hydrostatic pressure in-

crease, then the lightest proportion turns out to be h.= .325 rand ii=.59,37. 

which is rather squat. However, the influence of a variation from the opt 

mum is not large and other considerations such as manufacture, bracing 

and lid, safeguards against sloshing, etc., militate against extremely 

shallow vessels. The lid cannot be made weightless, the walls cannot 

be ideally tapered, sears and anti-sloshing means have to be provided. 

Hence practical vessels will probably be of proportions fir ranging 

somewhere around ltis 

The preceding discussion of scale effects is useful for giving an 

overall view or the roeset ,J.e.3.!_gn problem. However, in order to make 

-soight estinates for pre:isary desic,no a assater amount of detail ts 

necess-ry. An attept is :7:Lie in the following pages to consider various 

, 
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parts of the vehicle weIght separately, applying a separate scale factor 

to each part. 1.:p to the present time, the best (in fact, the only) long 

rargs rocket is the V2. For this reason the 72 is used as a basis or 

standari for ca7cu:ation. Sone features of the present multi-stage de-

signs do not appear in V2, an separate weight allowances must be made 

in such cases. Since no past experience or present ..3er-Ign practice 

exists for staged rockets, various reasonable appearing assurptions must 

be made. 

It is to be expected that the art of estiv.eting weights for long 

range, low acceleration roasts will progress rapidly as designs reach 

the layout stage on the drawing board. 

it).4.: • 

rtloetn• 41r: 	42t1,07..g 	 r,r.s 
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. ot 	tioa for 	 .t .:u 	 startin 

for ti s 	 of V-2 as:iven 

1a 	'1) of 	'-.:;-7.1o;!. 

,ros of 

 

o1,7 3.25, ,. new set cf iexcnto.,:ris has been a- 

Ei....ned 	 (2 to ra. 	.c.ass 

,_..c'clicve -.1 	Jr V-2 at the -.3- 	of t. 	'har. 

on a ross 	of 2713", as 	111111:.hd, Lho  

rlt n  	of c331 	y.4.t Cid 	7hts for tl.e 

	

'1'he 	c.7id "CLrIncaci.'" :-)f the above 

ander "?a ::.-load." 

Table I 

V-2 * .a.jor .Breakdol.:n 

(1) 
3.25 

(2) 
``nos Eatio 

I. T2.r- :.3a -,d 	?ipin,r 5.U: rt• 123L 1i 

4.• 1),r;:pir.,:, 	unit 5.7 4.7 12,7. It 

0 
..I• f:o'.4:,..le 	.arici 	UouLstion 	',.-ii..1f....'T n n 

..)• ■, 2.5 6-.(2, lb 

4. controls 	-,nd. 	!-.:iirfr_coc 4.9 4.1 c it 

5, Fuels- 69.1 75.0 20240 it 

(.; . r Palo..- &"  9.2 2510 11 

100.0 100.0 11 

lni...12,1r.%t,(. 5, • 

ta Utis 	Pt te 

iroer the.: :,orres.70n1 t.o a uass 

b.,T,T7;.70GT,J:70.7,$Z.717,4,*CFdi,;::: 	 7 	, 	_ , , 
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n (I's catline but using revised figures. 

2510 . "Payload" 

a. Fadio comnartment 	270 
P.. frames 

h. Radio Eouioment 	130 

C, In st nments, -oil ring, 	260 

d. 	Crc?s:.77od air bottles 70 

VarttliOst411r,Mic***Peari•rie 	 , ' •, • 	 ."." 

It cms of Talle T  are further broken down in Table IT, below, sti] 

Table II 

V-2 "Detail" Preakdown 

I tem 	 Sub d vi si on 	 ei t 	Sub-totals 
lbs. 	lbs. 

I. Tanks F; Pininc 	 1230 

a. Integral Tanks 	LIAO 

h. Dmstributng Pipes 	70 
valves 

Pumping Unit 	 120_0 

a. Power unit r  tanks 	730 

b. !!ourtinP: 	end frame 210 

C. Shell structure 	340 

Nozzle & Combustion Chamber 

4. Control's Surfaces 

a. Fins 

b, Internal controls 

6Q0 	6g0 

1120 

6 30 

300 

c. External controls 	100 

20, 0 

a. 0 xypen 	 11, 500 

h. Alcohol 	 R,9P0 



not in V-2 

lb, 2a, 3 

not in V-2 

ha, 4b, 4c 

not in V-2 

5a, 5b 

6b, 6c, 6d, 6e 

1120 

20, 

2240 

 

27, 300 
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It, is convenient, in the analysis hich follows, to rETroup the 

i tems and subdivisions of Table TI, so that ouantities which vary alike 

r -ith scale of the vehicle can be lumped. Such a reprouning. is riven in  

Table III, with sub-totals that apnly to V-2. 

Table III 

Vei bts Pepro-..,-::ed for Analysis 

Group 	 Contains suhd v.sions 	Veight 
( From Table II) 

T. Tanks Fi Structures 	 la, 2b, 2c, 6a 	 1qP0 

• Miscellaneou s Structure 

N. Nozzle, chamber, Dumps 

H. Prov-isions for H,2  

C. Controls 

B. "Brains" 

F. Fuels 

P. Payload 

Total 

Grouts as iister in Table III are rene.rately discussed and analyze 

below. A U et of notation is given here to facilitate such di scussion. 

a = destcm acceleration for structure (no. of 11R4 s  

- t 
— anolrd tensile stress, 	i.n2  

= all owal-:.1 e tensile strees, 1!/i n2  

constant, 7--v or -lay not, be dimensionless 

seal_ s,  rTOn5iOfl of lona-4th 

lenPth of fuel tank, inches 

( 
	

subrcriot, 	cc' to V- 2 as aions; s for calcul;--rtionr. 

- tv 

..• 	 41ellk 
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fuel pressure pilin 3  

radius of fuel tank, inches 

T, 	N, etc. = group weights as captioned in Table III 

t- = wall thickness of tank or shell, inches 

V = Gross weight of a stage, considering the sum of all 
succeeding (smaller) stages as Payload 

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

'r = duration of burning for a stage, seconds 

Group T. Tanks and S-Fructure 

Since a high percentage of the,7-gross weight (60 — 70% is in 

fuel, it is to be expected that fuel tank wei Flats 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 weight. 

For our purposes, the fuel tanks are assumed to be integral 

with the structure, rather than separate, although this point has 

by no means been finally settled. 

Consider the fuel tanks in a manner similar to the discussion 

(p.  58  to 69_ of this report) on the influence of size on the 

structural weight of rockets. 

	

p = 	a 1 

nr 

	

= 	= constant for a given wall material 

k2 pr = k 3  e pir 

(a) 	side walls -!f' tank 

Area = 21r1 r 
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.%Ta  = wt of side walls 

= t x area = 2/"k3 ea 12r2  

(b) Tank bottom 

Area = Trr2  

Tb  = Trk 3 	£r3 

Total 
	

T = Ta + Tb 
\ = it k3 ea (2t2 r2  + 	3) 

• 

77-A-3  4?e7L P;16.14-  

F (im fuel weight) = pIrr2I 	 a. .401) - 7i,41  e-r/‘ T 	r S. . ..--- 
F = k3  a(2f + r) = k4a(-,  + 2) /C 

Fir rt•K 
From V-2: 	 : KJ ell. (2. t 14-r) 

To  = 19P0, Fo  = 20,4g0 	 m A: A, (co.- lE,) 
I= 243, 	r = 31.5 	a = 2.0 

:.k4= .000107 

' F 
T 

	

=.000187 a(e,C+ 2) 	(1) 

Using approximate dimensions for design studies of (a) a four 

stage alcohol, oxygen rocket and (b) a two stage hydrogen, oxygen 

vehicle, group T weights have been calculated and are given in 

Table IV below. In applying e value for a, it should be noted 

that the design acceleration for the first stage is at the start 

of that stage (minimum acceleration, full tanks) whereas for 

succeeding stages the design acceleration occurs at the end of 

the first stage burning (maximum acceleration, full tanks). 

For stage 4 of the alcohol, oxygen system, it is considered 

that the extrapolation from V-2 is too great for a simple scale 

effect formula. fterefore an independent estimate based on a 

reasonable minimum shell thickness is shown for this case in 

T,,Ible TV: 
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Table IV 

Group 7,-  ( tank -,.::-.' structure '.,:ei ;--,'-lt..s (Pounds) 

c+ ..n.r.-r,  L 3 2 1 

,t_lCO'h01. ' CC' 	'Dxy zen 120 500 1350 14,300 

Oxiv.,:!en 2250 36,C^0 

; 	p 	seelTrnecus Ftructure 

v;e:pt-:t prout: is ;provided to allow for structural items that 

t,  ear .n V-2, There are two maior components considered. Firs 

to allow for coupline: of stapes, an amount of "-I. 	is allowed for each 

,tame. Pecond, to allow for minimum Frauges and gener,,A1 miscellaneous, 

weictt is assumed which is L,f V: for V = 10C- 0 pounds and zero for V = 

27,000 pounds and above. 

Group !fi. v.eiphts as described above are shov.-n in fiFure 1, an ari-j—

trary curve. 

Group N. Nozsle, Chamber, Pumns 

'laced within this group are those whi ch depend upon the 

rate of fuel flow for their size. It has been found in past desims 

that the complete nower plant, varies nearly directly with the mass flo7 

rate of 

For V--2 20, 4°0 colmds 	fuel are burne7; in 60 seconds and N 4. s 

1 	fl 

ISKIESitiaM:ZIAMOVANIMIKIZRir...R2::,;W;UAK; 
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Group C. Controls 

Percentage of gross \':eight taken un 1.-17.,  electrical, mechanical and 

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

sduare., root of a linear scale dimension, based upon Past experience ri.t 

aircraft design. 

Thus 	k 5L 

but L varies as Y, 

C ke..7/6  

To avoid handling large numbers, write this in the for 

(v )7/6 	 vr 	)7/6 

CoC 
	(Wo ) 	

= 1120 27, 300) 	 (3) 

Gro»p'Fr Provisions for H2  

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

provisions will be necessary to (a) maintain the linuid state inside 

the hydrogen tank (h) prevent escane of the liquid and (c) prevent 

explosions due to the wide explosive mixture range. Although no loi.c 

basis now exists for calculating the v,'eight of such provisions, a reas 

able amount may be 1 of the gross weight of each stage, 

croup B. "Prains" 

"brains" are meant the central guiding units which furnish com, 

'rands 	e cont rol syste7 in order to guide the vehicle on its tra— 

ectory. A 2 	nounds is art'itrarily allowed for such enrol 

ment. This 4,.7; I s or-:1i 'd only to the last stage of each rocket sys-t 

since a F.; ogle' set of ".c. -r ,- ns", wi 	r controsl system connections 

should serve all stages, 

.7, latit.IV4i4PMeitrAt AtteMY,11:3'. 
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Group F. Fuels 

The total fuel weirit for each stage is determined from a percer 

a.ge of gross weight, which in turn is derived from traiectory calcu-- 

lations for the Particular fuels arid number of stages employed. Tra-

jectory calculations are set forth elsewhere in this report. It wil.] 

suffice to say here that for alcohol-oxygen L-stage systems the fuel 

weight is taken as 60Y"- of the gross weight for each stage whereas fo] 

hydrogen-oxygen 2-stage systems the fuel is 715 of the gross weight, 

Grout-) P. Payload 

For the final stage, the payload has been set arbitrarily at 

500 pounds. For other stages, the payload of each stage is the pros 

wei ght of the succeeding stages. Since the gross weight of. stage 2 

(say) includes the weights of stages 3 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 successive stages-. 

Gross ti.e get i s the sum of groups T, 	N, C, H, B, F and P. 

TJ sing the formulas and assumptions described above it i s Possible to 

tabulate the weights for a 4- stage alcohol-oxygen rocket and a 2-ste 

hydrogen-oxien rocket. These are given in tables V and VI, respect; 

ly. 	rice the solution for gross weight, fuel and structure in term 

of each other is e trial anderror Process, these figures are not 

comp' etelv accurate or cortsi stent, however, they are close enough fo 

preli7linary es4: or purposes. 
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C. CoLtrcl 7 	.7.ctrfc,,, s 5 5T n,-)0 

H. fcr H-)  150 2,75r, 

;77.0 

F. .Fuels `, 	•,•J 207 000 
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8. INVESTIGATION OF DESIG,i i-ROIORTIONS  

This chapter has a double purpose. 1). The first is to continue 

and develop the study of the dynamics of orbital vehicles which was 

initiated in Chapter 5. Use will be made of the results gained in 

Chapters 6 and 7 concerning power plants and structural weights. 

2). The second purpose is to apply the general theory thus developed 

to the design of two actual vehicles. In this chapter we shall be con-

cerned only with tne basic features such as number of stages, weight of 

stages and maximum thrusts to be used. In the following chapter, these 

values will be combined with the results of trajectory calculations to 

give a final integrated design. 

General Dynamics  of Orbital Vehicle. Single Stagt Vehicle 	We 

shall improve on the analysis of Chapter 5 by taking into consideration th 

practical details which were left out in that chapter; namely gravity, 

inclination, dependency of structural weight on load factor, drag and 

throttling. 

Gravity - First let us consider a vertical trajectory. It will 

be necessary to add a term, -g (the acceleration of gravity) to theA; 

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

We obtain 

	

(1) dV 	c dm 

	

dt 	m dt 

watch integrates to 

(2) V
F 

= c In mi gt5  + V
o 

ci 
f 

Where,  t1. is the burning tirle and subscripts "F" and "o" denote 

"final" end "initial" rev , --tivel. 
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For the purposes of our later work we shall eliminate t
B 
in 

terms of the maximum loP.d factor n defined by 

( 3 ) ng 	(T max + g 

The missile reaches its maximal acceleration (i.e. thrust - mass 

ratio) at the end of burning time (we assume constant thrust). Hence 

it follows that 

	

ng = 	x tB or 

(L) = Fc 
B 	(s+p). 

Thus (7) may be written as 

( 5) 	A V 
= In -I- 	F 

&Jr? n(S+P) 

(Note that m; 
S+P = mf  

The following numerical example shows the importance of n. Let 

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

Then 1 TiT .6  = ln 1776  = .916 and r.cr.s.T.F) _ 6.5 (1-.6)  - 	= 25% of 

.916. Thus if the exhaust velocity c is ;1500 ft/sec, the velocity 

increase during one stage Is 7,P00 ft/sec neglecting gravity, but if 

gravity is considered, the velocity increase is only 75% of this or 

5P 50 ft/sec. 

Inclination - In most Practical cases the trajectory will have 

variable inclination. In this case the fo;-riula for acceleration along 

the oath of flight is 

(6) 	=d- 	p sin ot 	m TT ' 

There 0 is the angle the. trai ctory makes with the horizontal. 

This e-unnon is not readily integrftle unless 9 is considered constant. 
, . 
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Ve shall make this assumption, because in spite of its inaccuracy, it 

will furnish us valuable information on how e affects our choice of n. 

9 will be referred to as the average inclination. Instead of (5) we 

then obtain 

(7) 	V  - In F sin 9  

Clearly, the more horizontal the flight path, the less is the loss in 

performance caused by finite acceleration. 

Ilentneenc:i of structural Veights on Load Factors - The example above 

shows that a low acceleration like 6.5; has a detrimental effect on Perform-

ance. On the other hand, it was shown in Chapter 7, that a higher load 

factor necessitates a heavier structure and the resulting lower value of 

the mass-ratio parameter gives a lower value of In Tf. To study how these 

factors balance each other, let us consider a missile whose total initial 

weight V is fixed and whose weight empty may be expressed in the form- 

(?) S+P = C+F..n where Q is that portion of the weight which is 

unaffected by the maximum acceleration and R-n is the weight of the re-

maining structure which is assumed to be directly proportional to n. 

Actually, ^ represents essentially the weight of the payload and the controls, 

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

Then (7) reads 

( )
lcV - ln 

	

	 T - (n + Rn)  0 + Rn - sin 9 x 
n(" + Rn) 

In fire 1 we see how 4 V
ic affected 	n in a vertical trajectory where 

we have used the values C/V = .275 and R/V = .019. These figures correspond 

to a payload which is 20C''. of gross teiht, a structure independent of accelera-

tion of 7.5' (.20 + .075 - .275) and a rema'ning structure which weighs l.9 

of gross veiF;ht for each rross acceleration. 

_PLANT 
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It can be seen from the figure that the advantages of high accelerati 

to reduce the loss from the effect of gravity are counteracted by the 

Poorer structural weight in such a manner that an ontimum acceleration 

exists. For this particular example, the optimum acceleration is 7.g. 

This could also have been obtained by the aid of calculus. Namely, if 

a A v  
an 	is esuated to zero, one obtains the following cubic enuation for n 

a - 	- 	= 0, where a= sin 6. 
W V 

In Figure 2 the solution of this equation has been plotted against 

FA with parameters of - and 8. This chart is very useful for a rapid 

determination of the approximate value of the optimal acceleration. 

Two corrections 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 discussion in Chapter 7 it is evident that the expression 

of the weight empty as a linear function of n is over-simplified. 

However, if 1,e use a more accurate formula for the weight variation, we 
Oe 

are forced to abandon general analytical methods and shall have to 

reduce ourselves to a numerical study of a concrete example. In 

choosing this example we anticipate some results to be established 

later. The oxygen-alcohol missile to be proposed in this report will 

be a four-sta,,c missile. Its first (largest) stage will have a gross 

weight 	of 253,4O lbs., its payload 	) will be 11,P24. Ye select 

this stage as one example. The two weights mentioned will be kept 

2 
(lo) ( 	n ` 	3  

(r  
==. +a  E n2  + 2a 	- 1 n + 
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Chapter 8 

constant, but the load factor will be varied from its design value 6.5. 

The analysis given in Chapter 7 shows that the weight of the 

structure S1 
 will vary with the load factor n according to the equation 

(11) S1  1L,300 (140,000
Fi 	) 4/3 n + 7,7P0 x  5.2  ( Fl  

140,000/ 

Wi  
+11, 400 ( 	6-76-0 7/  6  + 	(233,669)r -6: 5.  

The terms on the right hand side represent in order the weight 

of tanks, power plant, controls and various miscellaneous weights. 

The design values of these weights are 14,P00 lbs., 7,7P0 lbs, 11,400 lbs 

and 3.0% of W1  respectively. 55.2 and 6.5 are the design values of 

tB  and n. If we select a value of I of 240 sec and put W1  and W2  

equal to their design values, then every term on the right hand side is 

a function of n only. The other variables may be eliminated with the 

Fl  aid of the equations W1  = S1+F1+W2  and tB  = I x 	 . The result of 
n(W -F 

this rather cumbersome numerical calculation is
1 
 giv
1
en in Figure 3. 

Once Fl, - P1  and to are known as functions of n, the final velocity VF 
may be computed from (2) (with c = 32.2 x 240 = 7,750 fps). The result 

has been plotted as curve 1 in Figure 4 (the other graphs in Figure 4 

will be discussed shortly). The optimal value of n is seen to be 7.5; 

VF  does not fell more than, one percent below its maximum if n is kept 

between 6.5 and P.75. 

This represents an average value during first stage. 

■." 
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	 Chapter 8 

-L÷.....77-77.777. 77' 

Drag - For a rapid estivate of the effect of drag on performance, 

the method of successive approximations is recommended. The equation 

for a vertical trajectory is (D denotes drag): 

	

(12) 	- 	Lla g ■ D . 

	

dt 	m dt 

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

reduces to (1) and by integration one obtains the vacuum trajectory, 

i.e., velocity and altitude as functions of time. Using these functions, 

may be expressed as a function of time. The right hand side then 

depends on time only, and by integrating one obtains the first order 

solution for V as a function of time. The method has been elaborated 

in JFL-GALCIT Report No. 4-11, "Vertical Flight Performance of Rocket 

Missiles" by T. Z. Chien. It has been applied to the example discussed 

above (first stage) and the result is plotted as curve 2 in Figure 4. 

It can be seen that drag moves the maximum from ns7.5 to ns7.0. 

Total Energy - 'So far, we have measured performance in terms of 

the final velocity VF. However, it would seem that one really should 

consider the total energy gained which consists of kinetic * potential 

energy. This total energy may conveniently be represented by an 

"equivalent velocity" VE, defined by VE  - VF's  2gh where h is the 

altitude gained. The equivalent velocity has also been plotted with and 

without drag as curves 3 and 4 in Figure 4. The values of n for maximum V 

are 6.0 (vacuum) and 5.5, as compared with tLe values 7.5 and 7.0 for maxdY 

VF. 

If our vehicle actually were a single stage rocket VE would clearly 

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

of a multi-ataco rocket, tYe littlation is more comi_licated. The reason 

	

tY 
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Chapter 8 

is that a rocket motor is characterized by its thrust T which is 

essentially independent of flying conditions. Its power on the 

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

of the vehicle end the total energy gained during one stage is equal 

itB 
the work done = Fds =1 F x Vdt (neglecting, drag and gravity), 

This shows the importance of the initial velocity. But the initial 

velocity of the second stage is the final velocity of the first stage, 

Thus by trying to get as much total energy as possible during the 

first stage one might lose out on later stages. 

Returning to our specific example we conclude that the optimal 

n lies somewhere between the value for VE(7.0) and that for VF(5.5). 

Considering the flatness of the graphs, the design value n = 6.5 

represents a reasonable compromise. 

Throttling — On the basis' of the above discussion of the 

influence of maximum acceleration on weight, it seems logical to 

investigate whether weight can be saved by throttling during the 

later portions of the burning period where the accelerations have 

increased considerably. However, a moment's reflection shows that 

this will not reduce the critical design condition on some of the 

structural components. lwotors and pumps will have to be designed 

for maximal thrust rather than maximal acceleration and hence nothing 

is saved in the weight of the power plant. The load on the tanks 

of the first, stage is greatest during the first part of the burning 

period when the tanks are full. Consequently, the weight of these 

tanks will be unaffect ,td 't;. throttling. 
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Chapter 8 

Ualculaions have shown that if the maximum acceleration is 

reduced from 6.5g 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 obtained. However, 

it is felt that this gain is not sufficient to warrant the 

additional complication in the present study. 
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tt... Chapter 	8 

Freeortienine of Steoes 

	

elti-et--e 	 Ii. Chanter 5 the eencept of a rulti- 

steRe rocket 'eas intro.h1cei. A sfmplifiej anal sis showed that 

if the structural wel.-.ht rat=e-, is the same for all stages the 

perfcrmance is a maximum if the payloae end the vesights of the 

various steges forel a geometric progression: 

Wn 	Wn - 1 	.• W1 

	

(11) 
	

W2 

The fire:1 velocitr at the end of burning of the nth  stage 

is thus 

(12) I 

This 'basic formula was plotted in Chapter 5 for n 1,2,3,4,5 

ann 7 = .16. On the next pages four additional charts of this 

type are given for 7 .1)  .143, .182 and .25 (Figures 51 - 5D). 

The value .132 was achieved by the Germans in their later redesign 

of the V-2. 

We now tem to a detailed consideration cf the problem of 

optimal proportioning of the stages, ehen more roalictic essu/np- 

tions are introdueed. it 	tern out that factors like inclina- 

tion, variable exhaust velocity, etc., will caese deviations of the 

1.reportions given by the gee::etrie series. 	However, 

t. e' deviatiens ;Jaa n Ferrel be 	sometime insigni- 

fieent. It veil] 	 thr0 te  r:r.Xi ma 
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Chapter P 

in general are fairly flat i.e. deviations from the theoretical 

maxima will cause but, small loss in performance. In order to bring 

out the trends clearly, the various factors will be considered 

senarately. Vhen concrete numerical computations are made a two—stage 

racket will be considered. If values are desired for rockets having 

a great number of stages, these results may be applied to the stages 

in pairs. The following formulation of the problem applies to all 

such two—stage rockets: The gross weight of the first stage (V? 

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

of the second stage (V2
) will be varied and the nerformance plotted 

W, 
against V, (or some equivalent variable like 	Puantities like 

n, c, 	will also be considered fixed except Then otherwise stated. 

They may or may not be the same for both stages, depending on what 

factor is being studied. 

Gravity. Inclination — If gravity is considered the ontimal 

p,--,'ortioning of the stages is still a geometrical progression as 

long as performance is being gauged by the final velocity VF. 

(V,e thereby assume that the maximal load factor n rather than the 

burning time tj6  is kept the same for both stages.) This result 

may be proved by standard methods of calculus or by a qualitative 

method to be discussed later in this chanter. A plot for an actual 

concrete case (Figure 6, curve 1) shows this maximum to be rather 

flat. If the eouivalent velocity VF  is considered instead, a small 

displacement of the maximum to the right takes place as shown by 

curve 2. 

In the same figure the effect of inclination is shown by curves 

4 and 5. The first stn ,7e is assum a vertlua. If the secondstag' 
a," 
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Chapter 8_ 

averaFe inclination with the horizontal of 600, a rather insignificant 

displacement of the maximum to the right takes place (curve 3). In 

order to bring out the trend more clearly, the exaggerated case of a hori-

zontal second stage was considered (curves 4 and 5). In this case, the 

displacement to the right of the maximum of both VF  and VE  is consider-

able. 

Fxheust Velocity - Due to altitude effect on power plants the 

average exhaust velocity of the second stage is usually larger than 

that of the first stage (a 15'' increase is a typical value). Multi-

stage rockets have also been proposed There the second stage employe 

fuel with considerably higher exhaust velocity than that of the first 

staFe. 

For a two-stage rocket, the following formula for the optimal 

Proportioning was obtained by calculus: 

  

2 (121 r-1) + \\ 	(r-1) +LT 
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(13) i = 2r V5T C 

  

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

w2  
(14)  

1/Pwl  

 

= 1 	(r-1) 

 

Plats of values obtained from these eauations are given in 

lo1 Figures 7A and 7B. For the typical values offl= .10 and LI; = 20 

and the exhaust velocity pf the second stage 15% larger than that of 

the first stage, the optimal value of V;2  is about 16% smaller than 

the geometric mean of P and 
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Chapter  8  

Drag - An investigation of the effect of drug on the optimum 

proportioning of two stages was made for the case in which the first 

stage had higher drag than the second (this is the normal case en-

countered). The results showed that the influence of drag on optimal 

proportioning is comparatively insignificant. 

General Considerations about Optimal Proyortioninr... Influence 

of Structural ';ieight Ratio - The following qualitative method for 

determining the optimal proportioning might sometimes prove useful. 

Details of the method are omitted. 

Consider a two-stage rocket as before. Express the performance 

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

these functions by f
1
(x) and f2 
	 W 
(x). Put — =a = constant and the 

1 

payload weight ratio of the first stage =2 = x; then the payload 

1 

a 
payload weight ratio of the second stage is — = 	The total 

2 x' 

velocity increase expressed as a function of the payload weight ratio 

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

a 	 a 
Consider the difference d = 41-) - V(x) = (C.2  13E1- 

(f2(x) - fl(x)1 . If d is zero, the ,raph of V against x has a certain 

type of symmetry around the value where 	= x, i.e. x= V. It is 

then geometrically evident that this point of symmetry represents a 

maximum. The difference d is zer 	i raid f2  are equal or differ 

by a constant. This is true for the idealized case when fl(x) = 

S 
f2(x) = -c In (x+ i ). 	It remains true when gravity is considered. 

• 
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Chapter 8 

Now take the case of different exhaust velocities. Then the 

difference d is = (c 	c1) Lln(x+ 
S 
j - 

S 5)] 
This is negative 

■ 

	

for xc,—. 	From the geometry of the graph it then follows that the 

maximum has been displaced from x =\/75T towards smaller x. 

So far we have only verified previous findings. To obtain a 

new result, consider the case of variable structure weight ratio, 

e.g. Si S2 . 
r4 1"  Vi 2  

	

S1 a 	 S1 — — 

	

Then d = 	.C;1 +  x 	 Vil 
c In 

2 a --- 
2 

2 +x 
77—  
"2 

This is also negative for x‹
a
. and again we conclude tnat the maximut, 

has been displaced towards the left,i.e., the second stage is smaller 

than the geometric mean when its structural weight ratio is less than 

that of the first stage. 

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

sometimes applied the results obtained for a single stage vehicle to 

each separate phase of a multi-stage vehicle. However, the discussion 

of whether
E 

or V
F 

is the significant performance parameter for the 

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

certain amount of care is necessary. 

Another example of how the various stages influence each other is 

this: For each suparate stage one con find the optimal load 

factor by the methods described at the befinning of this chapter. 

However, each stage cnnnot 'be designed for its own optimal load 

factor. The reason is simply that any stage is subjected to the 

.meximer: fowls of 	 eecral the oetimal 

p 

+ x 

In 
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load factor is lower for later stages. 

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

developed a general analysis of performance parameters. We now proceed 

to apply 'our results to actual designs of two vehiCles. Our starting 

point will of course'be the specifications of the orbital vehicle. Two 

quantities are revelant for our considerations: (1) orbital velocity; 

(2) weight of pay load. 

Strictly the altitude of the orbit should likewise be given. 

However, it was found in Chapter 3 that the altitude had little effect 

on the energies required for various orbits. This is fortunate, because 

it implies that the shape of the trajectory will exert only a secondary 

influence on our choice of design proportions. A value 24,500 ft/sec 

was selected as the orbital velocity to be used in our present 

consideration. The pay load, selected on the basis of a reasonable 

allowance for scientific instruments, was taken as 500 lbs. However, 

for the purposes of the analysis in this chapter, we also have to count 

the 200 lbs. of "brains" as pay load. The reason is that this is 

a fixed weight item which occurs only in the last stage and which is 

not included in a normal estimate of the structure-weight ratio  

Thus, for the remainder of this chapter, the weight of the pay load 

will be considered to be 700 lbs. 

Next te need a value of the parameter c (exhaust velocity) which 

specifies the performance of the power plant, in other words we have to 

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

Alcohol-Oxygen Vehicle - If liquid oxygen and alcohol are 

used as propellants, the value c = 8,500 fps. is a reasonable 

average value for our initial work. In selecting this value 

consideration was given to the fact taat most of the operation of 

the rocket will be at altitude. Using this value of c, we find 

that V — is 2.86. In the preliminary work we shall use a value of 

= .16 which is an average value obtained from the results of 

Chapter 7. 	For our present purpose it would be extremely 

convenient to have a correction factor to take care of these items. 

A good value of such a factor can only be based on long experience 

in designing, building and testing orbital vehicles. Since this 

experience is lacking, we use the following estimate. Tne V-2 

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

this chapter showed that with tais load factor the losses due to 

gravity in a vertical trajectory amount to 25%. Inclination of 

the last portion reduces this to about 20%. Furthermore, 

preliminary calculations showed that drag will reduce the final 

velocity by 10%. Thus we arrive at a correction factor of 1.30. 

This increases the value of :1.(7- required from 2.68 to 3.74. A look 

at Figure 2 of Chapter 5 tells us that a single-stage rocket 

and a two-sage rocket are im;:ossible. - three-stage rocket would 

have to have a weight ratio 1 of 450 and a four-stage and a 

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

Thus a taree-stage vehicle would necessitate a gross weight of 
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450 x 700 = 315,000 lbs. and a four-stage Vehicle 330 x 700 

230,000 lbse. This weight saving seems to warrant the additional 

complications of having four stages instead of three, whereas 

nothing is gained by adding a fifth stage. The weight of the other 

stages will form a geometrical progression. The ratio of the weights 

1/4 
between two consecutive stages is D30) 	= 4.27. At this stage 

in the analysis, the detailed weight study of Chapter 7 was 

undertaken. Hand in hand with this structural weight study, an 

analysis of the optimum design proportions was inane, using the 

methods previously explained in this chapter. This combined study 

resulted in the set of values presented in Chapter 7. 

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

rigorously the actual trajectory of the vehicle,taking into account 

the variation of drag, exhaust velocity and inclination. This 

more detailed computation will be done in the next chapter. The 

results obtained there will give us an indication of how accurate 

the preliminary analysis of this chapter has been. 

