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Chapter 9

FINAL ESTABLISHMENT OF SIZES AND TRAJECTORIES

In the péeoading chapter, wa‘huve discﬁssed the choice of burning
time for a single stage rocket and ths opiimum proportioning of.weighta
between two successive sﬁéges for multi-stuge rockets. In order to proceed
farther