It is clear that it'is impossible to maintain a strict logical 

order in determining the proportions of the vehicle. actually 

one has to repeat the process described here several times, just 

as when solving a problem by successive approxiwations. As a 

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

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

changed to 233,669. hence, we may conclude that tI:e•factor 1.30 
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used above for correcting — was a reasonably good estimate. The 

vnlues for 7 finLely cta'elished were .16', .l 	.1 57 and .156 
it 

for stages 1, 2, 3 ard 4 respectively, which are likewise in 

satisfactory agreement .:;ith the assumed value of .16. It was 

unnecessary to alter the value of 6.5 for the maxi=  ratio of thrust 

to weight.. 

Hylror7ene0z.yer - 1;heri the analysis was first made for the 

liqu'L i. hya agen-liquiC oxygen rocket, the structural weight ratio 

was eetimated to be 0.20. In addition, it was erroneously assumed 

that higher accelerations would be used than were used. for the 

alcohol oxygen rocket with a consequent reduction in the correction 

factor to 1.2. Under these conditions, it appeared that a three 

stage hydrogen-oxygen rocket would give slightly smaller overall 

gross weights than a two-stage rocket. However, the gain was so 

small that it was decided 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 

becaEle apparent that the acceleration would have to be reduced to 

the value used for the alcohol-oxygen rocket. ;taking allowance 

for this decreaserl acceleration and also for the higher drag of 

the hydrogen rocket, a revise correction factor of 1.32 was 

obtained. It 	 it wa..- found that the structural weight 
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ratio would inereaSe 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-proceeded so far that it was inadvisable to alter the number 

of stages. 

If we use an exhaust velocit of 13,500 ft/sec and a correction 

V 
factor of 1.32 we find = 2.4. For = 0.25 figure 5D shows 

that a value of W1 of 400 is necessary for a two-stage rocket. 
P 

This corresponds to a gross weight of 2804000 lbs. 

The final design values resulting from the combined structural 

weight and performance study are tabulated in Chapter 7. The 

overall gross weight was 2914564 lbs. The values of T were .238 

and .245 for the 1st and 2nd stages respectively. 

It is worthwhile at this point to say a few words about the 

possibilities of a three-stage hydrogen-oxygen rocket, As mentioned 

above, the study had proceeded too far for alteration when the 

design values had crystallized sufficiently to show the definite 

advantages of using three stages. Let us examine this case at 

greater length. Using V — = 2.4 and — 0.25, we find from figure 5D 

that W1 = 120 for three stages. This implies that the overall gross 
P 

weight of this vehicle would be 84,000 lbs. which is considerably 

less than the weight of either the two-stage hydrogen-oxygen rocket 

or the four-stage alcohol-oxygen rocket. From this we may conclude 

that the three stage liquid hydrogen-liquid oxygen should be given 

serious consideration in any further otudiee of satellite vehicles. 
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In the preoeding chapter, we have discussed the choice of burning 

time for tieingle stage4rocket and the optimum proportioning of weights 

betweenfegs000etelw stages for multi78tage'roOkete, In order to proceed 

fart dr 	e ur kne1Ysiei. 	is necessary to have an integrated pi oture of 

the a 	n of" altitude, speed; insaination and ra93s, at all points along,  

the 1414* C ry. In order to obtain theie dataiotershall use the design 

values 'obtained in the.iast chapter and.. oarrrOut detailed oalculations 

of the euttre trajeotory. Th© results o these Caleeolationa will show 

hbsr rzues rtlaSe desigivvalues are in error and 	 us. considerably 

more roliahla values which could be used in repos the design Studio* 

of ahapto0i 1. Ideally, this process of'; teration Should be continued until 

a satiefailtery set of final design data are obtained.. Por the present 

Or, our attention was oonfined to anllnlostigation of. the 

tra5stpu is e for the two proposed deei,g4e, withoUt &repetition of the 

04110A1144Ons of Chapter O. 

hicloe which were selected for, stu4y :and Whioh served as a basis 

'or lea:C44oulations of this ohapter are tabulated:below. 

Vehiole Powered by Aleoh6141, xygen ,ROOXets 

'Stage' 	it w 	 1 	1 	 .3 	.4 

Gross Wt#':Ii(lbs ) 	, 233,669 	53 689 	11,829 	2,868 

Weight Luke fuel (lbe,;) 93;669, 	21,489 	4,729 	1,148 

FliGapad'llbs.) 	53,689 	11,829 	2,868 	WO 

Max.Di*mOter (in.) 157 	138 	105 	90 

11111111111111146 
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rackets 

Stage 1 2 

Gross Wt. 291,664 15,364 

Weight Empty 54,564 4,464 

Puyload (lbs.) 15,364 .500 

Max. Diameter (in.) 248 • 167 

In all of. the vehicles, the rate of fuel consumption was maintaine 

constant at u value calculated to -give a maximum ratio of thrust to w 1 

of 6.5. The drags were calculated according to the methods given. in.  

Appendix B. The variations of exhaust velocity with altitude were takel 

from the graphs in Chapter 6. 

In order to avoid a mass of distracting details, none of 	lenge'  

and involved trajectory calculations will be presented in this chapter. 

We •shall simply indicate the methods used and present the final results 

that were obtained within the time available, which was, to say the 1 a 

insufficient to answer all the questions that will inevitably arise. 

The mathematical developments necessary for this work, as well as 

samples of the calculation methods used, are presented in appendices C 

and I) at the end of this report. 

In the early stages of the work, we set for ourselves the goal oi* 

establishing a 5(X) lb. payload on an orbit approximately 100 miles abov 

the surface of the earth, hoping it could remain there for a period of 

5 to 10 days before its encri;y was dissipated in the rarefied atmosphe 

The 500 lb.. figure was ohosen as a reasonable estimate of the weight of 



arger lir.te pf error the ,.altitude., in order to. 'reduce the dr444 and give 

Was Ilu, actions were revised correspondingly but unfortunately tame 

not avati101e for the work to, be oOMPleted in dotal.-  
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soient/rio apparatus necessary to obtain results sufficiently far reach-

tug to stake the undertacing worthwhile. 

.:44titlAde f1gure was a oompromise betooen 	desire to /crease 

in eariabki shi ng the orbit on the one hand and too keep the orbital energies  

loSi10.16*Aid the short crave radio 'Oontrol andifidiing. problem On the 

et*. 	 ''•*4:eulations of !energy diSsiOOn in the orbit, based 

on • oOnvtere4onal ova/41;ton or drag OciOf fi otorit4:4.**4 i so thermal' atsio 

•• 	 • 
phers.1.04414ted that the vehicle Gould' remain -:0,10ft.•.•for at least --B. to 10 

days at fl altitude of 100 miles. However, Oloi*4xamination revealed 

that "ii.h4;;-",,,Conventional , drag predtoti one were tnudeuat. and that the a.eeuinp-

tion ef;:s.iv. isothermal atmosphere wae:ini, error ReVil tied muds of drag 

predii$464:;;Were developed and better estinatea;  t tiw:struciture Of the 

stsie**reft were obtained fron an ,02ct0213iVO Seitr44of the .literature. The 

rettlial*this revised -.study showed that it Wouldlm advisable to use a 

.altitude'• of 300 to 400 milos in order to obtain the durations desired. 
. 	 • 	

. 

tn'Mpproetohing the problem of launching a. vehicle .into a satellite 

orbit lye2see tiaat conaiders.tion must be given to the following. 

Obtaining time-velooity,;•aoceleratiOn:!..dtatanoe-mass-reLation- 

*kap for the trajectory used in pItteUig the Vehicle on a 

satellite orbit. 

Den • trig a means of stably oontrolli Thathe veld ale so that 

*The methods developed for drag prediction are given in Appendix B and the 
data esmumulated on the atmosphere are given 	A endix A. 
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MODEL: 	 

ncrover No. 	 

ti 



7. ':. .;causer 
Pomo [p1__a1.   	Krin .04  DOUGLAS A IRCRAFT COMPANY, INC. MOM 113  

 

 

DATE: 	. 2  • 

Time: 

I 
A 

,TT , . _PLANT MODEL: 033  

REPORT NO. 	 

     

it reasonably well follows the desired trajectory and is est 

blishea within pernissible limits of error on the chosen orbit  

The present chapter concerns itself with the first topic. The second will 

be the subject of the follbwing chapter. 

In our present work, we shall find that it will be necessary to apply 

forces of control normal to the flight path to obtain 'des:11101e trajeotorief 

These forces cannot be applied without incurring losses. Consequently it 

will be necessary to anticipate the methods of control proposed in the 

following chapter in order that the losses inourred by this control nay 

properly be included in the calculations. This method of control consists 

of movable vanes in the rocket jet stream by means of which the entire ve-

hicle is rotated so that a component of the thrust is applied in any 

direction normal to the flight path. If T is the rocket thrust and a is 

the angle between flight path and rocket jet axis (for brevity, a will be 

referred to as the "tilt") then the control force produced is T sin a and 

the effective thrust along the flight path is reduced by T(1-cosa). If 

a can be kept less than 150, the reduction in effective thrust is less 

than 4%. When the desired orbital altitude was 100 miles, it was found 

that the tilt could be kept within this limit. However, to achieve an 

altitude of 300.miles, tilts of greater than lb°  were required and a re-

vised scheme was found to be necessary as will be seen presently. 

In considering possible trajectories, we see that air resistance, 

starting from its initial value of zero, will first rise rapidly as the 

speed increase.;, then loss rapidly as altitudes of reduced density are 

reached. We shall see later that, for the vehicles we have considered, 

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

• 	 UMW 3hapter 9 
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ed the drag has become a factor of minor - importance. It is apparent that 

the initial portion o,' the trajectory should be nearly vertical so as to 

reduoe as much as possible the portion of the flight path affected by drag. 

First let us consider the following trajectory. The vehicle is launch 

ed nearly vertically. As it accelerates upward, gravity will curve the 

trajectory toward the horizontal in the direction of the initial inolina-

tion*. If this initial condition of launching is correctly selected, it 

is seen that the trajectory will be sufficiently curved without the applicw 

tion of control forces so that the 

vehiole is on a circular orbit at 

the end of powered flight as shown 

by trajectory A in the accompany- 

,04144'10 FL /a ri r 
one such initial condition of 	 '"Y / 

launching exists for a given pro- 

gram of acceleration. If the 	 ERR riq 

initial launching is tee nearly 

vertical, the-trajectory will 

end up at a higher altitude, inclined out into space as indicated by B. 

ing figure. It is clear that only e,ty at' 

If insufficiently near vertical, it will end up at a lower altitude, in- 

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

if our vehicle characteristics are already chosen (i.e. weight5,thrusts, 

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

ed by this method.  Initial calculations showed that for the vehicles 

*Mathematically, 'the initial point of launching is 	complicated singalarii3i 
this means that N short set 	guiding rails wilt have to be 

11119111‘10eapter 9 

Beyond this the decrease in density reduces the drag faster than the 

corresponding increase in speed. By the time 150,000 ft. has been reach- 
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considered in this report, this altitude was about 35 miles, considerably 

short of our two successive goals of 100 miles and 300 miles. 

We are ne::t.faced with the question of how we should apply control 

forces so that the trajectory* will end up on a circular orbit of greater 

altitude. Of the three trajectories shown in the figure above, B offers 

the most obvious possibilities. If downward forces are applied during 

the late portions of B, it is conceivable that this trajectory can be 

curved sufficiently to end tangent to a circular orbit. A rigorous 

examination of the equations of notion shows that this is the best way of 

obtaining the desired increase in altitude. One night be inclined to 

question this result on the ground that an applioation of downward control 

forces is ineffioient when attempting to gain more altitude. Actually, 

the control forces have little direct effect on the altitude, which is 

gained primarily by the increased steepness of the earlier portions of 

the trajectory. The control forces serve primarily to insure a horizontal 

tangent at the trajectory's end point. 

By the use of tilt, it was found possible to determine satisfactory 

trajectories for orbits at altitudes of 100 miles without exceeding 15 , 

angle of tilt. However, when the desired altitude was increased to 300 

miles, the tilt angles became so large that the losses in effective thrust 

were exoessivev In seeking means of avoiding these loses it was found 

that the judicious insertion of an extended period of coasting 

in the thrust program would accomplish the desired result. A little study 

showed that this coasting could be most effectively used if it came lato 

*For convenience, we shall refer to that portion of the path traversed 
before the end of powered flight simply as the trajectory. After powered 
flight, the path will be called the orbit. 
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in the thrust program. In order to avoid the necessity of shutt ng down a 

rooket motor and firing it up again, the coasting period was always in-

serted in the interval between the discarding; of the next to the last 

stage and the firing of the last stage. Unfortunately, insufficient time 

was available to pursue this study as fur as was desirable; however the 

tentative conclusions indicate that optinum conditions for ooasting corres-

pond to a long, slightly inclined coasting trajectory during which altitude 

is gained surprisingly slowly, followed by a final stage of rocket power 

during which very little tilt is used. 

The equationSgoverning the notion of the vehicle during its accelera-

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

MT _ 	 -) sine}  T 	D 

	

-   	_,.f. oos cs( - = P 
Ti. - - g  (1 	

ii 	u 

• 2h 
dO tl -1 ) 	T sin ck. 
a r 

(1 	 _ 	------- " 
V 
' - 	

7(3"  C)  

	

) 008 Q • 211- g N. 	 V 	ply 

where V is the velocity alonC the 
flight path, 

T is the rocket thrust, 

D is the drag, 

m is the mass of the vehicle, 

h is the altitude above the 
earths  

R is the radius of the earth, 

A is the angular velocity of 
the earth, 

t is the time,  

73fniecro,er7  
TA/Ncewr ro TAP/fare 70R 

427  

g is the acceleration of gravit4„ 	7"o CeA/re'R 	647.trN 

43 and el( are angles  explained in the figure 

01111111111011111111101000ms 
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It is tmpossible to obtain explicit analytic solutions of these equations 

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

method of solution in which the intervals were chosen with sufficient 

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

final values. A detailed set of sample calculations is give in Appendix D. 

When the desired altitude was 100 miles, the calculations were 

carried out in the following manners 

Four Stage Alcohol-OxygeEItc1set:11221 	- The calculations were made 

for each of three ratios of fuel weight to gross weight so that by inter-

polation, the amount,of fuel neoessary to attain the correct final 

velocity could be predicted. The trajector:r for the first half(in time) of 

the first stage is taken as a vertical path. At this point a oonstant 

angle of tilt is applied and this is carried through to the end of the 

second stage. This calculation was carried out for each of three fixed 

angles of tilt, so that the results could be interpolated for any inter-

mediate tilt. In the meantime, an independent set of calculations had 

been proceeding in which the equations wero worked backwards, beginning 

at the end of the' last stage, with the vehicle on thc orbit, and computing 

the reverse history along the trajectory back to the beginning of the 

third stage, v4ere these calculations were connected up with those pro-

ceeding the other way. These reverse calculations were also carried out 

for three fixed angles of tilt. When all those caloulations were complete, 

cross plots of trajectory inclination and altitude at the junction point 

were made. From these plots, values of tilts for both sets of calculations 

411 	

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

and inclination. It will be remembered that each of these sets of calcula- 
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tions had been made for a series of fuel weight ratios. The final results 

were cross plotted so that the velocity at the juncture was also continuous 

In Figures 1 and 2 are shown the flight characteristics and trajectory 

for our proposed design of an alcohol-oxygen rocket. It will be noticed, 

that for the particular weight ratios used in this design, the final alti-

tude was 165 miles. For this altitude, the tilt required during the last 

two burning periods was 350, which was so large that significant losses 

in effective thrust occured. 

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

hydrogen-oxygen rocket was substantially the same as that described above. 

However, when it became apparent from the alcohol-oxygen rocket results 

that it would be impossible to reach altitudes of 300 miles without the 

use of excessive tilt, further effort along these lines was discontinued. 

Instead, attention was concentrated on the use of coasting as a more 

efficient means of obtaining altitude. The calculations were revised as 

follows: 

Four  Stage  Alcohol-Oxygen  Rocket  - Coasting - Instead of the juncture 

occurring at the end of the second stage, it was now placed at the be-

ginning of the fourth stage. A constant angle of tilt was maintained 

from the middle of the first stage to the end of the third stage. This 

was followed by a variable amount of coasting. A set of calculations, 

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

fixed values of tilt. A sufficient number of values of all parameters 

rr 
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was used so that a continuous juncture could be made at the beginning of 

the fourth stage. Since a variable amount of coasting has boon added to 

the other variations possible, the choice of values to affect a smooth 

juncture is not unique. Although time was not available for an exhaustive 

investigation, it is believed that the optimum trajectory is that discussed 

a few paragraphs above. The results of these calculations for our proposed 

alcoh01-oxygen rocket are shown in figures 3 and 4. It will be seen that 

the introduction of coasting has increased the altitude to approximately 

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

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

ed between the two stages. In other details, it was the same as the 

alcohol-oxygen rocket. The results are shown in figures 5 and 6. It will 

be seen that for the particular weight ratios chosen, the fuel was in-

sufficient to give an altitude greater than 160 miles even with the 

greater efficiency obtainable from coasting. To achieve an altitude of 

400 miles, it would have been necessary to approximately double the 

weight of the vehicle. The reason for this is not that the altitude 

has a large effect on performanc% but that, with two stages, the hydrogen-

oxygen rocket ;05 so far from being an optimum design that the gross 

weight is highly sensitive to changes in performance requirements. A 

three stage vehicle would have shown substantially superior performance 

and weight figures. 
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Chapter 10 

10. =TOT; 0? GU=G  VE:ICLE 0 TaAJCTCRY 

Up to this point, our analysis has considered the design of a 

vehicle and the selection of its trajectory without re::ard to the roans 

of guidance to insure that the vehicle follows the prescribed trajectory. 

In the following par graphs attention will be devoted to this guidance 

problem. 

In the latter three quarters of the trajectory, the density of the 

air is so low that in spite of the very great speeds, the dynaric pressures 

are incapable of adequately guiding the vehicle. Consequently, we are 

led to the conclusion that we rust use reaction motors to obtain forces 

for guidance. 

Two means of obtaining such forces are at once 

apparent. In the first, the vehicle is rotated (e.g. 

by neans of vanes in the main rocket stream) so that 	
, o  4 

a component of the main rocket thrust is applied 

in the desired direction. In the second, a small 

auxiliary rocket oriented normal to the axis of 

the vehicle is used to obtained the desired guid-

ance forces (several such rockets would have to he 

provided for control in all directions). 

If c is the exhaust velocity available from rockets, T the thrust 

along the trajectory.  and L the guidance force normal to the trajectory,. 

then in the first ca:]:e 

c 	cusc‹, 
dt 



L  
T 

l + 

2.3 

rx0,PM,tELI We-  Y' 
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dm  
L c sine, 

dt 

Chanter 10 

dm 
where - 	

is the :. ,as c,  election rate or the Nain rocket and u is the ancle 

between the trajectory and the vel,icle axis. :ai:Iinntirr u, we have 

dm dm 
c dtdt = — T  

tif0  

where dt 
(017) is the rocket fuel consumntion required to produce. the thrust 

if the guidance force were not nresent. 

For the second case, when a small auxiliary rocket is 7. used, 

T c =1:d dt 

dnn 
L a —4- dt ' 

and 

dm 
dt 

idm 

` ti  

TM  dm 
where --"1 -- d--: 	dt 

2 end — are the consumptions of the main rocket, the 
dt   

auxiliary rocket and the total. 

In the adjoininc finure, tl-ie ratio of 

the consumptions with and v;ithout 'uidance 

force have been plotted a.-ainst the ratio 

of F:uidance force to thrust. It is at once 

apparent that case 1 is markedly suPerior to 

case 2. In fact with case 1, substantial 

.!,uidance forces may be obtaine6 wit::ovt appre- 

ciable penalty in thrust. Case 1 will be the method of 

cuivahlve consido:cd in what fc):1'.1,7,-;9, 
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• 

P., 

to 

where 

Ca. 	'L., • a .I. 	 L 	, 	 CI 

fUel Q 

= fuel weifzht reouired, 

= :2,ross weizht, 

V = fliht velocity, 

c = exhaust velocity, 

= chane in an;le measured in radians. 

f f?;.-  10 

neceL3L;ari 

to ap.,A.L.-  

iii "J„.. 

V 
C 

-1 	7-..3.7 -H. 1, '7J) 	 ' 	 `,7 	nf 

DP fdr.,1 	 of '.hrf. Jrc-E Te.71t  

t :in 	 7  f' 	 velocit:r is to be 

correct F:.1 

6:7  1.1161  LV 

1,
c 

 14 

where QV = the velocity increment. A 11 chane in resultant velocity: 

requires a fuel -::ei;nt euual to "-1, of the gross ,xeioht. 

Since these correction 3 .otimD2ticalLv aume normal rocket ef—

ficiency for Aoct eriod ooeration, it is evidently very costly in fuel 

to make corr,Jction:: of any ma:rni tude. 

As an altrnative to ap:1v-in!; corrections a.:Irde that an eccentric 

can be 	 corta4 n 
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Chapter 10 

specified limits. It is then nece:f,:ery to kno,;; the relfAio-  ships exist- 

ing between the various orbital parameters. These parameters are as follows: 

Vo 	
= the correct velocity for a circular orbit a.t the 

starting altitude, 

ilV © the velocity increment above Vo 

P. = the allowable variation from horizontal (measured pos-

itively downward in radians) of the oath at the start-

in„ altitude, 

R
o 

= the starting radius from the center of the earth, 

= the allowable drop in altitude from the starting point, 

= the maxiraun minus the nininun distance of the orbit 

from the earth's surface. 

AV,  
Fig. 1 gives the relationships between All, &I 	' 3o and V

o 
The curves have been plotted from exact-  equations but for small deviations 

in angle and velocity the following anoroximate relations can be used: 

0 

(t) - 0 	
(fl 4-(fq 

0

,2 
	ti 

(A... nax)  MAV —277  
Ro  ,v4H 

or 
tV 2 [(I:7) + 2 (7-) 

Assume that the altitude of the vehicle should not drop more that 

50 miles below the desi-li starting altitude to be attained at the end 

or 

or 
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"Chapter  10  

of the startito7 trajoro_ory, ,11-1 that the total variation of altitude 

5hoold not 1-0 rortl than 100 mile. Th-n if tlo Ftartirg 'Ingle is exact- 

ly correct 	. 0) the otortInz v(locity mo: drop 0.3% helo7 the cor- 
rect value or rise 0.6% a'-

)orn it. Hoyever, if the angle can on 	he 

esta!diohed to oithin t - 1/2 ,roe the velocity must fall .4ithin the / 

range -0.15% to + C.,40%. The a1,ove limitq,are some;:l.at arbitrary but 

illustrate the orders of nvnitudo involvod. 

The evident necessity for maintainiN; close tolerances on the start 

ing conditions for the orbit loaas to a preliminary investigation of 

stability and control requiroments. 

In the latter Fart of the starting trajectory a •Arect control of 

flight path an:?lo is dosiro'lle ;Once this angle must 1)e maintainef with 

exron:e accuracy. This requireo a restoring moment Froportional to do-

viation of flight direction fa-cm t'o horiontal. It is anticipated that 

this ,_7oviation can 1-e mcas'iro 1,7 r,canitf a radar ecitipped ground 

station mhich moasores both rano and 

comprtos rat.,  of change or rltitmlo in' 'erlji:1 

corr-ormndif4:control impu15e to t:r,  ve}iclo. 

A beacon +ill 7s -ozed in the veLiclo to act us 

a "trnsloonder" and can also 7)e 1,sco. to convoy 

information from the ve'o5clo to the oroond. 

In aition to the restoring moment rroocrtional to deviation of 

flight diraction from_ the horivonta7 it is rv,o&osary to amply either a 

dam:ling momont :cloer.lin:; On 
flight direction or a restoring moment de- 

l_rvlor to 1-oo. To 
pending on pitch. 'Ttie lattorrwoold 

correct for an en1:7noon eccentric troot (co that the -vehicle %ill not 

°ray ho st'd* Put alto 	tit:! oo-aOt 	angle dosird) it Is 
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also necessary to apply a resforir,7 moment proportional to the integral 

of flicjit direction ever a pero'l of 	Thiz. corresponds actually to 

an altit-s:;de control. Use of integral terms in control problems has been 

discussed by Weiss,' and such a control is used on constant speed propellers. 

From stebility cons3derations it can he shown that the restoring 

moment depending on pitch (or damping moment depending on flight direc-

tion, whichever is used) should be large. lowever, further investiga-

tion is required to determine desirable magnitudes for the other terms. 

Velocity control can probably be obtained by using an integrating 

accelerometer which operates a fuel cut-off valve. Such an accelerometer 

was used on the V-2 with accuracy of 1/2 % over a 60 second period, and 

it, is believed that this accuracy can be improved. At present radar 

techniques involving radar rangii:,7 or Doppler effect do not appear to 

offer adequate accuracy. 

In the early stages of the starting trajectory it should be suf- 

ficient to control pitch as a predetermined function of time. 	For 

stability, restcrirg and damning moments can be applied as functions of 

the difference between actual and desired pitch angles (determined 

with the aid of a pre-set gyro). in order to approach the desired trim 

condition a moment should also be applied as a function of the integral 

of deviation in pitch angle over a pericd of time, and it, may also be 

necessary to apply a predetermined mor:,,nt as a function of time to com-

pensate for the calculated curvature of the trajectory. 

m- 	Dy-nics of 	 Prrn,ilers" : erbert 	Tei,,s, Journal of 

r• 
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The areas of the control surfaces in the jet have been briefly 

studied. The control moir:onts required deeend upon the angular accelera—

tions required and upon the fixed disturbing moment, such as that due to 

a displaced thrust line, The control surface areas shown on the drawings 

are quite arbitrary but serve to show, in conjunction with figure Z that 

design of sufficiently powerful surfaces should not be difficult. This 

figure shows the variation of control surface area with displacement of 

the thrust line from the center of gravity in inches for each of the 

four stages. Actually the taxi:num error is expected to result from a 

rotation of the thrust line about the throat of the engine by about 0.5 deg. 

The resultant displacement is indicated in the figure as the maximum 

probable displacement. Also shown are the areas required to produce a 

pitching or yawing acceleration of 10 deg./sec2. It is seen that the 

areas shown in the drawings are adequate to overcome the moment due to 

the malie:.um probable thrust line displacement and to produce in addition 

a 10 deg./sec2 acceleration if a 10 deg. control surface angle is used. 

Since these areas are far from excessive from a mechanical standpoint, 

they could be increased if more thorough control studies showed the 

desirability of obtaining higher angular acceleeations.' 

Chapter 10 
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Once the vehicle has been established in its orbit at the de-

sired altitude various other pi-ale= arise in connection with the. 

satisfactory operation of the vehicle. For example, the vehicle 

will be constantly exposed to the possibility of being hit by 

meteorites of all sizes and some of which will be travelling at 

very high speed. Also, at such high altitudes the intense heating 

of the vehicle by the sun is a problem to be considered. Radio con-

tact must be maintained. These and other problems connected with-

the satisfactory operation of the vehicle are discussed below. 

Meteorites. (The Probability of a Meteorite Hitting a Satellite 

Vehicle Traveling in the Upper Atmosphere.) It is well known that a 

great many meteorites enter the earth's atmosphere each day. If a 

body should be situated in the upper atmosphere at altitudes where 

meteorites are observed with high frequency, the question arises as 

to what are the chances that the body will be struck by a meteorite 

and if a strike does occur what are the probabilities that the 

meteorite will seriously damage or otherwise interfere with the motion 

of the body. 

-11eteoritee are discrete masses of matter from outer space which 

enter the earth's atmosphere. Judging from those which are large 

enough to survive the jeurnei- through the air and reach the ground, 

and which are then called fallen meteorites, they are composed mainly 

Leonard, F. C.: Meteorites: Immigrants From Space. Publica-
tions of the Astronomical Society of the Pacific, 
Vol. 57, Nc. 334t; p. 1, Feb. 1945. 
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Chapter 11 

of stony matter (similar to igneous rock) and metallic nickeliferous 

iron. Like fallen meteorites, the relative amounts of iron and stony 

matter in the meteorites may be expected to vary greatly ranging from 

almost all iron to almost all stone. However, it is Quite likely 

that the stony meteorites are more prevalent than iron meteorites by 

a factor of more than ten, although a stony meteorite itself may con-

tain some 25 percent iron by mass. It. will be assumed that the 

meteorites consist mainly of stony matter. 

Meteorites vary greatly in size ranging from something smaller 

than a on head or grain of sand up to the large meteoritic masses 

found on the earth which weigh 10 or 20 tons or more. (According 

to Leonard, Reference 1, meteorites may be of any magnitude whatever, 

from the size of the tiniest solid particle to that of a mass of 

planetary dimensions, and are the smallest discrete astronomical 

bodies. The term meteor is Properly used to denote the luminous 

phenomenon which results from the motion of a meteorite through the 

earth's atmosphere.) It is estimated that the weight of the average 

fallen meteorite is 220 pounds before entering the atmosphere and that 

this is reduced to about 44 pounds by the time the earth's surface is 

reached. However, meteorites which are large enough to reach the 

earth's surface occur with such low frequency, 5 or 6 a day for the 

whole earth, that they need not bd considered here. 
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Typical values of velocity and altitude as determined by observa-

tions of certain bright meteors are given in Table 1 which is taken 
(2) 

from Hoffmeister. 

As one might expect, it is seen from Table I that the higher the 

meteorite makes its appearance the greater is its velocity. Veloci-

ties ranging from 80,000 to 250,000 ft. per sec. are quite common. 
(3) 

According to Watson most meteors appear at a height of about 300,000 

feet regardless of their brightness and may be taken to have an average 

atmospheric velocity of about 150,000 feet per second. Thus, at an 

altitude of 500,000 feet, where the body is assumed to be situated, 

most all of the meteorites will be intact and will not have suffered 

complete dissipation. At this altitude the body will therefore be 

exposed to practically all of the meteorites which enter the atmos-

phere. 

The number, size and mass of meteorites entering the atmosphere 

each day is given in Table 2 which is based on a table given by Watson 

(ibid., p. 115). 

The visual magnitude of a meteor is expressed in terms of a scale 

in which numerically large magnitudes represent faint bodies. Two 

meteors which differ by five magnitudes have a hundred-fold difference 

in brightness and, since the brightness is directly proportional to 

(2) Hoffmeister, C.: Die Ileteore. Probleze Der Kosmischen Physik, 
Band XVII; p. 71, 1937. 

(3) Watson, F. G.: Between the Planets. The Blakiston Company, 
Philadelphia; p. 93, 1945. 

t T  

tii 
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SABLE 1 

VTTGellY AND AL:IaTJIL OF ERIGM maLms 

(From Hoffmoistcr, Ref. 2) 

Veloc i ty 

km 	ft. 
eoo. 	see. 

	

10 	32')810 

	

20 	65,600 

	

30 	98,500 

	

140 	131,200 

	

50 	164,000 

	

60 	196,800 

	

70 	229,600 

	

8o 	262,500 

90 295,000 

	

100 	328,100 

	

110 	361,000 

1 km. : 3,281 ft. 

Mean 
Height of 
Appearance 

Moan 
height of 
Disappetlrance 

km ft. Number ft. Number 

66 

92 

112 

216,000 

302,000 

368,000 

35 

9.3 

28 

44 

147 

91,900 

144 , 200 

154,000 

4 

314  

93 

131 150,000 107 L7 154,000 107 

144 472,300 714 47 154,000 75 

138 L52,500 524  55 180,500 54  

149 489,000 31 63 206,500 31 

183 600,00o 11 74  243,000 12 

197 645,000 15 98 321,500 15 

217 712,000 96 ;.;15,000 3 

226 741,000 6 136 1446,000 6 



potu-Art r. D tY 	Grli 	 a'ThU LAS AIRCRAF-7T COMPANY, INC. 	P 4.G • 

, 
PLANT 
	

MODEL: 

03,1--tor 11 

r. • ':1T  
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(3a2ed on As)n, referl3nce 

u: 

Vis,11 
'.,Q.J ie L.„.1-r1u 1., 

0,3erved 
..1-cor 

1:11.-Lor 
- 

::...cc-  
Gra.. 3 

lbs. 
-u] 

Di%meter of 
Ec:ulvalent 
Spero,Ft.* 	1 

d 

n -3 

-2 
4 = 

-1 

0 

1 

2 

3 

4 
r ) 

6 

7 

0 

9 

10

15 

20 

25 

33  

23,000 

71,030 

120,000 

450,000 

1,100,003 

2,800,:u,00 

6,400,300 

9,000,000 

3,603,000 

2,1,000 

71,000 

130,0,0 

450,000 

1,100,000 

2,S00,L,00 

7,100,030 

13,000,000 

45,000,000 

110 x 10
6 

210 x 10
6 

713 x 10 
 

18 x 10 

45 x 10° 
 

10 45 x 10 

45 x 1C14:  

45 x 1,14  

43 x 1016 

4.0 

1.6 

.6,3 

.250 

.100 

.01  

.013 

.0063 

.0025 

.0010 

.00040 

.00013 

.000062 

.Le02:, 

	

2.5: 	i 	10 	' 

	

2.5 	. 	1(' 
2.5 x 10-11  

	

2.5 	: 	it. 	' 

7..72 .4 10-3 

2.:::' 	,\ 	13 

■:- 
._;) x 10 - 

5.51 x 10 	* 

2.-0 .,u 	10-4 

1.72 	2_ 10-  
..1.; 

).5:= 	4 10 	' 

1.39 7 10-5 

5.51 .;. 10-6 

2.20 ,‘_ 	10
o 

. 	: 	13 

2.5: - 	10-7 

1.7' L 10 
- 

f„.51 - 10 	- 
_lc 

,5.51 x 	13 " 

5.51 	-2 -',, 

5.51 .... 	10-14  

5.51 . 	10 -- 

.127 x 10-1 

.317 x 10  

.232 x 10-1  

.1705 x 10
-1 

1.257 x 10 
 

.922 x 10-4  

.4.13 x 10-4  
_o 

.500 x 10 

.3u7 x 10
2  
-2 	I 

.2705 .:: 10 	i 

	

.1986 2: 10 	1 

1.471x 10 

	

1.07 	x 10-3 	I 

.793 x 10--)  

- 1.705 x 10 

	

.367 x 10-4 	; 

.7)J x 10-5  

1.705 4 10-6 

lbs. = E-rans x 2.205 	10--)  

*Based on a snecific 1:ravity of 3.4. See Reference 4, p. 252. 
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the mass, they ropresent a hundred-fold difference in rass. A meteor 

just visible to the naked eye has a magnitude of 5 while the full 

moon has a magnitude of -14. Also, it will be noticed from Table 2 

that when ,the magnitude differs by five units, the number of meteors 

changes by a factor of 100. In this way the table may be extended 

to include smaller and smaller meteorites (numerically larger magni-

tudes). 

However, there is a limiting magnitude beyond which there can be 

few, if any, meteorites, and according to Watson, p. 116, this limit-

ing size is a meteorite of magnitude 30. This is explained by the 

fact that for a particle smeller than this the solar radiation pressure 

is sufficient to repel any particle to such an extent that it could 

not remain in the solar system. 

In Table 2, figures are included for meteorites down to the 

smallest possible size, magnitude 30. The sizes have been computed  

on the basis that the meteorite is a sphere composed mainly of stony 
(4) 

matter which according to Whipple, has a specific gravity of 3.4. 

The variation of size with magnitude is presented in Fig. 1. 

It is seen that a great range in size and mass is represented in 

the table and the question imolodiately arises, especially for the very 

small particles, as to what velocities are to be associated with the 

various sizes. If it is assumed that the meteorites move in parabolic 

orbits at the same distance from the sun as the earth, a meteorite 

(4) 	 7.; 7 • 	 And 	Farth's Upper Atmosehere. 
Reviews of Modern Ph7eice, Vol. 1 , N. 4; p. 252, 
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same speed. Whipple, be. cit. p. 252 gives as a universally accepted 

expression for the deceleration, 

dV 	a  ,2 	  
dt 1/3 F' 
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47.7miz- 

encountering the earth head-on will enter the outer atmosphere with a 

speed of 250,000 ft. per sec., while one overtaking the earth will 

enter the atmosphere with a speed of only 43,300 ft. per sec. These 

speeds would be the same for meteorites of all sizes since there has 

not yet been any deceleration resulting from air resistance. However, 

once the meteorite has entered the atmosphere, deceleration must take. 

place and this mast certainly be zroater for a small meteorite than 

for a larger one, assuming that both enter the atmosphere with the 

where V a velocity, 

m - mass,. 

p = density of the atmosphere, 

a(m)
2/3 

= effective cross sectional area, 

X' = non-dimensional form factor depending on the shape of the 

meteorite but independent of velocity. 

For a sphere, 'r= 1/3 and if the density is 3.4, a.= 0.53. 

The rigorous investigation of the deceleration would involve a 

study of the variations of 	p, and especially in, as a function 

of time or distance. Since time is not available to carry on such a 

study at the present and since at this stage of the project, approxi-

mate values will be satisfactory, we therefore adopt the following 

approximate method. 

PA cr E 

_ 
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Assure that -e , a, and m are independent of the motion of the 

meteorite through the air and since values for density and its varia- 
* 

tion in the very high atmosphere are lacking, replace p by an average 

or effective value p . 

The differential equation may then by written 

d 2 2 r  dh 
nil 

V2 
   

and therefore 

47 A h 	 h 

m1/3 	 m1/3 

(e) 	 (e) (2) 

In this expression Vi  is the velocity of the meteorite when it 

enters the atmosphere, and Vf its velocity after it has fallen a 

vertical distanceAh through the air. As a maximum condition it will 

be assumed that the meteorite enters the atmosphere head-on so that 

its speed is given by Vi 47.4 mi./sec. = 250,000 ft./sec. See p. 9 

of Leonard, loc. cit. 

From Table 1 it is estimated that bright meteors (about magnitude 

2) have a velocity of about 200,000 ft./sec. at 100 miles altitude 

(528,000 ft.) so that VP = 200,000 ft./sec. Although the height of 

the approximate upper limit of the atmosphere is not known, auroral 

* At this stage of the analysis, the density values derived in Appendix 
A were not yet available. However, it is believed that a more exact 
treatment of the density variation with altitude would not appreciably 

change the results derived here by the approxi2zto method. 
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observations indicate the pressure of atmosphere at 1000 km. (622 

miles) and this figure will be used to represent the altitude of the 

effective limit of the atmosphere. Since we are interested in the 

meteorite velocity at 100 miles altitude, 

522 miles 7: 840 kin 8.40 x 107  cm. 

For a meteor of magnitude 2 it is found from Table 2 that m2 = .040 

gram, and hence M2  1/3  .343. The constant k may now be evaluated 

giving k = 0.9 x 10-9. 

It was found in Table 2 that a change of one magnitude corresponded 

to a change in mass by a factor of 2.5. Thus if all masses are 

referred to that of a meteor of magnitude 2 one may write 

	

m
2 	

.040 
. 

m2.1 	M-2, 	 M-2 f 	 U) 

	

[2.5] 	[2.5j 

and E. (2) may then be written 

M-2 

3  
- .22 x[2.] 

- 2.5 x 10) [e] 
	

ft. per sec., - 

at 100 miles altitude. This function is plotted in Fig. 2 where it 

is seen that for magnitudes greater than 5, the velocity decreases 

rapidly. 

Since the vehicle may also operate at altitudes higher than 

100 eles, Bay up to 400 miles, it becomes necessary to obtain an 



Pe:  146 Ch 

I 
It 41 0 

, 	., 	 - . 
---. 	 - 

r 	11 .......
1 
	 Chapter e 

I 

- 	. 	

..„.. 
InftelitrVatif liiii*WPCNItiki_ERIN -' ::--3' 	--: 

'°  - MgariiMiti f'  1-:  4--'' ' - MU NMI Tilkitaktiallafflie%* - -=,.:- .. 
.tf..i.:::.. = , i. ..... 	.=, 	, .-..., mo --...,t, . ;ins . &-- 	-..-- 	-... 4.,... ..........- . 	

. 
lifin--rF..: -.,.:4. 

- 	17 _ .,t, 	i... 	:- ,-...,- 	-T-  -- ,...1..„,NE - : ir 51/1/1 - i'f' -_-_-_i ,j :- 	'.. :4.- • 	.. . f"-t2--' 	- 	, . 	:1-7..: ---.-- ---- _ 	. 

- -.1 -1 	-. - 	' 	4 	- . L - r. ..- -.4 f "-- 	" t 	: ' - 	- t:-  .1..- r' . +  
. 

.■ 	_ . 
• • - 	- ...,",,,  "T"4,  -1-,,,,i_ "L"÷-1 , 	i '' -71 - 	.  . ., 	, 1-T-'-'" .- - 

itaiii 5..Y; - .- -,fT,- 	-• - 	. , 	, ..i.t.  
- — . 	-._ --,----..i.:, L.1..---' -:-I- 

. _ %-- : 	- .. 	,.. .... 	, 

-- 	-;,:- --'44--",t.. :'':- 	--:-- . 4 : 	;.--ra,..• 	4.. is.i..42,..i. „, , 	- 	., , 	. - - , ' . ' 	1-  ...S. 
,__ , _Li ,.."-jr. Se: -.,,..-,..t.,,f,:i.... ̀ -i-.73- . . 	.:. -- • .. 7 , 	r - ' 	I -,,,•-1 

--r-  

=I i4- 
, 

;A.: 	• 	- 	'-' -7"t1",-i"'-  ; 2  1....... , T: - 	— - 	' 	---;- t --  .4-. 	i 	' ...) ILI .: - 4.. - --1.-- 4:- 	' 

	

' 	' 

	

. 	, 

.. 

no 
.. 

 
,_ 	._ 	_______ 	, 

- 	-i----' 	t 
.' 
4: = -t- 	t 

-1:-  • 

-1-4-14-  
--- tt  - - 	r 	-, - 	' I ' _17F -4: .. .11]...-1:  

....4._..,_ 
-. 	-4:. :•-' 	, 	.-, 	--1 	, 

	

--,- 	---r- IltiS III -1---i--T- --'t , 
et `I . 	_ F, -,-E-i-  1 	-. ,T--  

' 	- — f- - 	-4 ' 	-1 -I—  . 	_ _ f ,t_ „ 
- 	-I' Il--  4-,--  -I 	' -- --I j, • 

14"i:  .; ,.i.,.... : 

--1 i 
i 

} lif li 1  ' 	—1r I 	.- II MON II -- 
ANN ili'MVZ- illffilleilliW4 -110- MIAMI - WOVE:PIN= - '• - '--- ILIV/M- lqiiigiadikg:NIEVAIMIWAVIS; - 	; ' 	' - --- ' 

' 	.1-1-,-:7---  -*MOM: --4" ': filiiiiiiIMP4---  ---. - ' 	-• 	. . 	', 	- 	:. 	', 	- 	_t 	--_-:- 
., . , VINS„,  411----4.-. 	I_ . . -- - ._stwinititagints_, r±li. - _., ._ 	- . 	•,....„ ..,.. -__., J. : .... 4.-:  - t - — 	

VV 
— -- , 	..,.. - - 

..i.. 	.-?,,,, 
'It:  

..--- `4  , -- iffigill Lk :1 	-.-1-f,-4::-.4.-  ';'..s.i. - .1:-L-1-47.1.- - 	- 	--'... 	4- 	- 	-: 

F....,, 
... 

7.; svpilffigimilmn -.41.. .----  , 
. 	_ 

ii 	:-_•-r: 	II - ..',. t-  ' 
-i-,g7,4 ,52 ", _ ',le, ,:t 1-_ ,--- if-W -11,W4T-, -- .-.... :,,, 	: .- ; 	::-7: 'r :•-__ii, ..,a,-  ,.- --, 4.: OtellW ;#-... 

=--,-..-,r- _ ..,-.±,.....1,.. --." ---1-,_,..., 
--nt i.: c 

.-,,".-_IT- 
.,-, - 

4,...174-  
.2-  

,i1::,,,,...„ 
--- 
--, 

L: . -4-- -.-..  -, - 	- ,lit  2. ..-i.. 7,„ 	..., 
*lir  

— 
--41-161 , ,..-..- --_-_,-. -.: -...-r--- ,..;-, - - -- "--- -4.1 -t-:  Tr . " 	- 

Ir. 
4 - II__ ----- - - m , = a 

i...., .......5_11 „,  
«II l',Vmputoo ... - t ..1 .--r  - ,-4-: 37- - 	-1.....„ , ten.171 

Cnit 
w i3363=MVX , 	4"4"---  '" - 	- 7:--  - - -if  ' 	= 4-- 

es  mE547==E41=127:'M 
= 

• ' - `f - 	''' 1"+"" 
: 	v  as  

F. .. 	'T.. I-Ixiisiiii 
Mmlwin°  6"mo _, -,,,-,.____:.14:+ii,:.,,t-i:  

i 	..„.....,, , ,... -rairim'ist: , NEI lac: ..,-- .4.... _ . ...., ...if. 
,7, 

... sp,.. -4 ,s1,-,- -, ., . , ---1- 1 1% SIMI 1--  ' — . riC712112'  II 
Mr ' ..., . 111 ._ • , .O 0, ,I141101111111011B111111 11111111110111111 FP  WI: Sli.  _ A 

' 11311111131WIMISIO 'Ma -t ,- -r-- iiiIIIiI _ '... .„_. - +•:ir.1 __1 
' 

A4, 
II` 
,Ni 

MINI 
Pa 

ON 
IN ' 

71.4. 
+41-  - ■ - ", 	i 	- -11  1 I --f. -- --i--1-- --- -I-- - I-- -1- 

*A" '34' ..N6?1*C - e-.01I --4--44k--  ' FP4ff ''*;-- -11--  -- .--- - kinjiittillIPMIN .,:-Stilit  
AgligiViE/1- 1-4-- L'-'-'1 ;14;, , -7'  1 	. 	•••• 	•.^1 	''L 	' . 	, 	... 	. '' 

' 	' 	• '$,•2'.  AlmVE. ttg -et . ., 	...,: -kr. - 	-......,' -' -r-- - - ---111ENNIMPIti i-,e--: 	-'' 't- 
f 4:1". l'AIMEtriVtil,V1.  INalital - . 	1 ,- 	.--E 44-,- -: 	-.. • ...---. mu gamin „.....:-,-.-::,- -- 

-- 
or% ... 
-24-4, 
fl......4.- 

IA 
IF,.....*41)tt 
1.wvf 

.. tiaisiettir .=3,..., 
-.i..t. -smcs.E., 

= 
-tosk 

-,Y2.,,,._....4k._14...Ktrongt.643. 
-piv 

---,/1111-011411, 

-i-rot -R 
-At 

-.ArakaB- 
-4 	- 

,- 

- 
...f„.1. 

- 

,,..,...---., 
--- ......,::-.L. 
4--  -4- ---:: 

'..4-2i 

- 
' - 	-- -L- 

-.._ - 
- 113,- 

____' ' 

-042,--.g 
IIIINIIIN---Iti 

rivi 

RFA 

WAN'  
' 	- 	-='-'-'•-• 

 ...% 

-nak 
 

1. 
_  ili4FIIKIAII 1'-'.-:—.. HJ 

, 
' 7 SLE-TAN= .. 

,:i,.1,..,411 
-,,..t5A.US - ..-- .__ 	-fr --t-: - -- rifsgt - --4. I.., , , 	i 	„t  - . 	t.„ men_ 

-. --* ,..... 	mem .- ;,.. - . - -4-- lig il ..-.--"'" ,1#1:. ...T.Y::.-737 - tasa 
44--- ''''- mimgammilwm ' WPC: CA 

: - 1 ,,iid m mmom mm m 
al :s--  .1111 

.:] _ .---.1.. . 111111 
:',. 21223111 im21126 I Ii awill= 

"MI 
_ .... .,., iv wimp ! 	i . .„.,. 	, mommt 1211111/2:11612 .. laR111111104 

mmissaume J • E • U INKNONAM WA r ..., onessi • -- —I — 	--T::-.L.- r 	-- .-. totthemmm imam *AMMAN* . 
‘ 	., vim " : 1 - - 4  4 	i   it- 	- 0.11f.011111 )  -- 1.; I- ilia ..,-,----4-1- . ■•••• ttErl.:;ri:-° •&-• 	.: .. - .'1.r.. 
• 

, 
,..11.... , 

i.-Y: ..-.,•:'4..,, - 	. 	• 	- 
.- Niltilg st....r 

....,„,....-- 
---iffilliViiiMiveM.Sesi -12 4 :r-, . 	.. 

TiglAiriii t.4:4 -fitffattIMMfferiM -srL,---Alci5E11,441Bm-:-.- ,,f..:24....;_- 

' ,--i- ' -1,0;11-  ...1 ..::- 4. - - - 2' - 7 4V 
 .,--. . 	- 	.- viiiioos.  ,,..io.. ai 

,Vrigr, -:4?-.. --A &MM.. - ' 	-- - 
, F,.....i., --,...- . -Iff- 

_ 	. 
rom 	M.. 

1  131211*2=3.....VPLAZI2NI 
E 	... 

4.,,,, 4.. 4 	7 mnraurrini.. i  X - - 	- 
.„, • ixxiim ., ,„„ 1:" i , 	- 

 
larmor,atila - 	- . - ,, sagammel um urn m . II  1 

1.11,22„111:71_,,,,, 	.. ., ' goal" 
14121211  

slillgoliimumis .J111 ..., 
NNW* 	 MIN,LIPININ :: 1-  iii -16., 1 	" 
MANNINO*** 	 mama" MN Ma NON 1--t 

14) 



Chapter 11 

PREPARED ELY:___Ge__Crirmia;;Pr DOUGLAS AIRCRAFT COMPANY, INC. 

MODEL:.. .#1033  

REPORT NO.611."113:?, 

May. 2, 19,15 
	

SA:4'A 1.,NIQA 	PLANT 

TITLE' 	IT,Z,Lii.11.:;;,..7a _ ..YL.:;,i D:f.......CF._ ..S:.-.1121:1.12:21....1;...7...2CIL' 
..-agallawniarmusirxim.,navamteisavosf...-,z,..nikrswaisizez.,,,,,,,z,,31;,7,-..,--- . - -7... ..,. .1,..6,7:mtgewveznao • 

estimate of V for this upper altitude limit also. At an altitude 

as high as 400 miles it is not possible to obtain any estimate of 

the deceleration from Table 1. Furthermore, the effective density 

value p from 400 to 622 miles is certainly much different than that 

from 100 to 622 miles and therefore the value found above for the 

deceleration factor k would not apply to this much higher altitude. 

In fact at such a high altitude it is not entirely unlikely that 

the deceleration would be negligible. We thus have the two extremes 

within which the velocity must lie, that of no change in velocity, 

and that with velocity given by using the value k = 0.9 x 10-9  

found above for the 100 mile altitude. 

The velocity corresponding to this latter limit is given by 

the equation 

M-2 

-.094 x [.5] 3 

	

4 

11.14 	2.5 x105 - e - 
	

{4,0 

corresponding to G h = 622 - 400 : 222 miles. 

These two extremes are shown in Fig, 2A where the solid, curve 

which has been drawn in to represent a compromise between the two 

extremes will be used as an estimate of the velocities prevailing 

at 400 miles altitude. It is seen that at these extremely high alti-

tudes, the smaller meteorites maintain a fairly high velocity. 
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Chapter 11 

Ravin.; the relation between Vi/  and M gi7en by Figs. 2 and 2A 

it is now necessary to determine what is the snallest meteorite which 

will penetrate through (perforate) the skin of the satellite vehicle. 

There seem to be very little, if any, information available, either 

theoretical or experimental, on the penetration of metal plate by 
(5) 

very small but extremely high speed particles. Bethe, has apparently 

worked on this problem to some extent but unfortunately his paper is 

not available. 

However, the indications are that in the case of normal impact 

of a small but very high speed particle on a metal plate in which 

the speed of the particle is large compared to the velocity of pro-

pagation of plastic deformation in the plate, the particle penetra-

tes as though the plate were perfectly deformable like a fluid. In 

this case the differential equation for the motion of the particle 

through the plate is 

m 	 c dv m d(V2) 	Po d
2 

v
0  

	

- 	  
dt 2 as 	D 2 4 ' 

where 

m = mass of 7-article = 
4 d3

cim  (assumed spherical), 

d = diameter of particle, 

s = distance of penetration into the plate, 

pra 
pc)  — density of the plate = 2.6  '4-7"." for dural) 

(5): Bethe, H. A.: "Attempt at a Theory of Armor Penetration", 
Unnumbered Report of the Frankfort Arsenal, 1941. 

(5) 
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E';  an 
densit- of ,article - 3.4 	for a rleteorite 1 

cm 

- so 

(o) 
drag coefficient 	2/3, see ,.;::stein. 

The equation becomes 

ds 

V2 
	

d 

which when integrated gives 

V2  

log 1, 

V2 

where V is the velocity of the particle as it first strikes the 

plate and V is its velocity after it has penetrated a distance s. 

When the speed of the particle has dropped to about 5 times the 

plastic deformation velocity Vi, it will be assumed that this law 

of penetration is no longer to be used. In the rare in which it is 

to be used the equation is then written 

s - 2 
V7.1 

or., '"*"-" • 5V, 

 

(0) 

 

When the speed of the particle is 	than 5 times the plastic 

deformation speed it will be assumed that the penetration takes 

place according to one of the armor penetration formulas. 

(6): Epstein, P. S.: Prcc. 	Acad. Sci., Vol. 17, p. 532, 1931. 
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(7) 
The well-known DeMarre armor penetration forula for plain Wrought 

iron is 
1 

t 65 	.333 x 1G-4  

d" 

where 

t z penetration in ft., 

d = diameter of particle in ft., 

w = weight of particle in pounds, 

v = velocity of particle in ft./see. 

In this equation, V is the velocity necessary to perforate a thickness 

t of wrought iron by a particle of weight w and diameter d. 
(7a) 

The Watertown Arsenal uses the formula 

v2 
t Fm  

d
2 ' 

where 

t = thickness penetrated 

m = mass cf projectile, 

F = Thompson coefficient, 

d : diameter of projectile, 

V = velocity of projectile. 
(8) 

The work of Duwez and Clark on penetration of copper by high 

(7): The United States Naval Institute: Naval Ordnance, Annapolis, 
Yd. 1939, p. 301. 
(7a): Sullivan, J.F.: An Empirical Approach To The Efficient Design 
of Armor For Aircraft. '::atertown Arsenal Laboratory, Watertown, Mass. 
2;xporimentni, Reort 	?lo /;Milt;, Jan., 1944, p. 9. 
(8) : =0 report Fu::fra-27 

!,411 

(7) 

(3) 



FIRKFARILL) era 	 DOUGLAS AIRCRAFT COMPANY. INC. /.4111 

MODEL 	1 0 33 . PLANT 

F. PO RT 

.::,..;:,e,27,,;4,plykr.....,..*:.-mtoeiwalzopi.t....7,:aarroaxrxiateasolawareamptemewesswx4stasesorimearega 

Chapter 11 

speed sell caliber bullets directly verifies the velocity squared 

relation for speeds of the order of 4000 ft./sec. Their results 

can be expressed by 

d 
t 
= 5.9 	10-7 V2, 

 

(9) 

 

Thus the experimental data give rise to penetration formulas pro-

portional to V1'5  or V2. Since the results of Duwez and Clark are 

considered the best to use in the present study, a formula corres-

ponding to (9), which refers to copper, will be used in the ballistic 

range. Since the ultimate strengths of dural and copper are of the 

sere order of magnitude and since the ballistic penetration is closely 

connected with this property of the metal, it will be assured that 

the results for copper also apply to dural within the degree of 

approximation of the equations. 

Eq. (9) was obtained from experiments with 0.224 inch diameter 

projectiles. If it is assumed that the enemy loss per unit pene-

tration-is proportional to the frontal area A of the projectile and 

also constant over the ballistic range (as shown in-ref. (3)) it 

follows that 

1 mv2 
. El 2 

where L7E = chlino in kinetic enr'7, 

C 	= 3 constnnt 
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In the tests, the projectile weight was 69 grains and was brought to 

rest in about 2 inches of copper. This gives 

1 2 
my
, 
 = 13.8 x 103 r"-1"  

- 	 ft. 

and 
1 2 

171 ' 	 7 = 	 - 5.03 x 10' 
t „ 

ft.-lb.  

ft.3  

The corresponding penetration formula for a sphere would be 

cTrd
2 

4 

'Tr 3,72 
=

7 Pm I) d  , or 

PM  V2  ci 3j 

Taking 7am  = 6,6 2.212f.: and 3 	5.03 x 10
7 

c )  m 	ft.)  

as determined from the firing tests on copper, the penetration formula 

for a sphere becomes 

-8 2 
t 	4.4 x 10 V
d  

. 

The velocity of plastic deformation in compression is known to 

(9) 
be around 1000 ft. per sec. so  that the limiting speed used in the 

fluid-flow equation (6) will be taken to be 5,000 ft. per sec. 

(9) NDRC Report Number M-302. 

. 

f, 

(9A) 
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This corresponds to a plastic defcr:mtion .,iach number of 5. Thus 

to compute the total penetration for a particle (meteorite) having 

a speed greater than 5000 ft. per sec., Eq. (6) is first used to 

compute the penetration s at which the speed is slowed down to 5,000 

ft. per sec. The remainder of the penetration t is then computed from 

Eq. (9) using V .7  5,000 ft. per sec. The total penetration is then 

given by the sum s + t. Letting fils+t, the computation can be simpli-

fied by joining Eqs. (6) and (9) at Vin  = 5,000 ft. per sec. and the 

total penetration T is then given by 

( 4.4 x 10
-82 for 0 <1/ 	5,000 ft./sec. 

( 1.1 + 2.4 loge 	,,Co  , for' 	5,000 ft./sec. 

The variation of T with V,is shown in Fig. 3. aau 

These equations are essentially empirical and neglect effect of 

shape of projectile and influence of- the physical properties of the 

metal on the critical velocities. Since the basis for the formulas 

lies in extrapolating rather meager ballistic data and theories to 

the small sizes of meteorites, considerable error may be expected. 

The present results may, however, serve to give an indication of the 

order of magnitude of the impact effects. 

(10) 
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Using the results ccatained in Figs. 1 and 2 which connect the 

diameter and velocity of a meteorite with the magnitude of its meteor, 

the penetration at an altitude of 100 miles can be expressed directly 

as a function of meteor magnitude. This is tabulated in Table 3 and 

presented graphically in Fig. 4. 

In a similar fashion, using Fig. 2A, the penetration at 400 miles 

altitude is obtained as a function of meteor magnitude, and this is 

presented in Table 3A and Fig. 4A. 

From Tables 3 and 3A or Figia,4 and 4A, one may see immediately 

how thick the skin (assumed to 	of dural) of the satellite vehicle 

must be to withstand perforation by meteorites of different sizes 

(magnitudes). Thus at 100 miles altitude, for a meteor of magnitude 

0, the skin, according to the analysis, would have to be at least 

2.08 inches thick in order to resist perforation. For a skin thick-

ness of .05 in. = .00416 ft. which represents the order of thickness 

of metal commonly used in aircraft design, it is seen that the 

smallest meteorite which will perforate corresponds to about nagni-

tude 9 or 10. For velocities less than about 1000 ft. per sec. 

the particles would probably not penetrate the plate at all, but 

simply bounce off. In view of the penetration results presented in 

Table 3 for the 100 mile altitude, it is seen that, as far as present-

ing perforation hazard is concerned, meteorites of corresponding 

magnitude greater than 12 can certainly be cozpletely disregarded. 
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PENETRATION OF DURAL PLATE BY NL1EORITES - ALTITUDE 100 MILLS 

Maanitudo 
of Meteor 

AEI 

Velocity 
of Meteorite 

VN
, ft./sec. 

Pene- 
tration 
Ratio 

Diameter of 
1=leteorite 

d, 	ft. 

Total 
Penetration 

Distance 

T, 	ft. 

Total 
Penetratior; 

Distance 	' 

T, inches 

.....- 

d 

0 220,000 10.2 .017 .1734 2.08 

1 213,000 10.12 .0126 .12751 1.53 

2 203,000 10.00 .0092 .09200 1.104 

3 189,000 9.83 .0068 .o6684 .8021 

4 170,000 9.58  .0050 - 	.04790  .5748 

5 143,000 9.17 .0037 .03393 .40716 

6 112,000 8.38 .0027 .02317 .278011 

7 82,500 7.83 .0020 .01566 .18792 

8 56,500 6.90 .00147 .01014 .12168 

9 36,000 5.84 .00107 .006249 .074988 

10 19,500 4.32 .00079 .003413 .040956 	, 

11 8,200 2.28 .00058 .001322 .0158611 

12 -- 2,500 0.25 .00042 :000105 .001260 

13 550 0.03 .00032 '.0000096 .000115 

. 

. , 

ti 
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PEUEYRATTON 	 Alr27..TUDE 400 1:11,E3 

P1:1-;ET:hATION 

T,ft. 

To 

id ST 

T,inches 

• KAGNITUDE 	A7r3.07-27. 	PEn- 
OF YZTEOE 	o .';'2=0ITI:; 

r) 
V PT./sec., 	m 

0 10.43 .017 .1776 2.130 

22,:JUJ 10.41 .0126 .1312 1.572 

2 2,J,000 10.39 .00(,)2 .0955 1.145 

3 236,500 10.35 .0066 .0704 0.844 

4 231,0 10.30 .0050 .0515 	- 0.618 

5 225,000 10.24 .0037 .0379 0.4b4 

6 215,000 10.14- .0027 .0274 0.329 

7 203,000 10.00 .0020 .0200 0.240 

1::0,000 9.84 .00147 .0145 0.174 

9 173,000 9.62 .00107 .0103 	- 0.124 

10 154,300 9.35 .00079 .0074 0.089 

11 131,000 8.96 .00056 .00520 0.0623 

12 105,400 8.43 .00042 .00354 0.0424 

13 7,000 7.60 .00032 .0246 0.0295 

14 52,000 6.70 .00023 .001.54 0.0185 

15 30,000 5.40 .00017 .0002 0.0110 

16 12,450 3.35 .00046 0.0055 

17 4,400 0.1)0 .00009 .00000 0.00096 

18 1,020 0.05 .00007 -.000004 0.000048 

Table 3A 
Chapter 11 
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From Table 2 it will be found that the product of nib is constant 

and equal to 1.73 x 10
-12 

. Thus the average force of impact is given. 

by 

r. 

f krY. 1,0.1 

• 

Comparing the values in Tables 3 and 3A it is found that for 

magnitudes of 5 or less the increase in altitude from 100 to 400 miles 

does not appreciably affect the penetration. For the smaller sizes 

the difference in penetration at the two altitudes becomes more marked, 

although for magnitudes greater than 15, the penetration becomes 

neEligible. 

In case the skin is made of material of greater strength and 

hardness than dural, stainless steel for example, the penetration 

would be expected to be correspondingly less. In this connection, 

however, it is worth noting that according to the experiments reported 

in ref. 8, when the projectile size was much smaller than the plate 

thickness, dural gave greater resistance to perforation than face 

hardened steel when the comparison is made on the basis of the weight 

per unit area of plate. 

Aside from the problem of perforation by a meteorite, the ques-

tion also arises as to what sort of average impact force (averaged 

over a long interval of time) is to be expected as a result of 

meteorite hits. For a given magnitude (size) M, if n is the average 

number of hits per hour, W the weight in pounds, V the velocity in 

ft. per see., the average impact force F is simply 



DATE. 	YRY  2, 19i16 	 _ 	17112CA._ 	_PLANT 
	moDELe___Lex„Y9. 

TrrLE, ..PEELP:TITARY  	 IFIT3CLE 

 

REPIIMT N019:11 

  

 

Chapter 11 

*gm,. 	 .14041,01‘. 

 

• 

which shows that even with the highest velocities considered here, 

this average force would be far too small to in any way affect the 

performance of the vehicle. 

Having arrived at figures for the penetration by the meteorites 

of different sizes, it now remains to find the probabilities that 

the vehicle will be struck by these particles. The following nota-

tion will be used. 

N = number of meteorites (either total or of specified size) 

entering the earths atmosphere in each 24 hour period. 

Ae= number of Square feet of atmospheric surface at a height 

of 500,000 feet. The number which will be used here is 

Ae =s‘/TX (21.39)
2 x 1012  - 57.4 x 1014 so. ft. Radius of - 

earth = 20.89 x 106 ft. 

: planform area of the satellite vehicle, sq. ft. The number At•  

which will be used is for a triangular planform 60 ft. x 32 

ft. which gives the value, Ab  = 960 sq. ft. 

p1+  = probability that at least one hit will occur in the tine T. 

Po - probability that no hit will occur in the time T. (P0=1-P1,). 

p 3  = erobability that exectly  one hit will occur in the time T. 

T(0.5) = time interval such that the vehicle has a 50 to 50 chance of 

not being hit. 

T(e.cM = tin interval such that the vehicle has a 100 to 1 change of 

not being hit. 

' = time intervel such that the vehicle has a 1000 to 1 chance of 

not being; hit. 
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TABLE 4 

PROnABILITI1S OF HIT OF A 1LTE0RITE ALL) A SATELLITi VEHIOLE 
PROBABILITIES AND TIME INTERVALS BASED ON NUUDEE Oir METEORITES OF ONE SIZE ONLY 

Magnitudat_M -3 
2.1x1 	L' 

0 , 	2 5 6 

Average number of hits per 
hour. E 

3.14x10-9  ' 	2.0x10-8  3.1411,..)-7  7.;x10-1,  

Average nu-lber of hours be- 
Liman hlt$ 

5.0x10
9 

4.8x10 

1-4.81:10
-9 

4.8x10
-9 

2.10:10
-45 

8 
3.16x10 

7.54x10
-t  

-8 
1-7.54)0.0 

-a 
7.54x10 

-7'.T-  

7 
5.0x10 

 

- 
4.8x10 

7 

7 
1-4.8x10 

4.gx10
-7 

6 
3.16x10 

b 
7.54x1° 

-6 
1-7.54x10 

- 
7.54x10 

6' 
1127x10 

 1.9 x105  
_  

1-1.9x10 	5  
r 	---- .5, 
1.90x10 

p14. for 24 hours 

10 0 	for 24 hours 
‘-- 

p, 	for 24 hours 
' - - ---- 

pifor 120 hours 3.77x10
-7  ' 

2.42:10
-6 

3.77x10...) 51 9.5 x10-  

po 	for 120 hours 1- 2.4x10
-8  

1-3.77x10
-7 

1- 2.4x10
4,,  

1-3.77x10
-5 - 

1 9. x10 	51  

pl 	for 120 hours 2.4x10-8  3.77x10-7  2.4x10-6  3.77x10-5  9.5x10-5  : 

T(0.5), hours 3.4bx10'1  

5.0x107.  

5.0x10
6 

2.2 x108  3.46x107  2.2x106  8.8x105  	*-- 

T(0.99)1  hours 3.2x106 	 

3.2x105 

5.0x105  

5.0x10
4 

3.2x10
4 

3.2x103 

1.27x13
4 	

' 

1.27x103  T(0.999). hours 

Definition of symbols: 

	

1 
	Probability of at least 1 hit 

	

Po 	= Probability of no hit 

	

P1 
	

Probability of only one hit 

T(0.5) = Time interval to give a.50 to 50 chance of no hit 
T(0.99) = Time interval to give a-100 to 1 ohince of no hit 
T(0.999)=Time interval to give a 1000 to 1 chance of no hit 
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10 	2 ,  
.0000314 

\ 
12 

.300197 

15 

.00314 

20 2.5 
2.0110-b 

-6 
4.95x10 .0000125 .314 31.4 

0xio
5 

2.02x105 80,000 
•- 

31,800 5070 318 3.18 .0318 

4.8x10
-5 -4 

1.19210 
-4 

3.0210 7.54210 

1-7.54x10-1,  i_ 

- 
4.7321, 

1-4.731013  

4.732dJ-3  

-973 

- 
9.27x10

1 
 

-4 
1-5_-49x10  

5.49xio
-4 

326 
1-10 	_ 

lo
-326 

1- 

-4.8x10-5  1-1.29x10-41- 3.0x1e4  

4.8x10
-5 -)4 

1.19x10 
-4 

3.J2,10 
-4 

7.514x10 b.98x10-2  4.13x10-3  10-326  

1- 
_ 

6.0210-4 .002 

1 
9.98210

-  

2.0210 
, 

.004 	1 424 .313 1- 2.0210-15  1-10-1630  

-2.4210
-4 

1-6.0210
-4 

9.96210 ,
:I-  

4.0210-f 
4 

9.76210
1  

2.3140-2  

6.c7210-  
46 

2.0210 
- 101630 
 

2.4x10- 
 4 

6.0210 2.59210-1   2.5421045  10-1630  

.464.05 1.4x105 55,400 

800 

i 
22,000 

318 

40 220 2.20 .022 

'3900 2020 5(.7 3.18 .0318  

.00318 

.030318  

3.1Ex10
-5 

500 202 80 31.8 	t  5.07 .318 



tr' • 

6 9 10 
.0000314 

2 
.000197 

15 
.00314 

20 

.3.14 

25 30 
6 

4.95x10 .0000125 31,4 314 

2.02x105  80,000 31,800 5070 318 3.18 .0318 .003318 

-4 
1.12x10 

-4 
3.0x10 7,51. 10  

1-7.54x10 , 

4.73x1--)
-3 

_ .073 

9.27x10-1  

-4 
1-5.49'10 

- 
5.49x104 

326 
1-10 

-326 
10 

-32600 
1-10 

10
-32600 

 -1.29x10-41- 3.0x104  1-4.734.0-3  
-4 

1.19x10 
-4 

3.0110 - 7.54x10 4- 

- ..... 

4. 73X1J 3  6.98x10-2  

.313 

4.13x10-3  

1- 2.0x10-  

- 10 326  

1-10 1630-  

-32600 
10 

1-10-463'000 Al110 

1-6.0x10
4  

.002 .004 1 . 1  ,-04 

- 
9.98110

1  

2.0x13
.3 

1 9.96x10 

... 
4.0x10 

- 
9.7bx10

1  

- 
2.341

2
3 

-1 
6.c7x10 2.0x10 

-16- 101630 
 1.)

-1630
0 

6.0x10
-4 

2.5910-1  

220 

2.54x10
...1

5 10
-1630 

1.30022:"  
6 

3.18x10 	A 

1.4x105 

2224-_____800  

5,400 22,000 
1 

318 

3520 2.20 .022 

5c)./ 3.18 ,0318 .000318 

202 	80 	. 31.8 	. 5.C7 .318 .00318 3.1Ex10
-5 - 

7.18:1„)
7 
	1 

F. 

• 
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141.014AtILITIES OF HIT OF A METDRBITE AND A SkTELLIT ViAIOLE  
PROBABILITIES AND TIME INTERVALS BASE OL =ABER OF'LIEWORITES OF A GIVEN SIZE PLUS ALL ?HO 

Megnitude, II -3 0 " 	2 5 6 s 

Average hits per hour, a 
- 

P.0x10
10  

5,07x10
..9 

1.92x13 
 

- . 	8 
3.28'10 

. 	
3.0,40

7 

5,23x10-7 

1.92x10
6 

1.31x10
-o 

 

7.63x105 , 
1 

, 
Average nummer of hours be- 
twain hits, i 

5.0x10' 

plt.  for 24 hOUrs 4.8x10 .1  1.22xla 7.88x10 
7  

1.25x10
-5 3.141:10-5  

-4... ,  

pry 	for 24 hours 1-4.8x10-9  1-1.2.2x1)-7 :1-7.88x10-7  1-1.251E10 ) 1-3.14x10-5';. 

p 	for 24 hours 4.8x10 9  

2.4x10
-0  

1.22x10-7  

6.10x10
-7- 

 

7.88x107  1.25x10-5  3.14x105  

#4. for 120 hours 3.94x10
-6  

6.25x10-5 1.57x10
-4;  

p.p 	for 120 hours 
, 

1-2.4x10
- 7 1-6.10x10 1-3.94x10

6 

6 
3.9,410 

...t.... 
1-6.25x10

-. 
 ' 

6.25x10-5  

-4 
1-1.57x10 1. 

pi 	for 120 hours . 	2.4x10
-t  

6.10x10-7 1.57xiu-17  

T(0 5), hours 3.146x10' 

o 	o
7 

1. bx108  
b 

c2 Ao 

2.11x107  

3,05x10
5 

1.35x106  

1.92x10
4 
 

5.26x105  

7.63):l03 ??(9,99}, hours 

VQ,9991, hours 5.oxio
6 _5 1.5-2,(1J 3.05x1o4  1.92403  7.63x102  

Definition of symbols: Pl+ = Prouability of at least 1 hit 
	 T(0.5) 

Po 	Probability of no hit 
	

T(0.99) 

P1 	Probability of only one hit 
	

T(0.999)z 



[(01- 3-J  

• 

07 LARGER SIZE 

8 9 10 12 15  

5.20x10-3  

1.92x10
2 

20 

5.20x10-1  

1.92 

25  

5.20x10  1  

1.92x10 

3.28x10--' 

ji  

.28x10-6  8.22x10-6  2.07x10-5  5.20x10-5  

3.053[10
5 

1.22x10 
 

5.16x10 

4.97x10 4  

1.92x10 
 

3.05x101-- 

7.88110-5  1.97x10-4  1.25x10 3  7.88x1073  .117 1-2.634.0
-5 

1-15
542  

-7.88x10-5  1-1.97x10-4  1-4.97x10-4  1-1.25x10 3  1-7.88x4.0 3  .883 1 2.63x10
-5 

10
542 

 

7.883E10-5  1.97x10-4  4.97x10-4  

2.43110 3  

1.25x10-3  

b.25x10-3  

7.88x10-3  

.038 	- 

1.10x10-1  

.465 

3.28x10-4  

1- 1.3x10 

10-54O  

AI/10-4  9.65x10-4  1-10
r2710 
 

-3.94x10
-4 

1-9.85x10
-4 

-2.48x10-3 1-6.25x10
3  

.962 

? ■ 

• .535 1.3x1027 
1-2710
0 

3.94x10
-4 

9.85x10 2.48)(10 3 6.25x10-3 3.79x 0-' 
-IT-- 
3 

-1 
1.34x10 8x10-2

b 
10
-2710 

2.11x10 8.45x10 I 	3.58x10 1.33x10, 2.1140 1.33x10 1.33 1.33x10 

3.915x10-  

3.05110
2 

3 F 
1.22x10 

 2 
.16x10 

2 
1.92x10 

I 
3,05x10 

3.05 

.-"-- 
1.92 

-2 
1.92x10 

1.92x13-3 

-4 
1.2x10 

1.92x10-5 1.22x10
2  

5.16110 1.92x10 1.92110
-1 
 

Amm interval to give a 50 to 50 chance of no hit 

Ime interval to give a 100 to-1 chance of no hit 

Arne interval to f:ive a 1000 to 1 chance of no hit 



10 
-540 

• 

S IZZ 

•••••••, 

4 
1.22x105 	5.1610 

8.22x10 	2.07x10 

	9  
-6 

10 	 12 
	

15 

5.20x10-5  3.28x0 5.20x10  

1.92x10 4 
	

3.05x10 	1.921102  
1  x 

7.884073  ,117 1.9710 
-4 

4.97x10 1.25x10 

.1.92 

5.20x10-  

20 

5.2040  

1.92x10-' 

25 

1.92x10 
-4 

30 	 

3 

1-2,6340-5 1-15
542 

1-10 
-54200 

-1.97x10
-4 

1-4.97x10
-4 

1-1.25x10-  1-7.88xj0-3  .883 2.63x10
-5 

10
54 
 2  

1-10ii2710 

10
-54200 

10
-54230 

1-10-2710..)0 
1.97x10 	4.97x10

-4 
1.25x10 	7.g8/10 	1.10x10 	3.28x10 

-3 	 -4 

910k; 	
-4 

2.464.10-3 6.25x10-3 	.038 	.465 	- 1.3x10 
-27 	-2710 

	

1..3x10 	10 

-,26 

	

8x10 	
10-2710 

 

-9.6510 1-2.48;10-3 1-6.25;10 3 

-4 -3 9.85).10 2.4ex10-3 6.2510 
4 	 4 	 4 

3.58%10 	1.33x10 
3 	2 	 2 

lt22x10 
 

5.16x10 	1.92x10  

1.a2x10 
2 	

5.16z10 

8.45x10 

1.92x10 

.962 	- .535 

3.7940 ' ).34x10 

2.1140
3 

1.33x102 

3,05; 0 	1.92 

3.05 1 	1.92x13 

1.33 

1.92x10
-2 

1.92x10 3-  1.92;10-5 

1.33x10 
-4 

1.2x10 

-4 
1.33x10 

1.92;10
-6 

1.92'10-7 

10
-271°°° 

 

10 
-271000 

• to give a 50 to 50 chance of no hit 

. to give a 100 to 1 chance ocno hit 

to ITive a 1000 to 1 chance of no hit 

• 
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These probabilities and time intervals are presented in Tables 

4 and 5. The formulas by which they are computed are derived in 

Appendix G. 

The meteorites entering the atmosphere are assumed to have a 

random distribution both as regards their surface distribution over 

the atmospheric layer surrounding the earth and as regards their 

occurrence with time. It is assumed that the meteorites travel through 

the atmosphere along the vertical and that the planform area of the 

vehicle is normal to the vertical. 

The two tables are entirely similar, the only difference being 

that the values used for N in Table 4 are based on the total number 

of meteorites of one size only; whereas, the values for Ai used in 

Table 5 include the total number of meteorites of a given size plus 

all those of larger size. At the lower magnitudes these two numbers 

do not differ appreciably, but at the higher magnitudes, 9 or 10 and 

higher, the difference is large enough to be considered. See Table 

1, Appendix G. For this reason the values in Table 5 are considered 

to be the more significant and this table will receive the main 

consideration. 

Considering Table 5, it is seen, first of all, that the average 

time interval between hits does not attain values comparable to the 

contemplated time of operation of the vehicle (say from 5 to 10 days) 

until the meteorite size becomes as small as that corresponding to 

meeenitude 14 or 15. Thus, it is seen from the column for M = 15, 

that on th,.' average, t}_3 voLicle could crerate for 192 hours before 
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it would be hit by a meteorite of size corresponding to magnitude 15 

or any larger size. For magnitudes greater than 15 the average time 

between hits becomes relatively small but by this time the meteorites 

are of such small size and velocity that it does not matter. The 

probability numbers, of course, show the same general tendencies as 

do the numbers for n and T. 

The most important probability to consider, it would seem, is 

the probability Pi+ which is the probability that the vehicle will be 

hit at least once. Or, stated slightly differently, P, gives simply 

the probability that the vehicle will be hit, the number of times it 

will be hit not being specified. The probability scale is such that 

a probability of 1 means that the event is certain to occur, while 

a probability of 0 means the event is certain not to occur. Con-

sidering the values of Pi+  in Table 5 for the 120-hour interval (5 

days), for instance, the probability of a hit is less than 1 in a 1000 

(i.e. 0.001) for all magnitudes of 8 or less. At magnitude 15, however,  

the probability has greatly increased and shows that there is only 

about a 50 - 50 chance that the vehicle will not be hit. Here agaih, 

however,, the size of the particle becomes so sr all that even though the 

probability becomes high, it does not matter as far as damage to the 

vehicle is concerned, For magnitudes 20 and above, the vehicle is cer-

tain to be hit, but it certainly will not matter considering the small 

size of these particles. 

Considering next the rrebubility-based time intervals, we see, 
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for example, that if we specify a 1000 to 1 chance of not being hit 

by a meteorite of corresponding magnitude 10 or less, the vehicle 

may operate for 19.2 hours. If the probability number is relaxed 

down to a 100 to 1 chance of no hit, the operating time increases to 

192 hours, etc. 

It is interesting to note that at around magnitude 15, the 

probabilities 	 and P1  , all take on comparable values, show- 

ing that somewhere in this range of magnitude the occurrence of these 

three events becomes more or less equally probable, 

In general, the probability tables indicate that for the meteorite 

sizes which are large enough to present a perforation hazard, the 

probabilities of a hit are quite small, never exceeding about 0.001 

(for a reasonable plate thickness say, of 0.10 in.) or about 1 chance 

in 1000. 

Having the relation between T and M (Figs. 4 and 4A) and the 

relation between p1+ and M (Table 5), one may then derive a relation 

between T and p1+, where 	is the probability that a meteorite of 

corresponding magnitude ti will just perforate a dural skin thickness 

of amount T. This relationship has been derived and is shown in Fig. 

5, for the two altitudes 100 miles and 400 miles. These curves 

represent, essentially, the net result of the perforation and proba-

bility study when presented in the most usable form. 

Since th,.?, relation of the type shown in Fie'. 5 has been deter-

mined only for the case of a 5 day time interval, we shall suppose 

that the vehicle is to operate for a poriod of 5 days. We then, 

CTIFID[NTIAL 
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for example, may ask what is the probability that a skin of say 

0.12 in. thick ducal will be perforated by a meteorite when the 

altitude is, for instance, 100 miles. Referring to the 100 mile 

(0. 
altitude curve of Fig 

	

	 x . 5 for T = 0.12 in., it is found that plt  = 1  

.001.- 	Thus, for the chosen condition the chances are 1000 to 

1 that the skin will not be perforated. For a skin thickness T = .05 

in., the probability is pi+  = .0048, and in this case the chances 

are only 203 to 1 that perforation will not occur. There is not 

much point in considering values ofT-c.05 in. since at least this 

much thickness would be required simply from considerations of struc-

tural strength. 

The use of the curves of Fig. 5 may also be considered from the 

reverso point of view. Assuming operation at 100 miles altitude, 

suppose we are willing to take a 1000 to 1 chance on the occurrence 

of perforation, and then ask what the skin thickness must be. For 

p1 = .001 and at 100 miles altitude it is found that T = 0.12 in. 

These examples are sufficient to show hew the perforation - proba-

bility-time curve is used. 

fr., 	 k    
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Teeeeratere of Vehicle  r:',.ee on  the Orbit. - The temperotures 

reeched by the vehicle Thee it is on its orbit are celculeted by coneide: 

in% the process of radiation of beet from the sun and earth to the body, 

end free the bouy to spsce. 

5uppose, to begin with, that the sieele illustretive example of 

the heetin of the earth by the sun is considered. It is desired to com-

pute the average temperature of the earth's surfece. The rate of heat 

redietion by the sun will be 

= QT' r-rd2 
at s s 

(I ) 

where 

= 0.173 x le BTU/(sq.ft.)(hr.)(deg.R.)4, 

, 
Ts = 10,800

0 
 q., sun's surfece temperature 

d
s 
= 864,000 miles, sun's diameter . 

This enermr trevels into seece on sp'aericel surfaces, and therefore the 

frection of this enereer which is intercerted be.  the earth is eouril to 

the earcentaee of the eree of the sehere, of rodies equal to the distenc4 

from the sin to the earth, which is blocked off by the earth. This must 

further be multiplied by the ebsorpeivite of the eerth. Therefore, the 

rote et which beet is eusorbee into the earth is 

„4 ,2 UA 
- 

= O.; 1U 1 	' 
at 	 a 41i, 

y r- 7-- 71  IL 
Si. e 	,f 

v4t• 	" 	 , 5 	 V,!/4Y!.•.;44..4;41:4-kt..-. 

rl 

( 2) 

196. 



S 	 C., 

PIRLLILA 
45zaximutsasugunsaseami7-1.1arms. smetswentr,  

MODEL 

REPORT NOZ.:l.11 

Chapter 11 

_PLANT e7  

I 
DATE 

TITLE: 

in which 	 u = absorptivity 

projected area exposed to sun's rays 

L = distance from earth to sun, 93 x 106 miles 

The rate at which the earth radiates heat is 

,C7 6 T4 T rd2 
at 	e e (3) 

Here, E 

T
e = averse surface temperature of earth 

d
e = dia:aeter of earth, 7920 miles 

When heat is radiated out ss fest as it is absorbed, equilibrium conditi1 

exist. This is obtained by setting (2) equz..1 to (3). 

	

GT4  711d2 	2 = (Ye T4  Trd2  

	

s 	 e e 

From this is found, after setting A = fl-de
2
/4, and e = a by Kirchoff's 

T
4 

d
2 

T 4 — 8 8 
e 

16L 

Ts  ds  
T - - 

	

e 	2 AI 

Usin,o the values noted above, we find Te  = 520
o 

= 60°F, which is in 

r6, senable agreement with our everyday experience. 

'.7ow let us'apply a similar ,nr,lysis to e satellite vehicle. The 

vehicle will alternately be in fr:nt r 	Lehind the earth. Supposin:7 

that. it is in front of the er;rta fcr c, suVficiently lon.l ti;!:e to reach 

er:uilibriu a, the :'overnin7. re'etion is 

2 
GT'nd 

s 
V 

• 1 

or. 
!.V t 

m,:.
----  —7  + b''..04  

d 	5 	, 	
vf V  r.:. 

( 6) 

-,:0I-41.;;ItIlzT.7**AIkeet..7-.41-7.4..., .=c,I,II 

law, 

(4)  

(5)  
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where the symbols are as noted previously except for 

Ave 
= projected area of vehicle as seen from earth 

A = effective projected area of vehicle as seen from sun 
vs 

Tvf = temperature of vehicle, in front of earth 

Sv = surface area of vehicle 

Again assume a = E , and simplify (6). Te  can be eliminated by the use 

of (0% This leads to 

4 2  , 
Tads 
  ! A 	AVe  

1  vs 

161.,
2 	7 	+ c]

v
--'  .0.17  (7) 

Now it is necessary to determine the ratio of projected to surface areas, 

The vehicle is conical in shape, with an altitude of 16 2/3' and a base 

diameter of 3 1/3'. If the vehicle axis remains tangent to its orbit, 

then 

Ave 	 .5 x 3033 x 16.67  
= 	

. 
•
2,2  

x 	x 3.33 +.25TT 3.332  

The projection of the vehicle as seen from the sun is a circle at "dawn" 

gradually changing to a triangle at "high noon" end then going back to 

a circle at "dusk". The me; n fourth root of the projected area raised 

to the fourth power is 

Hence 

A 
vs 1 9.'1 x 	.292 

.5 	x 	3.33 	x 

T- 	(1 4.  

.203 

T4  1.10 -A-711 1.10 T4  (3) 
161:-  

or 
T = 1.02 T

e
= 530 = 70 x. 
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If the vehicle were behind the earth for E tine ;greet enou7h to produce 

equilibrium tamperLtures, then the equation i;overnin:-  the situation is 

like ( 6) , but without the first term. 

A o( die 	 S 
Gr
Grp'cke 	

-1 
	Y 	 (9) 

This is readily reduced to 

4 	1- 4 
)V3 "1  .2`b 2- l e 

It follows directly that 

Ty 	 ..381°R 

Thus we have shown tht t he temperature of the vehicle must lie between 

the limits 70
0
1. and -79

o
F. To find just where, between these limits, 

the temperaturs lie, it is necessary to set up the differential equetior 

relating temperatures with tine. The net rate of heat transfer for the 

body in front of the earth with respect to the sun is 

T 	1 	Av5 	4 	d, 	4 
e 	€. TvF 47 2 Pte  

usin7 (4), puttinf; a - E , and simplifyinJ we find. 

( 10 ) 

2_ 
ti 	

t 0  H 	— 4 -1  
)t 	 rj 

For the values used previously, 

The JiJecif i c heat is defined to be 

( 13 ) 

in 	is tl,e weiFnt of the vehicle. iron: this, it is seen that 

jai 

I 	 ,411.11: 	 • . 

\ 	■C 
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(12) can then be reduced to 

4 •T 
0 - , 

c k., 	 F 

There are several calculations which. can be immediately made using 

(15). First, for euilibrium, dTridt = 0, end TvF  = 530. This 

checks the calculation made previously. Second, the greatest rate of 

heeting occurs when Te  is least, and the least value of Tv  is 331
o
. 

Using that value, t = 1.0, C = .12 BTj/lb.°F, and W = 300 lb* , we 

find aT/at = 265°F/hr. 

An expression similar to (15) can be set up for the time when the 

vehicle is behind the earth. For that case 

"6 .- 	 7,4  - 
L 6  

here the maximum rate of increase in T
V 

is also 265°F./hr. Since the 

half-period is about .75 hr., it can be seen that the temperature 

changes will tend to be large. 

The mean temperature, m 	can nor be obtained by assuming that the -11M ,  

rate of change of temperature is conetent, end then 

4 4 

- 3 81 4 e S.,) - Tvw  
From this we find that 

411°2 	it ° F 

An estimLte of the limits to the tempe -ture veriation on the orbit can. 

now te four:?. ey calceletien of the rate of temperature cher ire et this 

mean tenpeenture. 

,Structurel weiye.lt unly. 	 eeeemed to be insulated from structure. 

• '• E. E • • 1E.•,( 

n ,vr 

,Lt 

( 16 ) 

(15) 
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end using the previousl: noted numerical .values, we find the rate of 

clinge- of Tv, at the mean 	is 132°F. per hour, or about 100°F in 

the time required to make a half revolution. 

To obtain the graph of temperature as a function of time, it is 

necessary to return now to (la) and (16). Inserting the values for the 

known constants, we have 

(.SLS 0.2  
, A 

0 - Tv  
r 

and 

( 17) 

Ior (17), we have 

• k 

1 	•.j:-  1,1 • 	 1),1-0 

 

-t 
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when the vehicle is in the sun. 

Equation (18) leads to 

I 

fil 
52.1 IL 	1) 

and 

7 	■I — v8 	41 L 

.. 1„,s1 4, 
JT 	ve   voi  

I 	\ z  
1.0 	\ - 

• 

• 

t 7 .  

3S( 

when the vehicle is in the earth's shadow. 

Equations (19) and (20) were used to obtain•fig. 6 which shows 

the time variations in temperature. 

The calculations rl.E.,Co up to this point have considered only radia-

tion phenomenon. It is necessary also to investiote the heetinP due 

friction. Az in the cc.:3e rf 	 cslculations, variouE, reimes of 

hest transfer arise, dependinq primarily on the speed and altitude. uhf 

orbit will be of necessity chosen to be et en altitude so reat that 

kinetic theory methods may be used nere for computin heat trnsfer., 1.  

will 	n %kith simhde assttions hiohwi11 tend to pake the huL  
A 

far lar<er than it 
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Chapter 11 

Consider a surface of the vehicle of unit area. Then if N is the 

number of moleculez; in unit volume, V is the vehicle speed, end a the 

angle between the surfrce And the direction of motion, the number of 

molecules colliding with unit rree, in unit time is NVa. rach molecule 

has en energy(L/4pY
2
, where a  is the mess of one molecule, and where 

we disregard the rendon velocity because it is small compared to V. 

The energy of all the molecules which strikes unit area in unit time is 

evidently 

( 21) 

The same number of molecules will leave unit area in unit time, but 

• 	 ck  
their momenta will be different. ,e will make the assumption that the 91j: 

molecules enter the skin surface, come to thermal equilibrium with the 

skin molecules, and then are discharged in random fashion. The energy 

leaving the skin unit area.in unit time is just 

.)V - `A..1  • (22) 

where C is the molecular mean squere speed corresponding to the skin 

temperature. The energy left in the wall is 

A 
	 \I • 	— L•%. 	

(23) 

Now by assuming ecuipartition of energy at the skin surface, we have 

1 
	

( 2' ) 

where 	is the molecular weiht of air, R is the universal gz..,s cons tent 

and T, is the temperature of the wfA.1. 	 C. Letween these 

VP 	• 



output of the same unit skin area that was considered above. 
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Chapter 11 

. PLANT 

equations leads to 

(25) 

rn 

R  
The most pessimistic case is tht in which3.7 	is ignored compared to 

V` 
unity. If, aftcr ma}:ing.  that assumption, the rate of heat transfer is 

found to be small, then since taking tk:e. additional term into account 

makes it yet smaller, the aerodynamic heating can be ignored. This 

essumption has the physical meaning that ell of the energy of the on-

coming. molecules is left in the skin. Convertin? to BTU, we have the 

heat transfer into unit area in unit time, 

.!Q 
A 	

)\ 
At 

( 26 ) 

The following table gives values of the heat transfer at several silt- 
/3T C/ 

tunes and at orbital speeds. u is.0.l radians. J is 778 ft. lbs. per AI 

ALTITUDE 	D22;'6ITY 	SPEED 	i::::r Th,iiN.b.FI,R RITE 

Liles 	6111,7s/cu.ft. 	F.P.S. 	BTU per sq.ft.per sec. 

3 2.4x15 0 	 25,900 	3x10
6 * 

2 100 	107x1514 	5,600 	1x151  

200 	1.7x15
13 

25,300 	37)(154  
16 	

;:.5,000 	1x10 • 1.3x15 	 -7 300 
19 24,700 6x1810  400 	6.1x10 

It is obvious that tremendous cl,wif.,as in heat transfer rate take place - 

as altitude is changed. In order to get a scale v:ith which to determine 

the importance of the nerodynic heating, we calculate the radiation 
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Chapter 1: 

r 

- 
which has a magnitude of 2 x 10

2  Ba1 per so. ft. per second. 
17k 

It can 

seen that the radiating power is extremely large compared to the rate 

of heat input, so lone as the altitude is not below 200 miles. It setwei 
A 

justified, then, to neglect the aerodynamic heating for the cases of 

the cruising altitudes. 

At the lower altitudes, where aerodynamic heating is important, 

more detailed expressions for aerodynamic heating are available, and 

these are discussed in other portions of this report. 

It was assumed in these calculations, that day end night for the 

vehicle occupied equal times. That statement is approximately true 

only if the altitude ie not greet. The variation of length of daylight 

and night is shown in fig. 7. 

The temperatures cemputed here are, in general, low compared to 

what we ordinarily think of ES being "normal". There are several method 

of controlling the temperature level, and raising it, if desired. First 

if the missile is steered around its orbit so as to present its maxim= 

projected area to the sun at all times when it is in the sunlight, a. 

gain of 30
o
F. in mean temperature can be had. second, reducing the 

emissivity will proportionately reduce the naenitude of temperature 

fluctuations, although the mean Lempereture will be unchanged. Third, 

surfacee of different values 	emiseivity(lower, arty from the sun) 

will rise the mean telpertu-e. Yonrth, chow.;in, the plane of flight 

to one including the eErth's axis end et the sone time perpendicular to 

° the Jen et niltines and rale() the mean temperature to 70F. 
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. 1.. Chapter 11 

11. 1)0EL= 	(ContId) 

Aerod7nr  ic Control  ,;:hile on Orbit. - The use of aerodynamic contro. 

is dependent on the ability to develop stanation pressures (or indicate; 

airspeed) of reasonbbly lb 	order of ma7nitude. The sts:7nation pressu: 

in turn, depends on the atmosl.heric density and the vehicle speed. In 

the present case, the orbital speeds are high, but at the desirable 

cruising altitudes the densities are extronely low. This follows direct• 

ly from the fact that the densities must be kept low so that the drop 

per revolution is also low. The following table gives values of the 

indicated speed, Vi , for several altitudes, where 

Vi 
477 v 

and where the stagnation pressure q, is 

q = (1/2)pV2  = (1/2)pov 

Here po  is standard sea level density. 

ALTITUDE 

::ilex 

0 

100 

=ED 

f.p.s. 

25,900 

25,600 

D12:SITY 

51us/cu.ft. 

2.4x 03  

1.07x1610  

INLIC,:,TED SPEED 

f.p.s. 

25,900 

5 
-; 1  200 25,300 1.7x10- 0.2 

300 25,000 1.3x1516 
0.006 

400 24,700 6.1.x10
19 

0.0004 

Now the force per unit area which can be developed by aerodynamic 

means ls in the order of 

%.4  03 IL VI 
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Chapter 11 

At 100 miles altitude, F/s is about .025 lb., and for an area of 

50 sq. ft. fi  force of 1.25 lb.- would be developed. Thus, since the 

weight of the vehicle is .bout 1000 times this force, we see that it is 

hopeless to obtain accelerations or balancinr7 of wei":ht moments through 

aerodynamic means. The only use of such controls at high altitude would 

be to balance other ae2oarnamic forces or moments vLich, of course, would  

be of equally small maL;nitude. 

;mother factor of imports:lce is that the lift drag ratios at high 

altitudes fire in the order of one, To avoid losinz, altitude while man-

euvering, it would be necessary to counteract the drag by thrust - the 

thrust being of same magnitude as the lift. It is obviously more 

economical to use the thrust force for lifting to begin with, and to 

dispense with the serodynmic control. 

',,,..:11P-:2-,2X+7.Z3',•:;',1 
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Chapter 11 

4 

:ttitu::e Control by Recoil - After the rocket fuel is exhausted the 

jet rudders beco:::e inoemtive and other means nest  be adopted to control 

t'cle attitude of the 	on its orbit. in the extremely rarefied air 

of the ionosphere-  it may see::: unnecessary to head the missile in the 

direction of its path because dra,s- is negliEible. However, if a definite 

orientation of the missile is desired, be it for purposes of orienting'.  

missile-borne instruments, of regulating temperature aboard or of 

the missile on a descent into the lower atmosphere towards a slow-down 

.and eventual landing, then means to turn the missile deliberately must. 

be provided. Two such means have been proposed - viz, (1) missile-borne 

flywheels which when impelled will impart an equal and opposite angular.: 

momentum to the missile and (2) small torque rockets. 

The feasibility of accommodatinL, ade-..juate flywheels in the satellite 

missile can be cleaned from the following study. Either in the instru= 

mentation head or in the ring space around the thrust nozzle there ap-

pears to be room to accommodate three flywheels; one each for pitch, yaw 

and roll. The projectile weighing about 1000 lbs. empty is estimated to. 

have a radius of gyration of. 3 ft. ,Ahl 	dineter flywheel wei ling 

about 2 lbs. would have to be rotated 50,000 times as much and as' fast 

as the missile is to be turned in toe opposite direction by reaction, 

provided no extraneous moments interfere. Spinning this flywheel at 

2500 REI would tern the projectile end for ,'nd in tra minutes. The 

power necessary to attain this speed in say 20 seconds, and to keep it 

running would. be less than 1/50 HP. The brakin= .could be done by fricti 

Less power would be reluired if lore tie is allo.cd or ir the fly4eel 
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Actually there should be no pressing, need for hiji rates of tiltinn,  

the projectile. 7"uch smaller rates should suffice for casual corrections. 

The average rate of rotation necessary to maintain the headin ali led 

with the path is one revolution in 95 minutes, al:out1/5 of what the 

control device envisaged above could cope with. However, there is no 

reason why the orbital anL;ular momentum should not be already ilaparted. 

by jet rudder action durin2: the last phase of the powered ascent before 

entry into the orbit. 

As to roll control, 	lesser moment of inertia of the vehicle in 

roll probably admits of similar attitude control with a smaller flywheel 

device than pitch and yaw control. 

It would thus .apoear that a flywheel type of machine to influence 

the attitude of the satellite projectile in the absence of extraneous 

moments poses no serious problem from the viewpoints of bulk, wei7ht, 

and power involved nor is the apparatus complicated or delicate. 

Problems however, remain to be solved, to be sure. The precision 

with which orientation of the missile will have to be predicted or com 

manded remains to be determined afid the methods by which the attitude 

of the projectile with respect to its path over the earth can be tele-

metered deserve serious study. :yen though the air density at the 

orbit altitude is very small, aerodynamic disturbances may yet be com,- 

mensurable with the control moments considered. If such aerodynamic 

moments are present for a lar ;e part of the time then their continued 

counteraction ;-uy entail the accumulation of lar:e flywheel momontum. 

PEI 
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It would be possible to allow much lox er maximum flywheel. speeds than 

the 2500 R.P!'.f. previously mentioned. Limitations are drawn.by . technical 

considerations of permiss5ble flimsiness, because the larger a flYwheel 

of a chosen weltt„ w, is made the longer it can absorb a given torque 

	

before rupturing its. rim. The time integral of the .reaction. Moment 	• 

that can be put into the flywheel is I!! dt. = wLA, = wr V--17-g. where 

w and r are weight and radius of the rim while is the breaking length • 

of the material and w the angular velocity eventually ac-qedred.by the 

flywheel. assuming that the largest diameter flywheel of which a pair 

could perhaps be accommodated in the, satellite missile is 2r = 329  

and that the rim is made of steel having a breaking length of 67,0001, 

then the product of reaction Moment in ft.—lb. by the time in seconds 

that can be derived from each pound of rim weight is 60 ft.—sec. before 

the Wheel would fly apart at 9600 	5ome factor of safety would. 

have to be provided. For instance, a well—proportioned flywheel of 

2 ft. diameter weighing 20 lbs. which would be allowed to attain 10,000 

TZPI would cope with a systematic average aerodyne:ale moment of 1/100 

ft.—lb. for 10 orbit periods in its plane. This amounts to 2 lbs. of 

wheel wei;ht investment per orbit. 

!:;Yule rotors are spinning there will be gyroscopic cross influences 

which may require mutual corrective devices but they are not accumula—

tiv4 over more than half a satellite period. 

The second proposal of attitude control by reaction envisages small 

gas exhaust recoil guns. Six or eight slch devices arranged to emit 

jets tangentially to the skirt-of the projectile can provide control 

• 4, 
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of rotation in pitch, yaw and roll. 

If the gun were mounted to fire radially at a leverage/C from the 

center of gravity of the projectile of weight V. and radius of gyration i, 

it would have to develop a recoil force of P = 7irnTi
2/30 at in order 

to accumulate a pitching rate of n RPM in t seconds. Assuming de= 4 

ft., V12/g = 300 slugs ft.2  and n = 1/20 as before, Pt = 11/8 lb.—sec. 

In other words, a recoil of about 6 ounces acting for one second or 

1/10 ounce acting for one minute would suffice to achieve the specified 

effect. The amount of gas to be discharged at supersonic velocities 

under some pressure would be of the order of 1/10 oz. each time such 

control is given. Such gas could be branched off from an existing ni— 

trogen pressure system or from an alcohol oxygen burner or even an 

oxygen vaporizer. 

Again the ouestion of how much aerodynamic pitching moment the 

control may have to cope with remains to be investigated. If again 

1/100 ft.—lb. average torque were to he generated continuously, then 

only 1/4 lbs. of gas per circuit of orbit rouldhave to be expended. 

On the first glance this looks about 0  times as favorable as the flywheels 

but considering that momentum is no longer conserved for moment reversals 

the two schemes appear essentially on a par as far as weight investment 

is concerned. Other means may he considered for creating erecting 

moments or for :-ceeping the disturbing moments small. One of the most 

drastic ones would be to house the real "payload" instruments in a 

spherical shell and expel it from the satellite vehicle after it is 

eetablished'in the orbit. 

C 
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11. 	 (C:Y-t Id) 

Los::: in i.eic!ht 1:ue  to ":,:ea,itL,nce vhile on Orhit. - Preliminary 

calrJulf:tions on the loss of altitude as time goes on sho::d that at eltitu 

es of 1,bout 10Q,  ni les rv-jy-  b7c:11 n,,,te of dro;-: wrDuld be encntered. 

L'uch cdculotions were bf=sed nu the folIo i:: 	io1o, obt.oined by snpll 

fro7, the br!sie .,-!ip.iti()ns of .r:lottr p. 

An, 
= 147'7 

AR io the los in altitude pr revolution, H is the orbital ri.dius, D 

is the drl3, and 	the weight. For a h.e.:ty etirrinte of dra, one is tenpte 

1 
v2 

to scyC •••• 	 "'” 	and then D =  
-1 

here 	is the :o.ch number, p the air density, V the speed of the vehicle, 

and 	its frontal area. To arrive at a mac;nitude for p, we assume an 

isothermal atnosphere. From the condition for equilibrium of the atmos-

phere, we hove 

dp = 	g dh 

where p is the pressure, end h the altitude. From the ges law, we have 

dp = dp g R T 

where R is the mas constant. 
8 

Conbinint,  these two egustiors to elininnte the pressure yields 

dh 
IT 

InteFration then lends to 

lof p = - ii ---„ + conat. 

The cf..)nstent can be evalwAed P = Po  v:hen h = 0 • 

' 

LAttlitriACTIMXTMAT4.4.0.4,  Tieo7W 	:.■ AV' T. :$.‹,'.,;.Tft:t". 	 • 	'1/4 ..'.:11,./erA:1,4;".' 
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• 

Then 	log e - log e Trf, 

This cen be written 
h 

P T 

= Poe  

Suppose, now, the following numerical values are assigned to the quantities  

in this relation. 

R = 4,000 x 5,280 ft. 

G. = 1150 lbs. 

A = 8.7 sq. ft. 

V = 26,000 ft. per second 

ii = VAITTi = 26,000/y 1.4 x 53.3 x 500 x 32 = 24 

o = .002378 slugs/cu. ft. 
'  

h = 100 miles = 528000 ft. 

T = 500°  R. 

The density can easily be computed to be .48 x 10-11  slugs per cu. ft., 

and the drag is .00059 lb. The drop per revolution is then found to be 

135 ft. Doubling the altitude, making it 200 miles, would have the effect 

of squaring the value of p/po , and finally changing AIR to about 10-9 feet 

per revolution. 

These results would seem to indicate that the loss in altitude was 

sufficiently small at altitudes well above 100 miles. 	In the first 

place, due to the extremely low Reynold's numbers encountered at high 

altitudes, the dreg must be evaluated by unconventional methods, Second-

ly, the assumrtion of en isotherrnal atmosphere can carry with it large 

errors. 

4 
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For these reasons, e nore comprenensive study was underteken 

re-e7eluetion of the dram coefficients, booed on the principles of the 

kinetic theory of gases wee rn and is presented in ,.ppendix D. The 

revised dreg coefficients were found to be considerebly hieter. This 

increese is seen to be reesoneeie :hen the known variations with .reynolds 

number are taken into eccount. In te'ej.ition, e search of the literature 

was node in order to arrive at better estieetes of the deneity of the 

atmosehere. The results of this study are presentee in ;,peendix 	The 

follovine, tcble sums up the corrections to the above method which. cen ee 

made. 

Altitude, miles 	 0 	100 	200 	300 	 400 

Temperature, dee. 
Rene:the 	519 	906 	1670 	774 	671 

viscosity,lb.sec./ 
sq. ft. 

2 
P, density, lb. sec./ 

ft 

V, orbital speed, 
fps 	25,900 

V. qp/po, indicted 
speed,frs 25,900 

N. Reynolds no. 

no. 

o -,efficient ,n, 	. . 

Dree, lbs. 

LR, dee: 	 ft. 

tine to drop 
to enrt:. 	 0 

beV,-)re 
to 	 0 

:)f,:rore GrOjjan . ; 
to eerte 

TiQ t- j,r;:).0 to oereh 

• C 

t 	 ' 	 • 

3.7+1,57  

,.0103  
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The viscosity data were obtained, as functions of temperature, from 

McAdams, Heat Transmission, Second Edition, p. 411, and Durand, Aerodynamic 

Theory, Vol. 6, p. 227. Using these data, it is found that AR is grossly 

different than was calculated by the first, erroneous, set of assumptions. 

The primary cause of the large difference between the two calcUlations 

is the difference between the isothermal and the actual atmosphere. The 

large temperatures existing at great altitudes causes the density to drop 

off much more slowly then would have been predicted by using lower temp-

eratures. The following table, for example, shows the actual and isothermal 

(500°R) values. 

ALTITUDE 	 p (D3 500°R) 	p(AGTUAL) 

100 mi. 	 4.8 x 1612 	1.07 
x 1510 

25  x  16 200 mi. 	 2.3 1.7 x 1613  

These differences are the direct result of the type of temperature veria-

tion assumed in each case.  It will be noticed that the revised values 

shown in the table indicate that a vehicle starting in an orbit at an 

altitude of 200 miles would remain aloft about 3 weeks. however, when 

the accuracies of the assumption underlying these calculations are examined 

critically, particularly the values of density in the upper atmosphere, 

it is found that the duration figures may yet be in error by a factor of 
r- 

1000. For this reason an additional line is included in the table showing 

the lower' limit believed possible for the duration. Confronted by our 

present state of ignorance, one can only conclude that the minimum initial 

altitude for a satellite should be 200 miles while the recommended altitude 

would be between 300 and 400 miles. 
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n imrorta:it u3timate goal for any vehimde must be that of carry-

ing human heinrs with safety. One 6rstaclo which seems to stand in 

the way in the rresent case is the great ener.7.y stored in the vehicle, 

a part of which serves to neat the vehicle on descendinc into the 

lower atmosphere. The study which follows is an attest to show the 

feasibility of lowering the craft without destroying it by fire, so 

that a safe landinc can be made on the surface of the earth. 

Landin introuuces primarily c problem of dissipation of the 

tremendous energy stored in the vehicle by virtue of its speed. If 

all of this enery, for examsle, were to be converted to sensible 

heat of the vehicle, the tomr.erature would be increased by 

1 W 2 

/ 
2-7 V 

11 	 
cWJ 

where: 

• = vehicle weight, lbs. 

g = acceleration of gravity, ft./sec./sec. 

V = vehicle Bleed, ft./sec. 

c = specific heat of vehicle, BTU/11./°F. 

J = 778 ft. lbs./BTU 

choosing g 	32.2, V = 26,000, c = .12, lads to 2T = 112,000 °F. 

The time reuirPd to radiate all this energy into space can be esti- 

mated as follows: 

1 
— V 

iLt = 2 v 

where: 

• = Stefan-Boltzmann constant, BTU/sq. ft./hr./(
0
F.)

4 

C = emissivity 

T = vehicle te:.::—rEiture, °H. 

• = vehicle surface area, sq. f
-e 

t. 

choosing c = .17 m 10 , e - 1.0, and — = 95, ':: .2 1150, leads to 

Gt T
4 = .940 r 1C;

14. If the vehicle is allowed to radiate at eJ 

(1)  

cle T&.tJ 
(2)  
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high a temperature as 1000°R., then 94 hours .could bo required for 

the necessary removal of heat ener6y. The burnin1; of ;.:.eteors as . 

they enter the earth's atmosphere is a strikinL; example of the type 

of phenomenon which might be expected. 

Actually the dissipation times will be only a small fraction 

of that computed above because 4 large portion of this energy is 

left behind the vehicle in the form of heat in the wake. The re-

mainder is radiated from the surface., is stored in the vehicle as 

heat, or is retained as kinetic energy to be dissipated during the 

landing run on the ground. 	deal here only with that energy 

which is fed into the vehicle as :.eat, and which must be radiated 

 

 

 

 

back into space. 

 

 

The solution to the problem nut conle frola a method of con- 

'trolling; the trajectory durin7, the landin7 17,1ide so that the heat 

input can be dissipated at a tenporature sufficiently low to pre-

vent damage to the vehicle. such control of the Glide path must 

be accomplished by aerodynanical 	 that lifting 

surfaces must be provided to prevent the vehicle from entering the 

denser region of the atmosphere too rapidly. The trajectory will 

now be invest u::,ted by studyinb. the heat 2low alunce. 

The heat input from tI,e boundary layer of a cone is 

 

ao -3-t -s- 	h Ts ) (3) 
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	ow, 

where: 

' heat energy, BTU 

t = time, sec.. 

S = surface area, sc.ft. 

H = heat transfer coefficient, BTU/°F./sq:ft./sec. 

T
1231, 

 = boundary layer temperature 

Ts 
= vehicle surface temperature 

The heat transfer coefficient has been shei.m to be 

H . .0224 -* 
(vx)0.8 3 2./3 	

(4) 

in which 

heat conductivity of air at the temperature Tom, 

BTU/sec/ft/
o,„ 
 

2 - cone length, ft. 

V = velocity'of vehicle, ft/sec. 

=PIP 

la , viscosityof airtemperature_lb.sec/Sq.ft. 

p = density of air at teml:erature 	slujs/cu.ft. 

= total cone angle, rad. 

The work Lich follows will be much simplified by the arbitrary 

assumption that the exponent of-the Reynolds number be chan;:;ed from 

0.8 to 1.0. (4) then becomes 

H 	
1/ 

cep 	 (5) 

where: 
07, 

= specific heat o1 air Lci. constarlt nresdure ,e-7/1,12/ 
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H .0045 pV  

(6) can now be combined with (3), yielding 

. .0045 pVS(TBI, - Ts) at 

(8)  T = T
h
(1 +

2
) 

mater 12 

The group X/c u is the reciprocal of. the Prandtl number, and 

is approximately constant. Using 0.7 for cp
u/X,, 0.24 for c

' 
 and 

P 

fcaY,), we find 

Now it is well-known that the stagnation temperature is related to 

the Bach number by the relation 

Here we use Th 
for the ambient air temperature. Experience based 

on German wind tunnel results has shon that the boundary. layer 

temperature is somewhat less than the stagnation ter..,perature, so we 

can write 

T 	= Th
(1 + . ,...,..4 ) 

	

,72% 	 (9) 
B1, 

This relation, combined. with (7) ViVe3 the final expression for the 

rate of- heat input. 

aQ, .0045 pVS (Th  + .182Th  - Ts) at  =  

The effect of the sun is not important here, as is shown by com-

parison to the flight of meteors, which become very hot only on 

passing through a gaseous atmosphere. 

(io ) 
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For the heat output, we have the famili9r radiation e(]nation, 

of , 	4 eon 
at 

= emissivity 

a = Stefan-Boltzmann constant 

PAGE: __146._ 

MODEL- wio33  
PREPARED 	 _____ DOUGLAS AIRCRAFT COMPANY, 1 NC. 

GAM 	
Eav 2, 1946 
	

PLANT 

TITLE, 	
1).J1G::: CY a,TLLLITE Va:LICLE 	• 	• 	- 

Now we shall define a special trajectory of descent, one in 

which a constant temperature of the vehicle is maintained. That 

assumption implies, as is shown by reference to equation (11), that 

a fixed rate of haat transfer is characteristic of this trajectory. 

This fixed rate of heat output must be matched by an equal heat in- - 

put by proper choice of speed at each altitude in order tlat the 

skin temperature not change. The analytical expression of this 

trajectory is obtained by equating (10) and (11) 

.0045 pV (Tb  + .181 ,12Th  - Ts) = F OT 4 
	

(12) 

For any given temperature of the vehicle, (12) defines a unique 

speed for each altitude. Curves chow ine these /71ide paths for 

several vehicle temperatures are on figure 1. 

There are several important results to he ebteined.from fi6ere 

1 . First of all, since the contours of fied 	teperat!.lre 

are essentially horizontal, no serious heatin ailc to friction Bill 

be encountered above the 70 mile level, at least for speeds in the 

general order of 25,000 feet per second. Second, at heights below- 
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7C rlilos, the to.::.creturo rio Nry J 	values, unius the 

speed is r•: i 	cia. ion. 	ith the roductio:. in Altitude. To ne 	a 

uccoar.ful Jhu therefore, it is necessary to be a'ole to control 

the speed. ;:c h:al assume, then, that wihz,s of smell size will be 

used for 3:,eed cohtrol 	descent, al.d for ual:in„; laAings. 

It is in?ortaht to notice at this point that once sufficient lift 

is providod to control the sreed, the effect of hir-fh dra is to 

reduce the tine of descent. Arrarr:c::ents with poor V1uCs of 

lift drar! ratio ore net, for that reason, out of order here. 

The question arises as to just .;hat size winE7, is required. 

The answer to this cuestior 	 considerin:: the vertical 

forces actin, if wins are used to slo::. doyin bolu orbital 

speedo, then u lift on the wino uust be developed which is equal 

to the difference between weij:t and centrifuel force. 

L (1/)0 — 
	V2 	

(13) 

where: 

L = lift 

S 

• = nadiJ.s of oltit ; Eirt.111.: radius 

= vehicle eicht 

p = derLty 	at:=Lere 

V = vehicle speed 

C
L 
= lift ceefficic.ht 

• = acceleration of ;',.ru-v: 	_ ft/sec. 

. PLANT MODEL' 
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The parameter 05 can roadil7 1e c:vmuted o. for 6:_10h of the tra- 

jectories of fiure 1 . 	e results of these calcuitions are 

civon in flare 2 . Luxinum values of CL  'sa function of skin 

ter:lerature ..reriven in fis7ure 3 . The vekicle weint .;;Las taken 

to be 000 lbs. fea:' those culculntiors. 

in additional consideration 	must be tuon into account 

is the landjnf.; speed. hero C75 is a function of the desired land-

in: s-nood accordin to 

1 
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LS = 

pV 

For u.lendin at se:2, level, the 	ndin:: speeds correspondi 	to 

several values of CLS  have been noted in fi;-;ure 3. 

Inspection of fi;:ure 3 shms that win::; ureas compatible vdth 

reasonable shin tow2p,-2ratures and modest landin7, speeds are possible 

of acilievomont. For ei:eqple, a landi14: speed of 100 mph, a maxi- 

mum temperature of 300°F., 	 f-.r only a brief section of 

the :71ide path) are consistent ';iith a 	arca of 30 s.ft., 

(for C = 1.0) even if body lift is ichored. This cor.rosponds to 

a 27 lb. win::; 

It can be concluded as a result of this study that it u.:,,pe:;.rs 

possible to ;:lide e space vehicle don to a landin on the eurth's 

surface without destruction by fire or fron crash landin:,. This 

turves rise to a hope of ::,tto:JPtin; 	fli::,hts in nn carryin 

craft. 

.-?:?e.TP40mw7=p 
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The ascant to altitade diffep2 	ti .,) de.aeat in one iAport- 

arlt '1;ay. The clil sarts at :err) -iolocity so that the reior: of 

hi0.1 deLsities 	r:assed tLr,.:h i:.efore reat speedr; are built up. 

In the dascoPt on the ether haLd, the roiono of-hi,ji density Lad 

of 1lh heat trar.7,fer coefficielA are traversed at vary hit.;11 speed. 

This fact rakes for E,..71all cair o in temperature durin:, tie clinb. 

For a slzin thichnoso in the order of 0.1 inches, 8 temperature rise 

of less than one hundred de6rees Fahrenheit has been computed. 
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A consileeuble a ount of study has been devoted to the design of 

a practice, satellite -0ehicle bused upon the principles outlinei in the 

procedieg cl'aotera. Two elternatives have been considered, one a four 

stage rocket fueled wit alcohol, the other a two stage rocket fueled 

with hydrogen. Of these the former is lighter, smaller and by far the 

more conservative in terms of research reluirements, safety and certainty. 

It will be described in some detail as to stages and technical components. 

The hydrogen vehicle is a much more speculative project, dependent on 

uncettain outcome of more ambitious and dangerous research projects. Its 

design espects are therefore only briefly outlined in the lest section 

of the present chapter for comparison. The three pictures sheen at the 

beginning of the present chapter will give an idea of what the vehicles 

and their components are expected to look like. A rough ;Light break-

down of the tuo projects is presented in Chapter 7. 

Shame and DI;---, noircn,:l. 	The snap will be that of a typical pro- 

jectile, having a 1-einted nose ani contoured el'iea which taper from a 

maximuA eidth aft of the nidnection to a minimum width at the base 

which is coep:itible with the motor exlt lieeeter and space requirements 

for jet-vane controls. The length will be of the order of 60 to 70 feet 

and diameter about 12 to 14 feet, giving a fineness ratio between 4:1 

and 6:1. Such a vehicle would have a density ratio, .029 pounis of 

loaded missile per cubic inch of volulee, coeparable to the German V-2 

ratio of approximately .020. This Indicates considerable progress 

411  

1-111  
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towards bettor utilisation of space. 

Stages. 	The vehicle will be divided into four stages, .the pri- 

mary or first stage being nicknamed "Grandma", the second stage "Mother", 

the third stage "Daughter", and the final satellite vehicle "Eaby". 

Baby will carry the payload and intelligence for all stages, in addition 

to its own fuel, pumps, motor and guidance, and will comprise between 

1/5 and 1/4 of the length of the total vehicle. Daughter and Mother 

will each carry only fuel, pumps, motors, and controls, being guided by 

Baby, and will be about the same length as Baby. Grandma. will comprise 

almost half the length of the total vehicle, and will also contain fuel, 

pumps, motor, and controls, being guided by Baby. 

Structure. From the standpoint of size and applied loads, this 

vehicle is not out of proportion to present day large airplanes of 50,000 

lb. gross and over, so it is believed entirely feasible to use airplane 

type of construction consisting of reinforced sheet metal. The possi-

bility of elevated temperatures existing on the surface will probably 

eliminate the use of aluminum alloys for skin covering and require the 

use of high strength stainless steal. Motor loads in any stage may be 

carried into the outer skin of that stage by a truncated cone diaphragm 

extending from the motor base to the outer skin. The thrust load of 

any stage can be transmitted into the next succeeding stage by pads on 

either the motor base or outer covering of the next stage. The base 

of Grandma must be amply reinforced to withstand the dead weight of the 

entire assembly when mounted vertically ready for launching. 
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Although all flight loads are essentiall:;  directly along the axis 

of the vehicle, some reinforcing may be required to account for handling 

loads while each unit is in a horizontel position. 

Tans 	In t'ee event that the oxidizer tank does not need to be 

insulated from the missile outer skin, the skin will serve as both tank 

shell and hiss le shell. If insulation becomes necessary, a double skin 

thickness will be required, thereby increeeing the length or diameter, 

or both, of the entire vehicle. The front diaphragm of the forward tank 

in each stage must be reinforced to withstand internal pressures created 

by excess of vapor pressure over outside air pressure at higher altitudes. 

Vhen liquid oxygen is used s an oxidizer, some form of insulation will 

probably be required bete-eon the two tanks. This will require a double 

diaphragn between the two tanks. All diaphragms can be of a near-ellip-

soidal shape to more nearly approach the optimum weight vs. volume ratio 

under the existing hydrostatic head. 

rotor. 	The motors are designed for liquid oxygen and alcohol as 

the propellants with a mixture ratio of 1.5 ( wt. of oxidizer/wt. of fuel.) 

The motor of the fourth stage is patterned after the li;ht weight type 

developed by'tlee Jet Propulsion Laboratory of C.I.T. The motors of 

1st, 2nd, and 3rd stages are patterned after the German throatless motor 

which was intended for later use in the 7-2 and Wasserfall. It consists 

primarily of the divergent section of the conventienal motor with a shcrt 

combustion section the same size as the throat added to the front. The 

injector is of completely new design which gave good combustion very 
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close to the face of the injector. With but a very small penalty in 

gas velocity this new type of combustion chamber was adopted in the de- 

sign of the motors for Stages 1, 2 and 3. 

All the motors are regeneratively ccoled with the Alcohol being 

used as the cooling medium. The Alcohol is brought to the exit section 

of the motor where it enters the cooling; coils for circulation around 

the motor. The Alcohol is then directed to the injector head for in- 

jection into the combustion chamber. 

The nozzle expansion ratio (area of exit/area of throat) is ;,.0 

for the first stage and 20 for all succeeding stages. The nozzle is 

.shaped like a tell jar for rapid expansion near the throat and very 

little expansion near the exit. This will direct the jet flow straight 

to the rear and will permit the location of the jet rudder control in- 

side the nozzle exit. 

Ft_.. e,M. 	The fuel system is visioned as comprising a dual 

pump arrangement for delivering the fuel and oxidizer from the tanks to 

the motor through the necessary control and regulator valves. The fuel 

can be used as coolant for the motor by passing through coils arranged 

either helically or radially around the motor. Under this arrangement, 

both fuel and oxidizer punps would be mounted on a common shaft and so 

designed that proper mixing ratios would be maintained at all operating 

speeds. The pump shaft would be driven by a steam turbine. Past prac-

tice has been to use the action of a catalyst on hydrogen peroxide to 

generate steam for the turbine, The hydrogen. peroxide is delivered to 
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the steam generator by nitrogen gas under high pressure. 

In some cases it eight, to necessary to use multi-stage pumps to 

prevent cavitation, but all pug pe must be designed for extreme light 

weight by the use of 'hollow blades and other devices. They must also 

operate close to peak efficiency at design speed and at lower throttled 

speeds. The design of both turbine and pulps will be facilitated by 

the short duration of run. 

Various on-off valves must be provided to start each turbine pump 

at the proper tine, and some means of throttling to prevent excessive 

vehicle acceleration must be incorporated in these valves. A control 

valve operated by the motor cool:ell: must be included in the oxidizer 

line to prevent the oxidizer from prematurely reaching the motor and 

causing an eeplosion. 

Plumbing to the motor must be provided with expansion joints to 

prevent breekage of lines. 

Centeole. 	The control system of the missile corprises attitude 

and thrust controls for each stage and a comeon regulator system which 

governs the controls from a central brain station Iccated in the final 

Baby unit. The attitude control is effected by a cruciform array of 

four vanes mounted on radial shafts near the rim of the motor nozzle. 

They are tilted on radial shafts by servo motors so as to deflect the 

hot rocket gas jet. By symmetrical deflection pitching or yawing re-

action roments are developed. To create a rolling moment a cyclic 

differential deflection is •superimposed. Thrust is controlled by regu- 
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lating the fuel pumping speed and Lov-3rned by accelereters. 

The master reT,ulator in the "brain station" comprises an automatic 

pilot system based on a tri—axial reference gyroscope system and a 

tilting pro.9*all 7overnor which is des1;;ncd to follow a pre—set ascent 

trajectory calculated to enter the orbit emoothl?. A radio alti:wter 

as well as radio ,:./ide bean or remota corm-nand receivers are installed 

in the Baby  missile. Their outputs are mixed with those of the auto—

matic regulator so as to permit overridin7 the latter and applying 
• 

corrections for unforeseen disturbances. 

The Baby vehicle is further equipped vith siaall reaction motors' 

designd to exercise a moderate amount of control of orientation of 

the projectile when in the orbit. 

Telemeterin: and beacon eouipment will supplant the control 

system by maintainin transmission cf tracking and intelligence informa—

tion to the ::round director station. 

Accessories.  Among accessories carried on be missile are elec— 

tric power plants to supply electric 	 instru'rentation, 

regulators, and servos:stem; stag separation devices and thir controls; 

safety device::: to interloc':: varloJs 	 ar,plianc:es necessary. 

for fueling)  re„,d,lo; lnd testin ,  

Pvload.  'Ilia nose coneof the 7,abi vehicle is r(,,,;;rvej for 	e  

pezload and ,I.-Jant to house most of tYle 	C1i instront,ation w:Joh is 

to o carriea on the jourbey to secure infDr-ntion 	bred there. The 

a,- 'load cone dimensions as no,, visualised are beit 3 ft,. ditor of 

the bulged base, and 7 it. ler ;th. it heus-Is Aat 20 cu. it.; 500 lbs. 
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are alotted to its content as , ayload rv-or:r. some of the i7aylca.i 

items nay ortioKz.allL,7 be a.cco-woad in the .annilar space around the 

thrust mot'zr of.  the Tiaby vehicle. 

Operation. The operational procedure in 1aunchin3* a satellite 

missile is visualized essentially in the followins,  :fanner: All parts 

of the vehicle after havin been proof tested arc broil:7;t to the 

launching site Where -  a base with a blast apron and suitable scaffold 

have been installed. !ere the complete vehicle is asecilbled upon 4 

launching stand by proressively hoistin:;.tlie lesser stages on top of. 

the larger ones. L11 s,,,stelas are checked as each stkze is completed. 

next all containers are filled from bottom to top and eventuall; topped 

off, and the hoist moved away to clear. In the meantime all :round 

observation stations are placed, manned and ,lamed. Actual firin:; 

is trizgered remotely from a protected control station acoordinT, to 

pre—;:xraned schedule. 

b-droe.a Alternative. The alternAtIve nroj:.:ct n a hydro .;en 

fneled vehicle PA3 shov'n in an f,,-.:ploded vie: in !,:lo'last of the three 

picturez.shedin-: 	
cliffer :rom the alcohol 

f.lcd 'nin t 	it .;.•), di he much .HTyer, tat it, o.Jci be 

tlt!o—stae affair 	ti:at elaborate preutions a]ainst tie U.aner6 of 

hydro7,on leakae and evaporation would 	to be taken. This is 

indicated in th picture b'y shrnda; adou'(;le v:-al around the liquid 

hydro:en tank. 	hA'cir the ov.7en would 
eventully be carried above 

the hydrozon as shown or rath,:r below it wold have to be LeciJod 2.fter 

research will have clarified the conflict 1:etueen advantazes 	die— 
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f.lel cannot tR,-; foreser..in 	well 	thr.,se of the al— 

cohol 
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Throughout the present design study of a satellite vehicle, it has 

been acnu?ied that it -:could be used primarily as an uninhabited scientific 

laboratory. Later developments could alter its capabilities for use as 

an instrument of warfare. 

However, it must be confessed that in the back of many of the minds 

of the men working on this study the lingered the hope that our impartial 

engineering, analysis would bring forth a vehicle not unsuited to human 

transportation. 

It was of course realized that 500 lbs. and 20 cubic foot were in-

sufficient allotment for a man who was to spend many days in the vehicle. 

However, these values werc sufficient to rive assurance that livable 

accomaiation could be provided on some future vehicle. 

The first Question to be considered in dotermining the possibility 

of building a man carrying vehicle is whether prohibitivoly hiF,h accelera-

tions can be avoided during the ascent. The V-2 gave hope that this was 

possible. Our on studies have likewise shown that the cr;:T_impi accelera-

tions do not exceed about 6.5r. A man can withstand such acceleration 

for the periods of time involved (several minutes) if he' is properly 

supported with his trunk lying ner:m1 to the direction of the accelera-

tion. In Chapter 8, it w111 be rome;,..bored, the analysis showed that the 

performance could be improved a snail 3::lount by throttling each rocket 

motor during the latter portion of its burnine period in order to reduce 

the structural loads. Under these conditions, the maximum accelerations 

could be profitably reduced to about 4 	All these findings confirm 
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that a,,ccht offers no insur!-Jountable obstacle to the construction of an 

inhabited satellite vnicle. 

Next 7:e considor t'71e efety and wal.farc of the maln after the vehicle 

has been establIshei on the orbit. Popular fiction ;:riters 17:ave devoted 
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consieorabla theucht end incenuity to :ears of furnishim-  him -,ith air, 

food and 7,,ater. n.c noot in;enioes cf these solutions is that of the 

balanced vivariar', in hich plants nd '1E:7 completely su-ply each others 

needs. Lenvinj th.2se proble-is to the Inventors, we ask ou.selves the 

ent-,ineerin;_: queLtions of ;.hether no can provide livable tempc-atures and 

e reasonable protection E.rain:st z.eteors. In Ch-:pter 11 1,e have seen that 

the answers are tc:tathn17 in the affirnr.tive. 

LaFtly we consider tn problem of safely returnin the vehicle's 

inhabitant to the sl.-_,-face of the (arth. In 3hapter 12, ve have seen that, 

with reason:1)1e 	winm ,/a can control the descent sufficiently to 

avoid dannerously high temperatures. These sane winf.s are adequate to 

acconnlish the final landina on the ,.;artn'o eurrace. 

Tne auove thou,-,Lts are far fron fir-el answers on this problem. 

1:owever, they do r-ive a note of c-frIrance that the '-one of an inhabited 

satellite is not futile. 

vrt 	• " 

44, 

— 	, 
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st'idL-  presented in 	report Las indicated it is 

extreFloly ir.nertant that at leant six rontLp, additional research and 

preliminary deaf .n work be done on this project before any definite 

design and baildinG pro,:xam be established. It is possible by doing 

this that a three to five year pro, :ra could be plair.ed vihich would 

take into consideration the teehnoloical advances expected durinc, 

this period so that obsolescence would not overtt:!ko the development. 

	

The above statement and those 	follow i n the sections on 

Pro,7ran and Coot, are based on the reire7-lorts for the ulcohol-

=yLon roc'r:et units, and not on the hydro[;en-oy:yjr:on alternate. Esti- 

	

mates on the hydre6en-oxr;en units 	 i.m7)ossible at this 

time due to the i_o-inon factors in the use of liquid hyrocen. 



pnePARED ay; • 13. K1,0 97.9.r___ DOUGLAS A RCRA FT COM PA NY, INC. PAGV 
	

214  

46 
	

WICA  . __PLANT 
	MODEL: 

TITLE,..___=13:17:1ELD1:51.1:-:10 	A7LLITE 71c. 
ZMUMEICOMMUSOMMIRMWSICW2ZERZWailMi=2111E61101:320g,  

Chapter 	5  

Program of BtildIng and. T3sting. 	In view of the complexity of 

the job and the increase of its magnitude with the transition to larger 

launching stages, which for brevity's sake will be referred to as Baby, 

Daughter, Mother and Grandeothor, it will be desirable not to tackle 

all stages at once but rather to progress from the smaller to the larger 

in sequence in order to reap the full benefit of experience gained as 

the job moves along. At present the extrapolation from prototype to 

,unprecedently large mother stages can, by the very nature of such a pro- 

cess, only be delicate and groping. The actual size of the real article 

sensitively depends on relatively small changes in technological assump-

tions. This apparent uncertainty will disappear as successive tests of 

the lesser stage units will supply the information upon which the design 

of the larger ones can be solidly based. The smallest baby and daughter 

stages however are of conventional dimensions well within existing prac-

tice and experience, so their design can well be immediately begun to-

gether in order to accelerate solution of the birth-aloft problem which 

is the most drastic innovation over the existing practices. The manu-

facturing program will be overlapping as dictated by the testing program. 

It is anticipated that more of the smaller stage units will be built 

than of the larger; and that the stages will be tested individually and 

also in combination. Flight testing of any torso part of the entire 

4 stage aggregate requires some provision of fairing, otherwise the high 

air resistance in the lower atmosphere is likely'to seriously impair the 

behavior of the missile. This difficulty is proposed to be overcome by 



Chapter 

Number of flight tests 12 8 	4 	4 	4 	4 	2 	3 	3 

Combination 	 B Db DB hid MDb MDB Gm GMd GMDB 
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firing the smalle: stage units with faired after bodies and the larger stage 

units with dummy heals. An estimate of the number of units to be built 

and the various combinations of the four stages proposed to be tested is 

ventured in the following tables in which capital letters indicate "live" 

propelled specimens, small letters unpowered dummy specimens. 

live dummy 
Grandmother 

Mother 

Daughter 

Baby 

3 G 

13 M 

23 D 

23 B 

1 g 

2 m 

7 d 

12 b 

A dummy specimen of each may have to be devoted to static tests. 

The DB and MDb and especially the MDB tests will offer opportunities of 

carrying telemetering instrumentation aloft which should furnish some 

of the data needed in the final phase of the project. Incidentally, the 

MDB aggregate may have immediate applications as a long range missile or 

weapon. The last item of the list, GMDB represents the firing of the final 

article from an equatorial location into the orbit. All preceding tests 

except. perhaps MDB are expected to be made on domestic proving grounds 

with suitably expanded range facilities. The magnitude of this construc-

tion and test program is of the order of about 100 V2's, on the basis of 

corresponding gross weight. 

• •'"",  
i. 



4 

PAGE: 216 

MODEL: _ #1033 

' REPORT No.  SY-11727 

PREPARED BY 	 DOUGLAS AIRCRAFT COMPANY, INC. 
DATE; _ 	

 May2, 1946_ 	 .S=A rolIcA 	_....PLANT 

• TITLE, 	______FIL=.1,11.=_.1.1.2;;17: ue_ SAT.:;711:::.. V.:'..:II,Cr...:;._ ___ 	._ 	_ 
5 

 
awaVazteloweamagrauttadampeae mrittmc2srmatzeragrastaxvntaslcsw aworwormurrovrawataasteastaumwatem 

Facilities  rcguired. 	This progran is much more in the nature of 

an axerj.mental enterprise than a production job. It is therefore im-

perative that Development, Design, Procurement, Logistics, and Testing 

be closely coordinated so as to form a continuous loop. 

The engineering staff will comprise a large part of the personnel 

engaged in the project. It will consist of aircraft and rocket power 

plant engineers, instrument and automatic control experts, and specialists 

in the sciences and arts of radio, radar, telemetry, trajectory survey, 

artillery and flight testing. 

The manufacturing facilities required will be in the nature of the 

experimental shop of a large aircraft factory. As there will be little 

need for quantity production methods, tooling may be best devised by jig-

ging and in many respects by improvisation and adaptation. Provision for 

static tests of the structures and best provided at the manufacturing 	41_ 

plant; static firing test facilities for the rocket engines in existence 

and under construction will suffice to take care of baby, daughter and 

mother stages. A suitable test stand to run the grandmother motor would 

still have to be created. The mother and grandmother units are probably 

too big to be transperted to the flight test site in assembled condition. 

Provisions for part assembly shipment and reassembly at the test site 

will have to be made for them. This will comprise elaborate cranes, and 

scaffold there. 

The operation of the baby and daughter can presumably be handled at 

an existing' ordnance test range such as White Sands, N.M. with facilities 
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now available there. Apparatus necessary to handle the mother stage 

which is about as big as two V2's can undoubtedly be developed in stride. 

When it comes to Grandmother whicl' are of tne order of 10 V2is each as far as 

weight and fuel is concerned, a new problem will arise and the question of 

whether this phase of the program should be considered at an inland firing 

range or located elsewhere, be it at the seashore or 

bit emplacement site remains to be investigated. 

at the equatorial or- 

Shop and field facilities for local erection, assembly, fueling, equip- 
s 

ment testing, and observation may have to be largely duplicated at the 

equatorial site. The delivery and storage of fuel and liquid oxygen at 

the equatorial site may become, zable enterprise. It may wind up with 

the establishment of a local oxygen liquefaction plant either land based 

at the site or shipborne on one of the vessels which will have to be as- 

signed to the entire nroject. 

Since the experimental orbit missile emplacement will have to be chosen 

within 1 or 2 degrees of latitude, only the followirg locations are geo- 

graphically eligible: Ecuador, N.N. Coast of Brazil around the Amazon 

delta, French African Congo Coast; Kenya Colony in Central East Africa; 

Straight Settlements and Singapore, Borneo, Celebes, and finally any of 

the numerous equatorial Pacific islands between Halir.ahera and Howland or 

Baker. Of these Ecuador and. Kenya offer possibilities of accessible moun-

tain sites. Politically, however, ±t weell be preferable to stay in 

American controlled territory. For reasons of radio altimetry a site 

near an East coast is desirable. Islands for several hundred miles east 

• 
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• • 
of the emplaceent site are desirable as fixed observation stations. Most • 

of these consi,71erations point to the archipeltrgo north of New Guinea as 

the logical regia iii which to look for islands on which utiliable war 

installations may be available. Adequate living facilities for the staffs 

and crews will have to be found or provided. at the emplacement site. Rapid 

communication and transportation facilities between the site and the project 

headquarters will be a necessity. For the orbital observation and tele-

metering some 20 to 50 stations may have to be installed or positioned in 

a belt around thecquator, across the Pacific Ocean, Ecuador, Brazil, At-

lantic Oce4n, French Congo, Kenya, Indian Ocean and Valaya. All these sta-

tions may have to be linked with each other and/or a central director sta-

tion by a rapid communication system if continuous tracking and telemeter-

ing of the satellite missile is to be maintained, and particularly if its 

return to earth is to be guided. 

• ̀-'-'",=‘:•:±111 0 
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'4,64 

C 	 '14) 

Esti- . ate of Co.st 	In order to obtain an estinotte of the cost 

of this 7roject, the folio.. in:; 	 Jere 

(a) ll develophnent i 	 aad foLrieation on 

the basic vehicle i7 ,7,usntitios outlined in the 

section Pro:ran for 2uildin-A and Testin;, 02ti-

mated in accordance witb standard practices in 

the aircraft industry  	;;;50,000,000 

(b) All development, en:;ineerin, and construction 

on the folloJin:.; items, arbitrarily assuminc; 

to be eull to the work done um-ler (a) above: 

po.:cr plant, propellant 7J.Mr.,3, turbines, 

controls 	. • . . 	50,000,000 

(c) All developert, ennineerin, and constructioh 

on the followin7;; items; instrunentation (say-

load), establishment of special launching facil-

ities, transportation and analycis of test data 

assured to cost  	• 	50,000,000 

Total Cost of Project 	:s.a50,000,000 

It should be esnthasized that this estimte is veri row.,h, was 

hurriedly prepared and is without benefit of any eanerience or act-

uarial records in this new field. It is possible that aue to the 

larce 7olume of fuel tank in this vehicle as compared to standard 

aircraft, this cost estLrtate is conservative; however, the unknown 

difficulties which arise in any new field of endeavor would indicate 

the need of a conservative estimate. One of the important phases of 

114 	 . 	mtie 
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RESEMCH AT,17.1. 	•T ;CJC .•:- )il:l r 

At present suffizieht bacKyound exists to allow preliminary 

studies to begin thenever a decision to proceed is reached. Aowever, a 

vigorous research :° o. mist also be started at once because many data 

have to be establis'ned and estimates verified or iraproved in order to 

avoid unnecessary sacrifices of perfornance. This research progc,:n rlay 

be divided into several branches of science: 

Theory of Structural 	 — The en3ineerin:,  steps -.;nich lead 

from es'tabliphcd nrototype structures to _:rotlY etaared units are based 

on certain mecha.nic1 concepts of critical desi:n requirements for various 

parts that perform definite functions. Noa.Fver, no part can be ideally 

desi;ned for just one function alone; they overlilp. In. order to tal:.e 

full advantae of bast eperienoe it will be necessary to undertL.I'ze 
a 

careful analysis a:A wA;qt brea.;;.domi of sundry past and prepontly pro—

dressing hih ltitu,le or long ran missile projects, in order to ascor—

tain just e_'.octly to iat specifications th:i r essential carts are de— 

si.j:ned and k;hy. such analyses of larzer 
	

a thro-:T 	on the de:r_le 

to which concessions in si;pe, in ILLrgins of safety, in allowances for 

technolo 	z, -Id 	c -1 exi:ec.c Les she Ali be ;mde, 

Structurza 	J1'1 — It, suc iu curt iu 1;i:A e;:tE 
nsive lar,esti TAI; on 

of the properties of (1;iteriais will be re4uired, especially the meri:as 

to. be used for the t:Ahk 	his, and _73ttons. The possibilit; of 

using fabric ba ss ieserves consideration. Mitnble scalin and inculati
-L 

rilaterials 1.Lust be used .hich L,t the sa!:,e tAno rovout 

flel and liquid e:;:7- on. 

I ea:-:a2eofU.e 
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Tans — Since rfuch repends upon tne 	efficincy of ti';-n design 

of the large fuel and oy7,en tank, a sarl'us investigation into the merits 

of competing tant: desi7ns is indic.ted. :Anse practical manufacturin:t 

insulating, rlumbin.,  and other technical considerations. enter into the. 

problem, research -vd11 have to go hand in hind Ath 	towards 

the most advantaeous Compromise between the various conflictin:; re:aire—

ments. Special .,).e'Clods 1;lay have to be develoix.d to test specinen struc—

tures under simulated acceleration loads. 

5122e2222.2. 122 — ;Jeans to separate smoothly the subsequent stake 

units when the 'booster unit fuel is exhausted, rill have to be developed 

on the basis of extensive research into the various techniques previously 

tried and proposed, or yet to be evolved. These studies may include e(7- 

perimental work with reduced and full size dunmus missiles prior to %poll-

-
cation to the full—fled;:ed test rounds. eroblems of accurate timing and 

of minimizing the pitch, yaw, and roll distH.rbances of the boosted unit 

will have to be solved. Inter—stage comalniction of automatic regulation 

and co=and signals and its harmless disContinuation upon stage seoration 

will also require res,iarch, development and experi:Aentation. 

-istics 	deslyfn 	 st.1-;e ". = -,rts 

of 	vehicle 	have 

of. erection 	:T3ne 

selui-)lies to test locit, 

and operatinj; proced,.?.ms 

must therefore bo 	 befol-e 
	 yacl.d:loth4:,r c 

coi:711,:tely designed. flo :7Ldical1.7 ne ,-,reation :,t; ,.is are-  1),31i,,vad 

'F174 r, • '• 
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necess:-Iry; those well developed in experir nt3i ircraft production 

should be reasonabli '`.'. _i-,,ble. 

Rocket Fuels  - ',7:,e reasons for coosin: Lijuid 91cy;en and Alcohol 0 

as the propellants have been explained in Chapter 6. There are, however, 

several other propella t combinations which have a hiji.ar specific LADalne. 

An extensive research pro ;ram should be initiated to &ain information on 

motor desisn criteria, store e and handlin,; ,:rob lens and the problem of 

le.::;istics of such flelc. Several propellant coAina ions which warrant 

immediate consideration are - 

(1) Liquid lydro:en t.nd Liquid. ON, :en 

(2) q7Hrnzine .rod Liquid Ox:rj:,en 

(3) .T.1:ethylamine and Liquid Oxyen 

(4) Liquid ,A,13-2.onia and Liquid Oxy_-,en 

(5) Tlydroboron 	Liquid 0:;;,,-,;en 

(6) ritromeS 	a monofucl) 

Ally of these after all intelsive reE rch 7v): 	eventually prove 

	

-co 	ion .Igen all ascto 
superior to te   

technical implicatiorls •re understood ;t:,Q -i
r hed. 

Rocket !iotors 	'oLor resenro 	ill 	to 
	directed tov,ar-,A73 

protrements in fuel 	
cha,a:)er shape, nc):1 

materials, iznitioa, 	press,are 	
Tnis research is exiy- cAd 

lead to reduction ,,;' - 1.7t and itr!-„-0,1so in reliability, prarfr:o 

and efficiency of ,,:Dtors. 77,ocket motor: 	tort,d 'n tat 	to 

equipl:red with el-j2.orate laboratory 	 724 safety -.Vic 

For the lan,est stae a t 	test it, F.:If. .soin those no.' existef:t 
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have to Ise est11:-.)1ed. 

Roc!:et Accessorie.i 	 fund....,, ,ient0.1 r5 ,;eilrch proble;qs are fore- 

seen to be involved in tiv,. f1,3aliiv, up of r1"::scat ':,- Irbinas and pumps to thr,:? 

sites necessary to fecd the larer stas, 21 pro;le'ls ;arise iitn the 

introduction of 	control for thrust throttlins,. 	pcsap will be 

called upon to operate nenr neah 	 froP:i fall speed down to about 

two-thirds soeed. 	bent to acc.o,Iplish th5.s will 4'1 v.:: to be determined 

by research. 	o extensive research into plu2lbinz, is i'..lmediately required, 

provided existinq standard fuels are used. iowever, if some new fuel: is 

contemplated, effect on requirement s for insulation, line sizes, valves, • 

pumps, etc., roist be investigated.  

Test, Stands  - The size and cost of the vehicle would preclude 

firing of test rounds L a free fli tat vehicle for the mere purpose of 

testi n7 operational features. Therefore, each cte:;e Lill have to be 

fired in a vertical tcst stand for proof testis 	tent stand suitable 

to test ran the mother :.nd nrtical_?.rly the _;ran1L:other units will be 

eensiderabl bir than the Ceraan. V-2 test. stlnd. Its flame deflection 

n..1 cooling reriuirents -1111 be severe. The ,lovelob:rRnt of such a test 

stand with all its service e.9ip,o?nt 	 sile enterprise in 

if,.self and should 	5 rad9.aliy 	t,ot 	 Laid with the 

lesser dRu.-hter staves on suitably 	slLr ooerational test stands 

n.ouavailable. 1,mon7 thinn re 	
roasrn, 

be listed: the 1,-,rth 	 te • 	 ria,;n1tudv,,  of 

of the jet, in 	1.,2 of c(pntrols, 	 rost and' of 

the control forces, 'ncti'Dni.k of all puTi.,-1:1: ac.':Inry, etc. 
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Problems in as dynamics - A vehicle of the type discussed in this 

report will h-ve to travel through air varying - in density from sea level 

values of .0024 slugs per cubic foot to those of the order of 10
713 

at 

200 miles altitude. The atmospheric conditions encountered thus vary from 

the standard sea-level values to those of an extmaely rarefied gas.' The 

physical phenomena, consequently, vary considerably, and so, of course, 

do the methods of'evaluation. It is convenient to distinguish the regions 

encountered by the ratio of the characteristic length parameter of the 

body to the mean free path of the 3as molecules.. it is also convenient 

to introduce, in addition to some suitable dimension 2 of the vehicle, 

another length, the boundary layer thickness d' which in terms of the 

velocity U and the kinematic viscosity is related to / by 

r  Z. 	 (1) 

The quantityl) is found from elementary kinetics of gases as 

• ;,\,-) _A_ c 
	

(2) 

where C is the mean molecular velocity arid IL the mean free path. Follow-

irtg 	

.• • 

(1) Tsien we may now immediately indicate regimes of flow by comparing 

with 	aid 2 	. 

(a) < < 

(b)  

(c)  

( d ) A >> 

(1) 
Tsien: .5.',J.ipoSium on Iiigh 	4.err:dynonics. (Jai. inst. of Tech., 

IMareh 196. fUnnubl.!.si-ted) 	 , frr”7-'t- 
, 
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Region (a) is the real; of aerodynamics, in the usual sense. (b) is 

he region in which slip phenomena occur in the velocity distribution near 

a boundary. Temperature discontinuities also occur at the wall. Region 

(c) is the least understood case since in this region deviations from the 

'iaxwellian velocity distribution play a large part. (d) Is sometimes called 

the "Knudsen" region in which pure gas—kinetic methods apply. 

Speaking in more aerodynamical terms, it is possible to distinguish 

the four regions in terms of ?ach number. 71, and Feynolds number. R, where 

where a denotes the velocity cf sound. Then from equations (1) and (2) 

it follows that 

>< 

R 

and we therefore have 

A M  

dc 	i/f? 	 (3) 

A given problem, therefore, can be characterized by the :f:ean free path 

and boundary layer thickness, or by the :.rach number and the reynolds number. 

For example, orbital conditions at.100 ,miles altitude correspond to M 	17 

r„) 2 
and R r..-/ 60. Hence, .4L // d r—, 

 
	• and thus tilts problem is in the slip 

region. 

The research problems encountered in these various realms are briefly 
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listed in the follo7iin2; pararaphs. First th'e'CI:2,e of very larj,e mean • 

free path is discussed.. Then the problems of larger densities are Laken 

up. The problems of air resistance and hoat transfer in rarefi4id ,]-ases 

which are encountered in the present analysis diffdr from most problems of 

this kind previously stodiad. The former, soch as those related to the 

oil drop experiment, etc., concerned problems in 'anich the .an velocity 

was small compared , ith tie 'Molecular velocities. The problim here involves 

velocities which are large compared with the random molecular velocities. 

5ence the problem of momentum and energy transfer encountered here is 

similar to the interaction of a molecular beam of nearly uniform velocity 

and direction interacting with a solid surface. 

Experiment and theory are both not too well advanced in considerations 

of this type.. It seems hiqhly desirable to initiate a research program. 

This :cork should start with a :,;eneral review of what is already known, 

both experimentally and theoretically, and then proceed to fill the ,;.aps 

In theknowled,7e. Te mention a few assomptions -shich have not :fet been 

cor:tpletely substantiaed, we have: 

1. The reflection of molecules frool a oorface is generally assumed to be 

diffuse. The Joolcoales 	aosord to .love in rond..oa dlrections. 

4 	The dep:rtinL-; r:Plecul,-s are a.i:so!,o.1 to hiV9 ueloci.tios related to 

the temperature. of the wall b 	aos of an epirical r':-..ccao:lodation" 

coefficient A, :f121Ch varies between 7.,,ro aod ore. A = 0 corresponds 

to the case of elastic imo,ac , A -= 1 to 	case dicre the tempera— 

ture of the molecules of tne wall is equal to the 1411 temperature. 

Both of these assumptions affect directly the evaluation of drag and 

heat transfer. For 	 or .4o 	vo)citles a ,:Jo)lication 
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arises due to the fact that the molecules will riot le. vo Lhe wall, it 

will form, a surface 23_er. This effect cannot yet be considered in the 

calculations and further research is needed. 

Conditions at sor4ewhat hi. her densities are still more complicated. 

In rosimcs where the easi free path is comparable with the boundary layer 

thickness but not lnr;e, compared to the body dirysnsions, coaplications 

arise due to the fact that deviations from tie steady state hove to he 

considered. The necessary additional terms in the eeluations of motion due 

to the deviations from. a steady state can be calculated from the work of 

Chapman and Enskoz. Tsien has pointed oat that the additional terms in 

the f'aider-Stokes 	 involve third order differential quotients 

and hence a new bounjary condition has to be added. The exact form of this 

boundary condition is at present unknown. The formelation of such a con- 

dition.will amin involve knowled;:e of the interaction between.  the 	s  and 

the solid wall. 

The glsdynamical range appears t3 be 	best understood at present 

ald considerable re 	 is already under way. row problems related 

to desisns sich as the present oneare :for 	 non-stationary 

heat- transfer problez,s 11::ich have to 	consi 1: .•'l for ascent and landinr:. 

estions like the dr a_.: carve at 	values of 7, stability in p,assin-,  

tlirou:h the sonic velocity ete., are obviously of jreat if:.portance. IoW- - 

ever, there is little difference 	];asdynarAieal 7or„;0 between problems 

aris' -  . ordinary 	dosiq and probles of nc, 	of space 

vehicles. Cf course, detailed dem ._,n proble-s 	diffgr. 

It anould be eTphasi7ed here that aerotyhafr.ical Pes,nrch relat-A to 

a space vehicle will have ti) 	i 	e v im onli 	 ve 
' 
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in wind tunnels, both supersonic and hypersonic, but will also nave to US: 

many tools of modern experimental physics. The molecular oed, methods, 

for example, will be one of tue required tools. it is clear t':;at in many 

cases the research has to oe analytical and not e:Terintal. in low speed 

aerodynamical research the method of model tests simulatin actual fliz,ht 

conditions is extensively med. This type of test becoiLes -exceedinly 

difficult and in fact ixtpossible for vehicles travelling at zrat speeds. 

This is most easily seen in the following e2alkple. The ratio of stag-

nation temperature Td to free-stream temperature T for a body travellinj, 

at a ach number II is 
7; 	 z 

= I  + z 	) 
whore 

 

Hence for 	10 and 1r 	1.4, To/T a 21. To produce the nob nuiliber 10 in 

a wind tunnel, an adiabatic expansion process is used anu the temperature 

drops from the value To  in t-e sup:ply section to To/21 ih Lie test section. 

In free fli;ht, on tHe :thEr hand, the fi'ee-air 	 T Is ;iven, 

• and the temperature To 	21 T is ;:roducei by compretsion die to Lne fast 

moving vehicle. It is evidently vir7 difrcult indeed to 	both 

and T in the -And tunnel as comTrt:‘d 	 since chis ould 

a temperature in the Surr17 section of 	tunnel21 ti,).3 1;:irer • 

than the aMbient temperatqre in flint. 	esoareh must docowe .;Ibi•e 
anialy- 

and a close cooperr?.tion between exp,,,,rint and t:leor.y. 	:.1s.o be- 

tween aerodynamics and pnysics is an absolute 
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Aerology - Knowledge of the properties of the upper atnosphere above 

the stratosphere is expected to be greatly advanced during the present 

year as the V-2 firing program and the Hermes, Bumblebee, IiAC and Nike 

projects progress. Arrangements will have to be made to cooperate with 

these programs -towards securing eerie of the most important aerological 

data at an early stage. The factors of primary interest are: air 

temperature, atmospheric composition ionization, radiation and wind. As 

the satellite project itself develops, it will gradually furnish its own 

means of pushing exploration into the realm of higher altitude and speeds 

to determine the laws which govern the behavior of moving bodies there. 

Some of the incomplete missile agiTegates, 'notably the mother - daughter - 

baby stage test rounds when fired on ballestic trajectories over hundreds 

or a few thousand miles range should furnish excellent opportunities of 

penetrating those virgin regions. Suitable instrumentation with which 

these, and other test missiles can be equipped should be developed as the 

project gets under way. 

Jet Control Rudders.- The jet rudders for control of this vehicle 

while under thrust presents a major problem in that they will be required 

to stay in the jet about four times longer than any that have been used 

to date. The natural Graphite vanes on the German'V-2 lasted about 30 

seconds before erosion rendered then useless for control. It therefore 

will be necessary to enter into a research program to determine what 

material or combination of materials will be able to withstand the 

high gas velocities of the hot jet sufficiently long. A passable solution 

may be in the almost unexplored powdered metals end sintered ceramics. 

Another approach nay be to have a number of vanes set at a given angl 

to the jet exhaust and us control is reenired the vanes feed into the jet. 
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As the vanes erode away the control would feed more and more of the vanes 

into the jet. The solution of the problem lies at the end of a research 

program. 

Servo System - A considerable Lumunt of research will have to be di-

rected towards the development of a suitable servo motor system to actuate 

the jot vane. For instance, the relative merits of electric, pneuraitio, 

hydraulic systems have to be investigated for each stage. leans to 

balance the vanes in order to keep their torque and power demands in 

bounds will have to be studied. 

The control of the servo motors by neans of an automatic program 

pilot system, its stability and freedom from undesirable hunting will cone 

in for extensive research and development. It will require gyroscopic and 

accelerometric response elements which•thenselves will have to be speciall:, 

developed even though their fundamental principles have already been 

successful in the V-2 missile. To these will be .added a radio altimeter, 

the development of which will constitute a program beginning with research 

into the speoial functional requirement of such a device, when working at  

unprecedented altitudes and flight speeds-and furnishing input sii;ulls to 

an automatic control regulator. 

Guide Beam and Command System.- Inasmuch as it is anticipated that 

provision will have to be made to signal corree-,:ive guide commands•to the 

missile to ensure its precise entry into the desired orbit,a good deal 

of research and experimentation with various competing guide bean and 

guide command systems must be instituted in. order to evolve a satisfactory 

technique for the satellite. Antenna system:; will have to he developed 

for the satellite missile in all y 3 8tanp.s. Restiarch will be diroct6J 

;72 



towards determining the most suitable wave lengths for communication with 

the missile and towards developing suitable tubes for them, if none are 

available!. Preliminary trials of proposed ground installations, as well 

as air borne .radio altimeters, corraand receivers and transponders, should 

be arranged in conjunction with other missile firing projects in progress, 

and subsequently, with test missiles specially adapted for this purpose. 

During the later stages such tests can undoubtedly be combined with 

flight tests of the daughter stages of the satellite project itself. The 

command system eventually charged with bringing the missile back to earth 

will also co7rstitute an object for research and development. The electric 

power supply for the missile borne electric equipment will also have to 

be developed' to suit the unusual conditions prevailing on the orbit in 

an environment without 'air and gravity. 

Simulator.- In order to ensure that the complex regulator loop system 

will work smoothly and without undesirable .hunting it seems imperative tha 

a -so-called si!ulator be built and operated over numerous test runs. Such 

simulators have proved theraselves invaluable in conjunction with many 

projects, viz Roc, .ion, Bumblebee, Hermes, Nike, V-2, .10X, Henschel, etc. 

The development of an electrical simulator for the satellite missile can 

be undertaken in such 	nner that it can be qui old:,  adapted to represent 

many varieties of control systems with different response characteristics, 

lags, coordination, overrides. etc. Tin representation will incluc-4,e the 

automatic control functions as well as the :)can commands when superimposed 

and it will be made to take care of t:Lo :gradual chani;es of missile weight, 

moment of inertia, aerodynamic reactions, thrust, etc. during each - . 

•simulated flight. 
41,gtto;.!;„77„ 
• ittar€4444---k!,  
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being considered for control of the missile's attitude or orientation with 

respect to its flight path, will require research and development to ensure 

that -they function as desired under the peculiar environment of the satelli 

and that their control is sufficiently forcible. Simulator techniques 

may also be helpful hero. 

Telemetry, Trajectory Survey and Communication. - Telemetry from 

guided missile to ground stations is still in it infancy. Great strides 

towards its realization are expected to be made as the presently active 

projects, notably the V-2 program, Hermes, Bumblebee, etc., progress. Clos 

coordination with these activities will he mandatory. Later on, special 

firing of some missiles for the benefit of the perfection of satellite 

telemetering systems may be indicated. The same is true of the evolution 

of trajectory survey by photo and trine-theodolite and radar tracking gear. 

Eventually the entire communication system, which will be required in the 

actual satellite operation, will have to be developed, tried out and 

practiced. The development of the instrumentation for the "payload" will 

require ._specialized research along the lines of the various branches of 

science to which the data to be measured belong, notably, meteorological 

instruments, cosmic ray and ionization measurements, temperature and 

pressure measurements, radiation measurements, spectroscopy, photography, 

television, etc). 

Digest of Existing Literature. - The scientists of many nations have 

written more or less technical or speculative articles on many objects per-

tinent to the satellite project. German scientists and engineers, in 

particular, have produced numerous reports covering almost every phase of 

their research and development work in conjunction with their missile pro-

jecte, several of vtiiich have been tech:ittlly radical advancements of the 
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art. These reports are physically 

hoWever, scattered between several agencies (Army Air Forces, Army 

Ordnance, Navy BuAer; Navy Ordnance and various-other institutes.) They 

are in the process of being indexed, screened, abstracted and microfilmed. 

Some few have been translated. Translations are being made by specialists 

scattered throughout the nation-wide galaxy of activities in the field 

of guided missiles. One of the urgent tasks of the research agency of the 

satellite project would be to scan this wealth of literature, gather copies 

of translations of significant reports now available or in progress, obtai 

microfilms of others and organize the translations of those that have an 

immediate bearing on the yet unsolved or uncertain problems of the satelli 

project'. In some instances it nay be possible to secure from the 

military authorities the assistance of German authors or specialists to 

expedite the jobs of translating or abstracting the material. 

Interrogations - In many instances discrepancies or conflicts appear 

in the literature between data, computations, theories and objectives of 

some phase or other of the German activities. Ad hoc questioning of German 

personnel held available in this country has already done much to clarify 

some of the problems involved. Even though these. people have been interro 

gated many times it seems that as the digest of the literature and thetran 

cript progresses and broadens, new questions arisecontinuously. It is 

therefore believed advisable to comprise in the research activities of the 

satellite project some set-up whereby discussions of such new questions 

can be quickly arranged between the German personnel and the American 

specialists on the problems. 

Coordination with other projects - As has already been mentioned 

PREPARED iffy 	.11(31.41)01:101_.- DOUGLAS AIRCRAFT COMPANY, INC. PAGE; 
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under various headings before, part of the necessary research activity 

will comprise close coordination with other high altitude and long range 

missile projects now actively being pressed forward in this country, and - 

if possible - abroad. 

Continuity - Some of the research problems are of a fundamental nature 

and have a Dearing on the first moves of the design staff. These will have 

to be tackled immediately. Others are directed towards results needed at 

various later stages of the program. These can be scheduled consecutively. 

A certain amount of overlap and continuity of research and development will 

therefore become necessary. Actually research and development will have to 

be continued to the very end of the project, the actual firing and naviga-

tion of the satellite missile is more a research task than a production 

job. 
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Chapter  17  

17. CMCLUSIOU 

In the preceding chapters, ye have critically examined the possibility 

of designing a r.,,,nmade satellite. This examination has been made within 

the strict limits of practical ongineering analysis. We have found that 

modern technology has advanced to a point where it now appears feasible 

to undertake the design of such a satellite. 

The magnitude of the task of establishing the first satellite vehicle 

in its orbit is impressively large. Howeverl  our analysis has shown that 

as experience is gained' in this new field, the reduction in the magnitude 

of the task will be equally impressive. 
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Appendix A 

A, TIE UTIM 

In evuluutinG the rerfoinance of a vary hi °.i: altitude vehicle, 

such as that described in this report, it becomes necessary to have 

values fcr the ipnysical properties of the upper atmosphere at ex-

treaely hig,h altitudes, which heretofore ware of little interest to 

the aeronautical en=7;ineer. Conditions in these high altitude rezions 

have received some attention, both theoretical and experimental, in 

the past 20 or 25 years by u relatively small number of invostiGators. 

honever, the present knowlede of the physical state of the upper 

atmosphere is far from complete, and as will become apparent in the 

course of the discussion, at the hif_sh levels there is :suite some dif-

ferences of opinion as to what the conditions ere; at still hither 

levels there are practically no data or opinions available at all. 

In short, frit, nowlede of the atmosphere becomes more and more un-

certain and speculative with increasine:. altitude. The lenewledGe 

which is available concerning; the unser atmosphere is based essential-

ly on the results of observations of meteors, the spectrum and hei6ht 

of the aurora, the behavior of radio ;.avec, 	anamalous propaga- 

tion of sound, and the ionization of the atmosphere by solar radia-

tion. 

In general, worLers in the field appear to be in fair aGreement 

as to the atmospheric properties from sea level up to 60 miles alti- 

tude. above this eltitude the ;..t,orel 	and -,ree:.,ent is much less 

definite. It should be mentioned ,it t'is point that since all of 

TITLE- 

i 
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the values T,iv,.en in the litf-raturo ar,. based on the ..fatlric aystom, 

o , 
topera  ture in 	altitu:le in 	 values 	will be quoted 

here 	11 1,e in terms of the r,a.le :If:te-1. For tho convenience of 

the reader, tables 4 and 5 for conliertin valuen of temperature and 

altitude to the En7,1ish system, r and ft., are civen at the end of 

the text. The values finally adopted to represent the atmosphere 

will be presented in the el4:ineerin,; system of units. 

Since the pressure at any altitude depends on the vertical dis-

tribution of temperature, and since the donsity depends on both temp-

erature and pressure, it is evident that, of any of the atiosphoric 

properties, the temperature is the most fundamental and important one 

to be considered. The discussion 	follms is undertaken with 

this point in mind. 

For the purpose of discussion, the atmosphere is usually divid-

ed into three main regions. The atmosphere from sea level to about 

10 km. is referred to as the troposphere and that from 10 km. to 20.  

km. as the stratosphere. The region above 20 km., extendir4; outward 

to interplanetary space (or hoever far outward the atmosphere r.y be 

considered to extend) is referred to us, the upT)er :.tmosphere. As 

pointed out, by Pennderf
(1), measre ents of auroral heif;hts indicate 

the presence of atmosphere up to heihts of 1000-1200 km. The average 

(1) Pennderf, L.: Die Z,usaml,ensetzun der Luft in der hohen 
phare. Loteorologische .'eitschrift,yol. 55; 
p. 30, 1933. 
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Appendix A 

conditions in the troposphore and str-tosphore aro well known and 

fom the basic for the standard atmosphere used in aeronautics, as 

given by Diehl(2). 

The atmosphere above about 80 km. is strongly ionized and hence 

this region of the upper atuosphere from 30 km. outward is known as 

the ionosphere. The ionosphere is of fundamental importance in radio-

wave prppaation since it is cf;;ing to the reflection of these waves 

by the ionosphere that lone distance radio communication is possible. 

It seems to be estblished that the ionization, and therefore the 

conductivity of the ionosphere, is caused by the ultra-violet solar 

radiation. ',inether the particles responsible for the conductivity 

are ions or electrons has not been definitely established, especial-

ly for the lower levels of the ionosphere. A survey of the facts 

and theories of the ionosphere has been iven by Limno(3). 

The ionosphere itself is divided into three nuts regions or 

layers. According to Berkner(4) the lower of these regions known as 

(2) Diehl, .3.: Standard Atmosphere - Tables and Data.. FAA0A 
Technical .report :o. 	l92f; and 1940. 

(3) nimno, H.R.: The Physics of The Ionosphere, Reviews of 
Lodern 'Physics, vol. 9, ho. 1; jan., 1937. 

(4) Berkner, 	Physics of The Earth - VIII, Terrestrial 
Lar;netism and Electricity, 
p. 451, 1939. 
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. „ 
the E-re, ioe is medere;„ely loci: ed era j situatea in thc vicinity '- 

of the 100 k:":. 	The ne:c.t 	er layer, the F1
-reeien, is more 

stronely ionized f d is situated at about 210 km. Still 'licher and 

still more strongly ionized is the F2-layer at about 300 kn. 140Et 

of tte present knoeledee of the upper etmosphere is based on the 

study of these three reseions plus sone fiuxes enich have been de-

duced froe., neteor studies, the propasation of sound, and the spectrum 

of the aurora. 

Since the aie.1 of this study is to arrive at workine, values for 

a so-called standard upner atmosphere, the various data which are 

available, either exeerimental or theoretical, eill be presented and 

from theuvhet aeoear to be the meet reasonable deductions will serve 

as a basis for the final values to be adopted for use in the study of 

the performenco of the satellite vehicle. 

Gutenberce(5)  has recently giver: values for the atmosphere from 

sea level to 100 :.ea. '21:rise are presented here in Table 1, which has 

been copied from the paper by Guts suer.;. 

( 5 ) Gutenberg, B.. the aye 	Prot e rt le s , Pressure, errerature 
and Comeosition of the Upper Atmosphere. 
Aoronautiee.1 Eyeer,esilee. at the California Institute 
of Teehnoloev; Kereh 1946. 
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Hulbert,
(6) 

 another investigator in problers of the upper atmosphere, 

adopts the temperature distribution shown in Table 2 to represent the 

atmosphere up to 220 km,  

(Mary •-•41) 
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Table 2 

Temperature of the Day Atmosphere 
(Accordiag to Hulbert, Ref. 6) 

Altitude, km. 0 10 20 30 40 60 80 100 200 220 
Temperature, O 287 220 225 230 240 260 320 360 360 360 

Ma_y 2 1016 DATE•_ 
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REPORT NO 6.1,1 

Fig. 1 copied frcm a paper by Martyr and Pulley(7)also gives inform 

actual and tnferential, concerning the average vertical temperatnre 

disbribution. Above 100 km. it will be noticed that the temperature 

distribution has been extrapolated up to 300 km. as shown by the broken 

lines. 

Fig. 2, copied from the paper by Penndorf, loc.cit. :an equally 

reliable investigator, gives a somewhat different curve for the probable 

vertical temperature distribution above 100 km. The fact that Goetz(8) 

another well known worker in the field, uses Penndorfte curve may perhaps 

lend added weight to the values shown in Fig. 2. It will be noticed that 

the cepposition of the atmosphere, according to Penndorf, is indicated 

by the curve on the loft head side of Fig. 2. 

(6) Hulbert, E. 0.: Physics of The Berth - VIII, Terrestrial Magnetisum 
ana 	 N,(1-mw Eill; p.493, 1939. 

(7) PLertyn, D.F. and Pulley, 0.0.; The Temperatures and Constituents of 
the Upper Atneephere. Pree. Eoy.Boo., A154; p.482,1936 

(8) Goetz, F.W.P.: Eri!eealeee 	:L3E:Ells -ohm Thyulk-B:zd. III - Physik 
lor AtIzoerre,loirzi8p  ALz4.1Torlo;::4 p.314,1$33. 
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	Appendix A 

The data presented thus far in Tables 1 and 2 and in Figs. 1 and 2, 
7 

plus the standard atmosphere data of ref. 2 may safely be said to represe 

the present state of knowledge concerning the vertical distribution of th 

temperature of atmosphere up to altitudes of about 300 km. It is worth 

noting that none of the data extend beyond this level. Thus there is a 

relatively large region extending fram 300 km. up to 1200 km. and higher 

in which, although it comprises only a email part of the atmospheric mese 

the temperature conditions are more or less unknOwn. 

That there is not even complete agreement in the region from 60 to 

300 kin. is immediately evident from a comparison of Table 1, Table 2, 

Fig. 1 and Fig. 2. 

The data presented here, plus the results of other investigators 

which may be used to throw additional light on the problem, will now be 

used in order to arrive at the some final and definite values of the 

probable average vertical temperature distribution which may be adopted 

to represent a standard upper atmosphere. 

From sea level up to 20 km. the atmospheric temperature has been 

determined by a great many direct measurements (sounding balloons) and 

the average conditions are well represented up to 6,000 ft. by the 

values given by Diehl (loc. cit.) for the 1I CA standard atmosphere. 

Owing to the universal aoceptance and wideapread use of the NA-CA standard 

atmoepherel  it will be adopted as a representation of the atmosphere up 

to 65,000 ft. 

Above the stratosphere, all of the data except that of Eulburt 

indicate a maximum in the temperature curve at 50-60 km. The 

existence of this maximum is fairly well established by the work of 

• 
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(9) 	(10) 
F. J. W. Whipple and Duckert on the anomalous propagation of sound, the 

(11) 	(12) 
work of Gowan and Dobson on ozone, ly the more recent investigation of 

(13) - 
F. L. Whipple based on meteor observations, arii  also in a recent paper 

(14) 
by Gowan. The temperatures at 50-60 km. given by Gutenberg agree essen- 

tially with the most recent results cf F. L. Whipple and Gowan and these 

values will be adopted. The temperature at this level given in Fig. I 

appear to be too high. 

There is some evidence for a temperature minimum at about the 

80 km. level but the value given in Fig. 1 appears much too low, see 
(14A) 

F. L. Whipple, ref. 13 and I4artyn, and we again adopt the more conserva- 

tive value given by Gutenberg which agrees with, that shown by Pennoiorf. 

(9) F. J. W. Whipple: Quart. Jour. Ro,y. Prot. Sec. Vol. 60; p. 80, 1934. 
(10) Duikert„ P.: Cerle.nd.3 	Zar Gool:rynik, Supplement 1, p. 280, 1 
(11) Gaw...n, E. H.: Proc. 	 Vol. A123, p. 531, 1930. 
(12) D,rot.:., G. M. L.: rr3e. 	Lo.;., Vol. Al 	p. 1411, 1930. 
(13) 1,11prae, I. L.: 1%11tecrF 4,14 the E,Ixth'il Up;er Atmosphere, Reviews of 

Rzcern 	V)i, 	Ec. 1 , 1. L1,u, 
(14) Go'aLl  L. H.: Tote an OLL,Lel.,ic :,.emperatures. Aeronautical 

C;LTcsi,..m Lt 	 LI ,T1/.0t;) of  
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Appendix A 
Near and above the 100 km. level another rise in temperature 

is required by the results of the studies of the auroral spectrum by 

Vegard(15)  and Rosseland. and Steeneholt(16)  which give a temperature 

about the seer as that of Hulbert and which is about midway between the 

values-given by Martyrs and Pulley and that given by Gutenberg. We 

therefore adopt the value in Table 2 at the 100 km. level. 

Above 100 km. the variation of temmerature becomes much less 

definite although it is generally agreed that high temperatures must 

(V) exist in the F2-region at 250 or 300 km. Godfrey and Price' 	have 

shown, on the basis of radiation equilibruim, that the highest possible

equilibrium day-time temperature in the F2-region is about 3300°K, 

and that the actual equilibrium temperature may have any value between 

this figure and 230°K. However, these authors have shown that the 

existence of high temperatures of the order of 1000°K or more is a 

necessary consequence of the presence of appreciable oxygen at these 

levels. 

Hartyn aad Pulley, loo. cit., also agree that the temperature of the 

F-region must be of the order of 1000°X, and Martyn (ref. 14a) more 

recently states that the high temperatures originally found to exist in 

the F2-region as'a result of eleotrea collision frequenoy measurements 

is oonfirmod by Fuchs and by Appleton from measurements of the thickness 

of 'this region. The weight of evidence in favor of high temperatures in 

the F2-region is very considerable. 

(15) Vege.ra, L.: Goophysiske Pub. 0z1o, No. 9, 1932 
(16) Roseeland, S and Steen2hol"61  G.: Univ. abs. Olo; Pub'. No.7, 1933 

(14a) Marten, D.F.: The Upper Atnosphere. Quart. Jour. Roy. Net. Boa. 
vol. 65; p. 329, 1939 

(17) Godfrey, G.H. and Price., V.L.: Proc.). Roy Soo.;  vol. A163; p. 237, 
1>:! 
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Although there is general agreement on the existence of higTtompele 

tures at around 300 km. there is certainly nothing which definitely 

fixes the shape of the temperature curve between 100 and 300km, 	On Vat 

one hand we' have the extrapolated curve of Martyn aniPulley, Fig. 1, 

which indicates rapidly increasing temperature starting at 80km. and 

continuing to a maximum at around 300km. 	On the other hand there is ti 

curve of Penadorf showing practically an isothermal condition from 

100 to 200km. and, then a very rapid increase in the F2-region above 

200km. As far as the computation of pressure and density is concerned, 

these two curves would lead to considerably different results. The 

Use of Penndorfs curve would lead to low values of pressure and density 

at high altitudes, while the use of the curve of Martyn aniPulley would 

lead to relatively high values for these qualities. 

Thus, although Figs. 1 and 2 are in agreement as to the value of 

the high temperature at 300km., they represent the two extremes by which 

this temperature is reached starting from 100km. As a reasonable 

compromise for the probable temperature variation from 100 to 300km., 

it has been decided to adopt a temperature variation in this region whick 

is an average of these two extremes. 

Above 300 km. there are hardly an data which would serve to extend 

the temperature curve to higher altitudes. We-do know that the 

thickness of the total. F-region (coederieing both the F1 and F2-region) 

is estimated to be of the order of 200.ca. thick (Martyn and Pulley, loc. 

oit. p.469) so that above the 300 km. level one might expect the 

temperatures to decrease fairly rapidly. Above this level, the only 

figure which has co me to the attention of the writer is a value 

VAT[______f.aY_.2, 1946 

TirLE 	__PM1111117A,Ta .Z.7-2.10. 01-  

of 70°C at 1000: . which is quoted by Roneeland(13)  and in due to Ve8pxd. 

(18) Roeoinn,S_: 	 UalYcrE7,11.,7 
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Appendix A 

This temperature is based on high auraral observations and was computed 

on the assumption of thermal equilibrium. That thermal equilibrium does 

not obtain under the conditiaes ,existing at these altitudes is generally 

recognized. However, for lack of anything better, the value of 70°C 

at 1000 km. will be adopted as giving some indication, at least, of the 

probable order of magnitude. 

The final values adopted (as described above)-to represent the 

vertical destribution of temperatures in the upper atmosphere are 

indicated by the temperature curve presented in Fig. 3. 

The composition of the upper atmosphere will new be briefly 

oonnidered. The compositida of the air in the troposphere (sea 

level to 10-20km) as given by Paneth (19) is shown by Table 3. 

From the Table it ie seen that N2 and 	account for 99 percent 

of the composition, by volume, of the lower atmosphere. According to 

Penndorf (ref. .1, p. 31) and to Chapman (21), the results of auroral 

spectroscopy indicate that even from 100km to 1000km., oxygen and 

nitrogen are still the main constituents of the atmosphere. Some 

twenty years ago, Chapman and Milne(20), it was thought that because 

of their low molecular weights, either hydromen or helium rent be the 

main constituent In the high atmonehere. However, it is no's the 

(19) Paneth, P.A.: Componition of the Upper Atmeephere - Direct Chorale& 
Inveetication. Q.nszt. Jouree Roy. Met. Soc., vol. 65 
r7). 3C4-310, 1939 

(20) Chapman, S. & Miln3, 	The 0a72ositian Ionisation and Viscositz 
of t},e Atr,m2phc:re 	C.,.-eat 	guar. Journ. Boy 

Se., Vol. 4(4 r. 379, 1929 
(21) Chapman, S.: The Upper Atn:ompre guar. Jour e. Roy Met. Soo., 

Vol. 65; .1). 3014, 1939. • 
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Appendix A 

consensus of opinion that the upper atmosphere is a nitrogen-oxygen 

atmosphere, although the presence of hydrogen and helium has not been 

absolutely disproved, see Lindenmann, p. 331 of ref. (21). It vill 

be assumed here that the upper atmosphere is a nitrogen-oxygen atmosphere 

TABLE 3 

CaTOSEriO,  OF TROTOSPEEPIC AIR.AFTER RAILLIS. 

Gas Formula Volume % Molecular Wt. Rapala 
(0=16.000) (Mr.') 

Nitrogen N2 78.09 28.016 0.967 

Oxygen 92 . 20.95 32.000 1.105 

Argon Ar 0.93 39.944 1.379 

Carbon Dioxide CO2  0.03 44.00 1.529 

Neon Be 1.8.10-3 20.183 0.695 
-  4 , 

Helium He 5.24x10 4.002 0.138 

Krypton 1.10'10-_ 83.7 2.868 

Hydrogen H2 5.10x10 2.016 '0.0695 

Xenon 8.10x10-6  131.3 4.525 

Chapman, ref. 21; and also Penndorf, Fig. 2, agree that the 

molecular - oxygen 02 rust begin to undergo dissociation into atomic 

oxygen 0 begir.ning at 1C0-150km.2and that the raleculer nitrogen N2 

must undergo dissociation into atomic nitrogen at higher levels. 

In this report the following values will be adopted for the composition 

of the atmosphere. 
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Appendix A 

Altitude Range 	 Composition 	Eblecular Weight of 
Mixture 

0-150KM 	 21% 02 and 78% B2 

150 -5001 	 12% 0 and 88% N2 

500 km. and higher 	10% 0 and. 90% II 

28.7 

26.5 

14.2 

Having adopted the tenperature distribution shown in Fig. 3 

to represent the probable average conditions in the upper atmosphere, 

the corresponding pressures are determined by use of the hypeametric 

equation (see Humphreys
(22) or Diehl, ref.2), 'which is used here in 

the farm 

1°810 Pf= log10  pi  — 0.000281 in 1- 
2h 
f 

 

hf-hi 	lb 

Ta  sq.ft• 
(1) 

  

  

      

      

where hi== altitude of lower level, ft. 

hg  =. altitude of upper level, ft. 

Pi---,=.pressure at the louer level, 

Pf =.pressyse at the upper level, lb 
sq. ft. 

R 	radius of the earth = 20.89x10
6 
ito 

m = noleclItAr veifT4,t of the ettrlosphere. 

T = the harmonic mean temDer&turo in oR of the atmospheric 
layer of thickneoe hf-h. 

If the a Lmospherio layer froz. h4  to hf is divided. into .n.  equal per.:; 

or intorsra.Le the harmonic man temperature Tzi  is defined. by 

'.• 

1 	k • 

Gf th.3 tdr. 	7111; rD. 

(2) 
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Append. A 

where Tm 
is the average temperature in the n

th interval. Thus to 

derive the vertical destribution of pressure, it is first neceocary to 

have the temperature distribution curve, Fig. 3; Starting at some 

arbitrary level hi where the pressure pi  is known, the pressure pf  at 

some higher level hf is computed according to eq.(1).314y dividing the 

atmosphere into a number of such layers the variation of the pressure 

with altitude is obtained. Since the IIACA standard atmosphere was 

adopted he to represent the lower part of the atmosphere up to 65,000 ft 

this altitude served as the starting point of the pressure calculations. 

Knowing the pressure and temperature, the density is computed frcn 

the equation of state. 

Pm  
gonj (3) 

where JO = density, 

pressure, 

slugs 
ct.ft. 

lbs 
sq.ft. 

Temperature, 
o
N 

universal gas constant= 1545 lb-ft 
TU7E31;7i 

standard value for the accelilration of 
gravity r: 32.17 . ft 

2 
eec 

el molecel;er weight of the 

-7::(Conctant) 

atmosphere. 

eeuation: for computing the 

density is written. 

(1) 
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pressures and densities, computed as described above, are tabulated 

in Table. 3. 
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PA 	ZOWL, 	A 

jcin • 

Ammarinmkrealrmans 

4.nousand 
of fe.,::t) 

U 
35.3 
65 
100 
150 
200 
250 
300 
400 
500 
528 
600 
700 
800 
900 
950 
1000 
1050 
1056 
1100 
1200 
1300 
1400 
1500 
1584 
1600 
1700 

1800 
1900 
2000 
2100 
2112 
2200 
2300 
2400 
2500 
260i 
2340 
2700 
2800 
29 00 
3000 
3100 
3165 
32-0 
3300 

10.76 
15.51 
30.48 
40.72 
60.96 
76.20 
91 .e.4 
121.92 
152.40 
160.93 
162.00 
213.36 
243.84 
274.32 
289.56 
304.80 
320.04 
321.67 
335.22 
365.76 
396.74 
426.72 
457.20 
482.0 
457.66 
515.16 

548.64 
579.12 
609.80 
040.09 
643.74 
670.56 
701.0,1 
731.92 
762.00 
752.48 
804.41 
822.56 
8E. 3.44 
5,5.02 
914.40 
944.68 
965.60 
975.34 

1005.84 

V.i,LUES OP ' EE1TSITY OP Tim ADOPTED 1JPPER 

AI,TITUDE 

Kr. 

Te771erature, 

obi 
Mies 

510.4 
6.64 392.4 
12.32 592.4 
111.96 500 

911 
37.90 628 
47.L.6 490 
59.c5 580 
7).80 755 
94.75 093 
100. 906 
113.70 964 

132.65 1103 
131.90 1264 
170.05 1676 
180.63 1785 
169.50 1798 
195.48 1700 
200. 1670 
20,.45 1440 
227.40 1090 
246.35 950 
2i 0.30 864 
284.25 810 
500. 774 
3C5.23 768 
322.15 760 
341.10 716 
360.05 700 
375.00 685 
397.95 674 
400. 671 
416.50 661 
45).65 550 
4„4.60 b46 
475.75 
452.70 633 
500. 63) 
511.65 ho .2 
600.80 629 

627 

62ct 
400. 028 
606.40 620 
626.35 61. 

Pressure, 
los 
sq. ft. 

2118 
490 
119.8 
26.01 
5.06 

3.73 x 10
2 

2.93 x 10-4 
2.56 x 10-3 

2.24 x 1071 
1.17 

1.81 x 1C, 
5.23 x 107°

-5 1.11 x 
10-5 2.89 x 10 

0.62 x 107-7 
6.16 x 10 -7 

x 10-7 
2.58 x 10_7 
2.40 x 10-7 
1.59 x 10_8 - 
4.63 x 10 -8 
1.06 x 10 -9 
2.04 x 10-10  

-10 
1.58 x 10_10 
1.32 x 10-11 
4.75 x 10-11 
1.67 x 10-12 
5.75 x 10 
1.97 x 10

-12 

6.69 x 10
-13 

5.00 x 10
-13 

2.27 x 10-13  
7.66 x 10

-14 
-14 

2.35 
7.53 x 10 -- 

	

2.69 x 10 	" _15 
1.75 x 10

-16 

	

)5.221E-2 	
11,i
0-16 

1.11 x 10
-16
-1 

7 
3.90 x 1J

17 
1.39 x 10 ,„ 
7.00 x 
4.98 x ' -1U 0 
1.81 x 10-1 

Deusity, 
slurs 
cu. ft. 

3.06 x 10 
4.:)0 x 
1.11 X 10 
2.67 x 10, 
3.75 x 1078 
1.97 x 1020 
1.78 x 1°- 
1.07 x 1071° 
2.87 x 10711 
4.38 x 16712 

13 9.93 x.16. 13 
2 

	

- 

1.53 	
14 

6 ; x 10 

1x ; 
6.24 x 16

9.
60 

14 

14 14 
4.79 x 10 14  
1.84 x 

1° 4.82 x 10 
1.03 x 
1.25 x 1017 
5.65 x 
4.93 x 10 
1.79 x 
6.66x 10 
2.35x 
8.20x 
2.84x 
2.45 x 
9.60 x 
3.35 x 
1.04 x 
3.54 x 
1.22 x 
7.90 
4.19 x 
1.44 x 
5.04 x 
1
.Z595 
3•.21x 
2.30 x 
8.37 x 

2.378 x 10 3 
7.27 x 10-4 

1.76 x 10-4 -5 

10
-6 

-15 
10 16 

10-17 
17 

lU 18 

10-23 
10- 
10

24 
 

10
- 
24 

10 -25 
10 

10
-21 

10
-2? 
-22 

10-22 
1023 

10
10-21 

18 
10-19 
10-19 0 
- -19 
10 
-20 0 
-20 

10 
-20 

3.55 x 10 

Table 3 
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.Lpiendix 

B. 	 01 	 COLFFICl/27f. 

In order to sinplify the estiffn.tion of the drag coefficient for the 

purposes of this report, it was assumed that the vehicle was effectively 

conical 'in shape. :ince drag, in almost all cases, is a second order 

effect, such an assumption iE not out of order. The half cone angle, 8, 

was taken to be 0.3 redins. Other values of 8 however, were eventually 

chosen for the more final designs. 

At subsonic speeds, the total of pressure, friction, and base drag 

coefficients was taken to be 0.3, where the definition of Co  is 

o 	Drap. 

(1/2)'.v4A 

V is the velocity. 

p is the mass density of air. 

A is the frontal area. 

This value was held constnnt for 0<M(0.0. 

At low supersonic speeds, the well known work of Taylor and Maccoll 

is available, and gives values .a 	aJ!e shown on the curve on fig. 1 . 

Kinetic theory, under the assumption of inelastic impacts destroying the 

normnl component of momentum, gives 29
2 
for the hypersonic pressure drag 

1 
coefficient. The supersonic base pressure coefficient,(2/3)-7, was 

reduced to -4 because the base area of the rocket jet did not contribute 

drag. :kin friction, when based on frontal area, was sufficiently small 

to ignore (0,020) at high Reynolds numbers. 

In the transonic reeion, a total coefficient of .45 was selectEk 

This value is also shown on the accompenyin7 graph fig, 
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a 	

The values discussed above were used in the calculations for the 

ascent to th orbital height. The importance of the dreg in those cal-

culations grE.dually decrease(, until et about 150,003ft..above sea level, 

it was 	 comprec to the thrust. 

In cases where long periods of tine are involved, especially where 

also the Reynolds numbers are low, it is necessary to consider carefully 

dre7s which woul otherwise seem to be negligible. The detailed analyses 

of Sanger and others in Germany have given results for high altitude, high 

LI conditions similar to those obtained by considering the destruction of 

all momentum in a cylinder whose cross-section is the some as that of the 

vehicle, and Which approaches the vehicle at the vehicles speed. Under 

such as 	it is found. that CD  = 2.0. 

As discussed elsewhere in this report, there are four regimes of 

floe which can conveniently be characterized by the ratio of mean free 

path to boundary layer thickness, or by the ratio of Loch number to square 

root of Reynolds number. The plot on rig. 2 shows these regimes and wher 

in these various realms)the space vehicle flies. It will be noted that 

on fig. 1 no drag data are given for the slip or unknown regions. In 

these regions much research must be done. 
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Appendix C 

C. LAC=IAI: 3- f7Ions 

Develop-rent of the ouations of lotion of a Body Moving at Great  

speeds Near the surface of the 7arth in the Plane of the -Equator. In 

this appendix, the equations of notion of a body will be developed in 

a form suitable for use in calculating the trajectory follored by the 

body as it is accelerated to the proper speed and direction for orbital 

notion. The analysis is confined to motion in the plane of the earth's 

equator because this is the only case con- 

sidered in the calculations of the main 

text. 

We shall take the following as vari-

ables characterizing the notion of the 

body: r, the radial distance to the body 

from the center of the earth; r, the 

longitudinal angle of the body; end t, 

the time. We shall call m, the mass of 

the body; g, the acceleration of gravity; 

k, the gravitational constant; Y., the 

earths mass; R, the radius of the earth; 

andfa, the angular velocity of the earth. 

The kinetic energy of the body is 

in 	.2 	2 T 	r + r (V) + Ca)2 

and the potential enerr.y is 
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If '.40 form the La Gra:In-len function L T U, then 

d aL 3i 2 k7.7 
mr 	MT (te +c) 	 1̀2  Fr  

dt ar 8r 	 2 

aL aL 	•  

dt a f ay 
2 

+ mrfa rF, 

where F
r 

and F„, are the radial and tanr7ential components of all the 

externally applied forces. 

We now rotate our coordinate system so that the vector resolutions 

are parallel and perpendicular to the 

trajectory. We desip;nate by v the 

velocity of the body measured from a 

frame of reference fixed in the earth 

and by 0 the complement of the angle 

between the radius vector and the 

tancent to the trajectory measured in 

coordinates fixed in the earth. The 

above equations become 

rtr sin 8 - rir ( te+51)
2
sin 0 + 2 	+S.) CO S 9 + rarPcos 8 + 	 T•4) p 

r 
2 

•• 
mr cos 0— rar (2+52}

2 
core 0— 2 rar (fl-S2.) sin 9 rarrsin 9 + 	 L 

r 
 

where T-D is the thrust minus the drag;, along, the trajectory and 

L is the.  lift nor;lal to the trajectory (positi%e when in the direction 

+ n/2). 

,-,  

'"' 	 ' 	..:‘" 	 , • 
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Appendix 0 

We now eliminate derivatives of r and pby noting the following: 

v cos 0 
v sin 

r • y sin 0+ v cos 9 4 
• 
v cos 0 v sin 8 4 v

2
sin 0 cos G 

r 	r 	 2
r 

These give, upon substitution in the equations of notion 

m - n r SZ. 2sin g 	
sin 0  

T D 
r2 

v
2 cos 0 knl: cos 

m v 8 j 	
2cos 0 +----- ----- 	L 

r
2 

We can readily evaluate the gravitational constant because we know 

that when the body is standing still on the earth's surface, an external 

411 	force mg is required to keep it in equilibrium. Putting v ?,r ma 6 
T D a 0 and L s mg and 	R, we have 

2 kmr m 	+ 	n g 
2 

or k H g R + bc-Ja 2 , 

Substituting this value of 21r, back into the equations of motion, we have 

(r, R
2 
+ R

3

2
-57.  )sin  

m - m SZ
2
sin 0 + m 
	

a T D 
r 

. 	 ,3 2)cos 0  
m v 9 - 	cos Q (v + Tn.)

2 
- 2m v..FL (1 - cos 4) + 

m  

2 	 L 
r 

It is of interest to investif7ate the si7,nificance of the various 

terms in these equations. In tho first equation, which represents an 

equilibrium of forced in the direction of notion, m v, T and D are the 

factors enterinc: the familiar nass x acceleration a. force. The term, 

m 2
sin Q is th,L co:Inonent in the direction of motion of the contri- 

K2 fucal force cvused by the earth's .rotation. The tern. (c- 	+ 	 9 
 

TM!' --sltietaz.w«Al 
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Ilkonendix C 

is the corresponding component of the earth's attraction when account is 

taken of the fact that this attraction will impart an acceleration of ig 

in the presence of the earth's rotation. In the second eauation, which 

represents equilibrium of forces Perpendicular to the direction of motion, 

• 
in the plane of the equator, th'e term m v 0 is the centrifugal force as 

m cos 0 
seen from local earth coorr'inates. The term (v + r..,0 2  is the 

component of centrifugal force of the total rotation around the earth. 

The term, 2 m v (1 - cos 0) can be interpreted as the apparent force 

that causes a body, ejected outward from the earth, to be left behind 
,a(r, F2, 	jt2) 

as the earth rotates under it. The term ' 	" ' 	' cos B is, of 
r2  

course, the component of the earth' s attraction to normal to the direction 

of motion. 

Using the above equations, we shall investigate the simple case of 

the free motion of the vehicle in a circular orbit at the earth's surface 

neglecting air resistance. For this case we put L = e - B = 0; R = r 
and the orbital velocity is determined by the relations 

Using an equatorial radius of 3,96? miles and a value of g = 32.0'36, 

= - 24,319 ft./sec. and 27,369 ft./sec. depending on whether the 

vehicle is movin7 with or against the earth's rotation. 

It is seen that these values differ only slightly from the values 

of -24,2°5 ft./sec. and 27,375 ft./sec. given in Chapter III. 

• Tr, 7:■,:k ZZeS.1144 
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Appendix C 

The values of• Chster III were computed from a simplified formula 

V c. 	 n.._:.71ects the effect of the earth's rotation on the 

apparent gravitational attraction of a stationary object. This•differ-

ence in attraction is sr_all, amountinc to only about .0. 

Returning to the oqi.vition of notion to be used for tho trajectory 

calculations, we shall put the altitude, h = r R. For a trajectory 

100 miles hit h, 	m 2-1/2;.% a quantity whose square can be neglected 

corspared to unity. Usirc this sTproximation, the equations take the 

form 

T D sin w + — 
m 

hf1? 	
g(1 2h) 

cos 0 cos 8 - cos + 25L+ 3 ---- y 

dt 311522  sin 8 - 	- 2 11 dv  

If the terms in the above equation are examined for order of magni-
9 

tude it is seen that 3hR -  is always small compared to g. Consequently, 

we can maintain an accuracy of better than 1% using the following 

dv 2h, , 	T D 
dt 	

(1 	) - — sin + 

(18 v
- 

R / 
( 	- 	cos 	+ 2 .S/ cos G + 

V cat R 

In the step by step calculations of trajectories,'a preliminary 

calculation was usually made neolecting17 compared to unity and later. 

the results were corrected for these small terms. 

4, . 
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Appendix  D 

D. SiaPLE 01"rt 'LE DETAILED TRL..TEC'iTOEY CALCULATION 

Maximum cross-sectional area of vehicle . 

Dreg, 

Acceleration of gravity at earth's surface, 

Altitude, 

Specific impulse, 

= Distance from earth's center to vehicle, 

Radius of earth, 

t = Time 

tB = Burning time, 

V = Velocity of vehicle, 

V
El 

= Circumferential velocity of earth 

W = Instantaneous mass of vehicle, 

x = Distance projected on earth's surface, 

1/ = Original fuel weight per stage,  
Original total weight per stage 

ac = Angle thrust makes with flight path (tilt), 

6 = Angle of inclination of flight path to earth's horizontal. 

Subscripts 

= (lower) first three burning periods, 

= (upper) fourth burning period, 

C 
	

Coasting, 

= initial conditian, 

1 = Beginning of an interval, 

2 = End of an interval, 

A = 

D = 

g = 

h = 

• 
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,.Appendix  D  

It is our purpose here to discuss the methods of calculating the tra- 

jectory. Neglecting 	the equations of motion are (see appondix C): 

d.V - cos -1: 	- 	 7 ( 1 ) 	 1 	v 
dt 	-t_ (i 	. T., 

de 
= -g cos u + 

, V
2 
cos 0 +E - 

(P2) 
dt 	 g - sin 9, 

R 	tB  (1-I, t ) 

(3) 
dh - V sin 0, 
dt 

(4) dx 
dt 

V cos 0. 

When the ter..: 

absent, 

--" 
-7. 	

t 1 	t
Tr 

1? D 
y 

and g 	due to thrust and drag are 
(- 	\ 	d 

Bk 	F-i 
13 

cannot be neglected. However, normally it can be 

neglected because h occurs only in terms which are small compared to the 

rocket thrust terms. 

We shall first review the general method of calculation, using as an 

exami:le the fcy-r-stage alcohol-oxygen trajectory. Methods for the other c 

cases presented are similar. The vehicle travels vertically for half the 

time of the first burning period after which tilt is applied. The tilt 

remains constant until the end of the third burning period at which time 

coasting begins. In the last burning period a new angle of tilt is held 

constant. Because a knowledge of altitude is required in the calculations 

for the first and second periods and coasting, these computations were 

made as a group beginning at sea level and andin after coasting. Because 

rfi 
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-iLay , 1)0 
OF 

the final velocity conditions are to a first approximation independent 

of altitude, we calculate the fourth period backward. From the first 

set of calculations, we obtain AG),AV,,A h, at the beginning of 

coasting for variolis values of -Vand a (plots shown in Figure Dl, D2, 

D3). From the second set of ,calculations, plots (Fig. D4, D5, D6) of 

eu „AVu , Ci h versus V and a are made. The coasting trajectories 

were computed from the equations for elliptic orbits which are discussed 

later. 

To detemine an actual trajectory, these plots and the coasting 

calculations are used to solve simultaneously the following equations: 

0,..V +AVc 
 +A  Vu  = Orbital speed (depends on altitude) 

0 +Aec +A eu =  90°  

A 11 + A c + hu = Desired altitude 4,?. 

With four independent variables (V 0,,
u 
 and Ahc) and three 

restraining conditions,(orbital velocity, direction and altitude) we seek 

graphically the optimum trajectory for the -v(of the proposed designs. 

The actual step by step calculations in the burning periods differed 

somewhat between the burniu6 periods. In the first burning period equation 

(2) had very little effect on equation (1) so that its effect on V as a 

function of t could be handled as a small perturbation of the results of 

0 	 (1) after its completion. In spite of this simplification, the calcula- 

tions in the first burning period were the most difficult since the drag 

was large and the variation of I was considerable. If (1) is integrated 

for an interval in which I and — could be considered constant, we have 
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V2-V1  1,!= -g I cos a log 	, 
.̀1 

1.--v 

-t
1 	

-7 ) - g 	(t t1) 2  

Appendix D 

econd integration yields 	
t 
2 

h2-
h
1 
a (V1 

 + gi)(t2
-t1

) + if - 1 	(1-Y--- ) log ( 1-
Y.1 

 B  ) -g(1+7-) 
(t 
2
-t 1  

n 	

t2 

	

B 1  t 
	W 2 

t--- 	I 
--v 1 

T--  
B 

The second equation is used to determine the altitude necessary for a 

knowledge of I and g -- 	A 	where I and the density in q 
Gjr,(1---Y 

depend only on altitude. The fact that (1) can be thus integrated enables us 

to take much larger steps than a complete iteration process woald require. 

Having established V as a function of t)  we can use it in integrating (2) 

in a similar fashion: 
,)  

418 	g cos ri 
v.

4.  V cos Es - 2VT.;at + g 	log 1---Y7L.  
R 	

+  
El 

1-01 
tB 

from this, we obtain e as a function of t to correct the original velocity 

calculations. 

In the second burnin period I is constant and D is negligible over 
Yt 

most of the period. However, the variation in a is now appreciable so 

that equations(1) and (2) must be iterated silaultaneously. 

The following remarks apply for all burning periods except the first. 

t 
q 

The partly integrated equatiomfor a small interval 

(1)1  A V x  1 	 1-Vt2 - cos ot log 	) 	g sin 6 pt  
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2 
cos 6 + 2 

VE ) 	+g l Etin tz log tB 
tl 

tg 

Starting with (1)' we calculate 6V to use in (2)' for V from which we 

get 	to use in (1)' for sin 8 to get a better value of V. Altitude5 

need not be calculated until -Vend 8 as functions oft are established 

and then they and the x's may be obtained by planic,eter from equations 

(3) and (4). 	Sample calculations from each burning period are presented. 

For coasting (rocket thrust absent) h  is not negligible so (1) .and 

(2) become 

dATfR\2  
dt 	-g71 sin 8, 

dO 	i
2 

+--- cos 
2 

2 VVE V -- = - g (-1 cos e 	 6 + 
dt 	 / 

If the VE term is neglected these equations integrate into 
-R 

2 2 	R R 
V2

- V1 = -2gR (— - 

	

and cosa2 	r1 
V
1 , -watch are the equations of motion of a body in an , 

	

coa0
1 	-r2 

V 0  

... 

elliptic orbit. ';,:hen account is taken of tiw effect of the earth's motion 

the second equation is modified for sufficient accuracy into 

cos 8
2 	

'f*
1 

cos pl 	v2 

These equations are in the form used in the calculations. 

(21/\49 	(-g :7.=- 9  + V 
V 	W.  

v1 	fif 

V2 
e 
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Appendix F 

    

F. 	-0.tBIT CI,LO'UL,.1I Y. 

Orbital notion Under the :;ewtonian Lew*  - In this appendix, the 

equations of motion of a body will be developed in e form suitable for 

use in calculating the trajectory of a body after it has been accelerated 

to the proper speed and direction for orbital motion, 

The body is treated as a particle of unit moss acting under a central 

force varying as the inverse square of the distance from the center of the 

earth, in accordance with the Newtonian law of universal gravitation. 

If (r,0) be the coordinates of the body with respect to the central 

force, the kinetic eneieey of the particle is 

T= 1/2 
(1, 2 	r2 	2)0  

Letting P denote the acceleration directed to the center of forces  

the Work done by the force in an  arbitrary infinitesinal displacements  

(dr, d 0) is equal to -Pdr. 

The Lagrangian equations of motion for the particle are 

r02 	F, 

I d(r2ii) 
Ucit 	

= O. 

The latter of these equations gives on integration 

= H, 

where H is a constant. This integral corresponds to the ignorable 

Coordinate 0 , and can be interpreted physically as th% inteRrel of 

angular momentum of the particle about the center of force. 

Eliminating dt from the first equation by use of the relationship 

Maittekor,"A Treatise on the Anelyticel D:feenics of Peticles and 

Ri:71d Bodies", Cambridge 1937; PP. 26-90. 
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Appendix F 

	

d _4 dr \ 	H
2 

= -P. 

	

r2 
7a. 
\r 

 a ) 	
r3 

Letting u = 1 — , we obtain the differential equation of the path, 

d
2
u 

dO
2 
 

O 
(1) 

If the particle be projected from the point whose polar coordinates 

are (R
o' 

a ) with a velocity V in a direction making an angle It with R0 

the angular momentum is 

H R V
s 
 sin 	0 

If the central force per unit mass be il.u2y then 

P= u
2
. 

Substituting this relation in equation (1) we have 

d2u 

0
2 

+ u = 

This is a linear differential equation with constant coefficients whose 

integral is 

u  = 

V2R2  s ing  
8  

1 + e cos (0- w);,  

where e and ; are constants of integration. 	This is- the equation of 

a conic in polar coordinates whose focus is at the origin, whose 

eccentricity is e, and whose semi-latue rectum is 

Vega  sin 
1 --  

Th6 ccaatant .; dcternir.a thM pooition of the apse-line. 

P 
2 	 4 _2 2 
V 	Sin ?S' 
9 0 
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Appendix F 

Initially we hnve 

0 
	

u 	and 
R
0 
' 	dO 	R 

1 	du 	cot "6.  

HenOe, it'follows that 

	

= 1 + V

A'R
2 
 sin

2 	V2R sin26' 

2 
	 2 	s 	and 

cot (u--w) 	
R V2sin '6 cos 

+ tan 1(  0 

0 8 

The semi-major axis, when conic is an ellipsi is generally denoted 

by a, and is given by 

a 
 1-e

2 

Substituting the values of e
2 and already determined, we have 

R  a  
.112R s o 2- ------ 

which determines a in terms of the initial chta. 

If Vlc) 
be the orbital velocity of the particle, then by equating 

central forces, 

mV
2 

}la = 	o a 

r
2 	r  

For r = R0, this gives V2  = -11- . Defining s  by 
the relation 

o 	R0 
 

V = V 	(1 + 191), we obtain 
s 	0 V0  

V2R 
S 0 

V 
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Making this substitution in the equations previously derived, we have 
R 

a  

2- ( 
0/ 

2. 
e
2 
= 1 - sin S + 

  

2 

sin2( [1 + 1/2 4 9 and  
/ vo j  

,e = R
o
sin2 	1 + V

of 
0 

 

If RmAble the minimum radius of the orbit from the center of the earth o  
R . 	 R , 	 Art min 

in 2 1  + a 	 Ro L 	V
o 

It will be useful to know the difference between the maximum and minimum 

distance of the orbit above the earth's surface. Denoting this quantity 

by 
Limax9 

we have 

t.B
:max 	

2ae 

2= 2R 
min 4 

Rmin I= 2 [ 

1 2- (1+ -L1-9  V(?) 

If we wish to know the required height at the start of the orbit 

for given values of CE 	R 	and --- , we find ax' min' 	Vo 

LH 7 E 
R 	= R . 	+ 	1 	2- (j+  
o 	min 	

max 	! 

2  JL 0' 

Letting H= R - R
min' 

denote the maximum altitude loss with respect to 

• 4'; the starting altitude, we :.;ert 

1 F AV 1 4.  

-- 	

r 	X 	1 1 

2 	.1 -  0 

0 
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 Appeniix 

Development of A-Jproximate Orbi.ts1 ,:7untions: 

Let R = Radius 

V = Velocity 

Inclination to the horizontal 

Vc 	
Equilibrium Velocity in circular orbit at R  

V- V 
o c 

Ain 	R0 - Rm 

th 
R 

0 

Subscript zero denotes initial condition 

Conservation 
of enorgy. 

V2  = R
o

-  1 V2 

-2g0  Ro  

Conservation of C s 	= x V  
Ro 

V
o 

cos 
All3ular Momentum 

Eliminate V 	(RRO)
2 

V
O
a cos

2
01: - V0

2 

cos2P 	R
o _ 	- 1 

2go  Ro 	 R 

£ 

R 	is a mininum (or 

2 
(Ro V

Rm)  

(R0)
2 

maximum) 

2 
o 

cos t? 

when 	i3 
2 

- V
o 

. 0 

Ro 
Rm 

= 2 go% 

1 

/ R0  

• 
• 

• 

g0  

2 

R°  

R0 
 

sin23 - 1 

4 
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sin213 1 - Rri  2  
^ 	0 C) 

2g R 1 - 
Ro —27 

vo 

4 

Let Rm 	 V° = Vc 	i].11 
1 - (3.  

0 

small 

sin i5)  (1-2 + 2) 	R x ( 	
1

1 - (9S- o 	 
(v2e 	zw2) 

+ c 

13  0 

• 
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Appen.(iix F 

7JTION 	OY O'..n.,I:TION OF ORBIT 

Let T = Thrust 

m = 

V = Velocity 

I = Impulse 

Wf —   Fuel Weitt 

W = Gross Weight 

C = Exhaust velocity 

Inclination to the horizontal 

(A) Correction of Aivqe by Thrust  to Flit  Path 

T dt = mdV 

I = impulse &) f? mV 

f = 
C 

= mV 

 

C 

f 
fv 

  

(B) Correction of Velocity b Thrust II to Fli,,tt Path 

T dt = mdV 

I = Impulse = mAW 

Oif 
=L = miw 

C 	C 

(LW 	(21) 

_ 	- - 	 ,,A),L.:Z.,tivrailol;4713f1411iiaiblni6k4,..i&1401:474,1-ZtagleT33191CaS.:4',45,tttlItl.;',; ? 
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(C) Correction of Velocity and An..7,1e by Thrust in One Direction  

Tdt sin 0 = 

Tdt cos 0 = raCi 

= 1 
4. ;stir 2 

I 

2 + 	 = 11'; f  C 

(D) Correction  of An !1.e by Aerodynamic Forces  

14t = rldV L = D 

(*) x Ddt = mdV 

Setting D = T 

(I) X Tdt = indIT Di 

LVIf 
VI 
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Appendix G 

G. TEE 1=0=E-:.AZ_ PEOTABILITY FOEULAS 

In the section of Chapter 11 dealing with the probability of a meteor-

ite hitting a setellite vehicle, certain probabilities and probability- 
tLs 

based time intervals were presented in the Tables. The derivation of the 

formulas used to conpute these quantities is given below. 

The meteorites entering the atmosphere will be assumed to have a random k 

distribution both as regards their surface distribution over the atmospheric e 

layer surrounding the earth and as regards their occurrence with time. It 

is assumed that the meteorites travel through the atmosphere along the 

vertical and that the planform area of the vehicle is normal to the vertical. 

It is not difficult to see that the meteorite velocity and the vehicle 

velocity are not involved in the computation of the probability that a 

meteorite will strike the vehicle. This follows essentially from the 

assumption that the distribution of the meteorites is random with respect 

to surface area and time. Thus there will be a certain number 1 of meteor- 

ites of specified size which enter the atmosphere in each 24 hour period, 

and for any exposed area At, itis equally likely that this area will be 

hit regardless of where it may be situated on the surface of the atmospheric 

shell. This moans that the area is equally likely to be hit whether it is 

moving ;,‘r stationary and therefore the speed of the moving area is immater-

ial. 

Let the unit of time be the hour and let an event be said to occur 

when a meteorite hits the vehicle. Then the average number of events n 

which occur in a unit of time (1 hour) is given by 

iiA 
b 

    

(1) 
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Ny and the average time t required for the event to occur is the reciprocal 

of this, or 

1  24Ae 

It is obvious that the probability of the occurrence of an event must 

increase as the time t increases. The way in which the time must enter is 
(1),(2) 

determined by the Poiseon exponential. 	When an event happens on the 

average once in the time t, the average number m of events in the time T is 

T .NA 
T  

24Ae  • 

Then, according to the Poisson distribution, the probability pr  that the 

event will happen exactly r times in the time interval T is given by 

where e is the exponential, e : 2.71828. Further, the probability p/  that 

the,event will happen 111.3ILII once in the time. T is 

P1 m  e 	• 

The probability po  that the event will fail to happen in the time T (i.e. 

for the event to happen zero times) is, from (4) 

p(0) 	-m . 	  (6) 

Kenney, J. F.: 
New York, 1941, 
Freeman, H. A.: 
New York, 1942, 

Mathematics of Statistics. D. Van Nostrand Co., 
p. 29 Pert 2. 
Industrial Statistics. John "Wiley and Sons, 
P. 149. 

(2) 

( 3 ) 

(5) 
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Appendix G 

If pi  denote the ProIability that: the event occur at least onee in the 

time a. it follows that p14 
	

1 and therefore 

is 

p
1+ 	

1 - e-E• 
 

Ineerting the value for m, the value for this probability becomes 

_ N;Lio  

24 e 
T 

 p1+ s. 1 - Le 

This value of pi, gives the probability that the vehicle will be hit at 

least once in 1 hours. It does not exclude the possibility that more than 

one hit will occur in this time interval, and in fact, definitely allows 

thet more than one hit may occur. However, although pl., does not specify 

the probability of the exact number of hits in the time T it is considered 

to best represent the type of probability which is most significant since, 

from Eq. (8), it is seen that pi+  0 for N or 1 u 0 and that pi+  increases 

as N and T increase. 

The probability pi, on the other hand, which from (5) may be written 

- 	T AI° 	 4 -  
Pi w 	Li 	 -(9) 

does exclude the possibility of more than one hit and refers only to 

22211,1E one hit, no more and no less. It is evident the pi  is a much more 

restricted type of probability than pl+end has the odd characteristic of 

becoming smaller then the number N or 1 is very lerse. This of course 

follows from the fact that since I)
1 
 refers only to exactly one hit, when 

" 

N or T become larger end larger and ti re are thus more and more chances 

0,, 

(7)  

(8)  

0 
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for a hit, the ohances that the vo.icle will be hit only once will beams. 

smaller. 

The third probability of interest 	the the probability for no:  hit at 

al ? . is evaluated from 

P 	[e] 

Comparing Eqs. (8), (9), and (10), it is seen that as the time T increases, 

Pi+  approaches 1, p1  must go through a maximum, and po  approaches 0. 

Certain pro'eability-based time intervals of interest are as follows. 

(a) The time such that the vehicle has a 50 to 50 chance of not 

being hit. In this case p
o 

0.5 and the corresponding tine 

to satisfy this condition 14ill be denoted by T (0.5). Frain 

(10), this is evaluated from 

24 

T (0.5) 	7.7„.± 
9.9e x 1013 

lo3
e
0.5 - 

 

 

24"e 	 14 
where the value -7-- - 1.437 x 10 	is used. 

b 

(b) The time such th:t the veicle ha.s a 100 to 1 chance of not 

beinL hit. in this case po  = 0.99, and flenotine this time 

T (0.99) it follows fron 10) that 

T (0c99) - 
2  
z7-1  '0F7,30.99 	- 

1.437 x 1012 	 (12) 
4A 

The tine such that the vehicle has a 1,000 to 1 chance of 

not bOnF hit. In this po 	0.999 ana t'ne corresponding 

tine T (0.999) is riven ty 

1.437 x10
11  

TITLE , 
	

T 

-4-Te  

   

(10) 

    

(3. 

1 

(c)  

T (0.999)' 	log 0.999 - (13) 
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Before preienting the various potabiliti - s, a few remarks will bo 

made concerndnj the number N. In cenputing the probabilities of a hit, 

4 
one may consider either the total number of meteorites of all sizes, or 

only the total number of a certain size, or else the total number of a 

certain size plus all those of larger size. hi considering the probabil-

ities of a hit by a meteorite we are not especially concerned with the 

entire total number of meteorites of all possible sizes since many of these 

are too small to do any damage. Oa the other hand we are concerned with 

meteorites of a certain given size and especially those sizes which can 

cause damage and at the sane time occur with considerable frequency. 

Furthermore, since when considering a certain given size the total number 

of all larger sizes may be appreciable, this suggests also the considera,. 

tion of the total number of meteorites down to and including those of 

given size. 

The number of meteorites for these two cases are given fn Table 1, 

where meteors of magnitude less than -3 have not been included since they 

occur too infrequently to be of any importance. the table is based on the 

fact that when the lignitude increases by 5,the number increases by 10
2 

and 

therefore for a change of 1 rn,glitude the number changes by a factor of 

2.5. Thus, if there are N meteors of ma6:nitude M in each 2h hour period, 

there will be 

x (10) )  

miftoors of 	 in thz,  

A 
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The sum of all those cf Lagnitude -3 up to and, inolud.ing magnitude Id Se  

givon ty 

S, = 1. x (10) 
■S' 

5 
2 
5 - 

(10) 	• 

 

(15) 

  

-3 
Using the relation for the sum of a geometric series this reduces to 

the form 

2 

10 
2 c 	- M ) 

x N x (10) -1  

2 

1 - (10) 5  
Li 	4) 

- -(16) 
2 

10 5-  - 1 

 

    

Choosing a meteor of rlagnitude 0 as a basis for the comutation, M r. 0, 

it f  . 450,000, and the numbers are then commuted from the relation 

2M 

N = 4.5 x 105  x (10) 5  , and• 

2M 

7.47 x 10
5 (10) 5- .025 

  

- (18) 

  

    

• Comparing the values of N and Sm  in Table I, it is seen that for 

magm t de 	about 66 per cent greater than 
ii 

, a not inconsequential increase. 

(17) 
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TAILE 1 

PAMIAL AND TCTAL 11=2 OF METEORITES 

Magnitude 

-3 

o 

:dual er of 
Ma6mitude X 

(N) 

2.84 x 104  

4.5 x 10' 

Total NImber from -3 
Up to and Inzluding 

Magnitude M 
(S14) 

2.84 x 104  

7.28 x 105  

2 2.84 x 106 4.72 x 106 

5 4.5 x 107 7.47 x 107  

6 1.132 x 10
8 1.88 x 108 

7 .2.84 x 108  
8 
 4.72 x 10 

8 7.14 x 108  1.18 x 109  

9 1.795 x 109 2.98 x 109 

10 4.5 x 109  7.47 x 109  

12 2.84 x 10
10  4.72 x 1010  

11  11 
15 4,5x 10 7.47 x 10 

20 4.5 x 1013  7.47 x 1013  

25 4.5 x 1015 7.47 x 1015  

30 4.5 x 1017  7.47 x 10
17 

Appendix G 

V A 4.5 x 105 x 10 	, fro:a 	. (17). 

51f = 7.47 X 105 
 

10 5  - .025J , from sq. (1-;). 
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, 	Dovelonment cf ;th11ity 

(A).Ltual St!3.=;e 

T 	t 

= 1113.S 

V = Vp1ocity (z.---verase 

E= radius from canter of earth 

= pitchins moment 

I = Moment of inertia 
il 

d = displacement of thrust axis from C . G. 

N = ,2- 	 ., 	 • A • 

-7--.sviv.  e 1- 1-)-7 V. 2-- ■,/,/ = '711 . h ---.7  'Yr,  V o  

.  
e f 	

8 
 -e,-; V 9_ .fr w _--rr) v2 	 ), 11 :q 

T 	r R T 	 r. 
LET Pi_._:KorZ-9 -t- Ato  -,-(6t )2  , ■• -rj (024" + K , L. 	6 746 to )  

+ K3rE lc 
4. 	

4 t..?  6  

+K9[ 1-  A-t-q 6  Y-1:t '?..) 6 tj -t- Tcl -.z.  e 	 ,. K 
2 f. 	1  

I.: 

Itihere K.1 ,K etc represent magnitud)s of art if io iall,y applied 	 t. ..., ,.. 
restoring and damping moments and K0  is an Inteal term necessary 	 t.! ri 
for approachirg the correct flight path angle when eccentric thrust 	 .. 

il 

is present. The terms Lto  , 4 t i 	etc correspond to time 
 

lags in applica tion of these moments . 
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Differentiatin,; the equation and elilAnating 

K0[6: 1 	41 1-. 0   -, 0 ; 
2.  .1 

if -re 	es.. 

if .1 

re f4t/6  1.6t-116- ] 

f 

R. 

t- .6 	 aLV 
7- 	 zi 	 T 

For 	time lass 'the equation becomes: 

1:6E.K3-i_y2:11-6r-K,T7 te[--1:1211 = 0 

110/ 	- 11V 	"21.1V 

The conditions for stability are that all coefficients of E))  6; 
	

ti; 

etc must be positive and that 

K.3  _11,32  

11-7 1/-14- 	-1  •)--,1  E-KL_/7 11,v  

Either K3  or K2  can be omitted without causing instability. 

To simplify analysis omit F6 'which would probably be the more difficult 

term to alycly in practice. 

Since all values of K are normally negative it is evident that 

the first stability condition is satisfied. PearrPrging the second 

condition and assum 	negativE values for E.0, Ki, etc gives: 

I K1 
	

[1:5'2 2 III  :y /.1%1 

This indicates that K3 should be large, and (if a value of Ko  

is established) that 1 should ajpproach my KO 
K4 
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T 7.-_ thrust 

d = dien)..acement of thru.t3t axis from C.G. 

€ = actual heading 

S z.--. design_ headinz ae a predetermined function 
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Feglecting time lag lot 

E_ 

j 

Where K1and K2  represent magnitudes of artificially applied 

restoring' and c' :Din;  ?Laments., and Ko  • is an integral term necessary 

for apnroeching the exact desired heading when eccentric tbruSt is 

present. The term g is artificially applied as a predetermined 

function of time. 

Differentiating the equation 

- 	 S) 
	

=0 

k 	(- 	+ 47, (-- 	) 	(- 	(.) 

= 

For stability the coefficients of C , 	etc rust all be -positive, 

and since Kol  Ki  and 	are normally negat ve this condition is satisfied 

Also for stabili7* 

4 
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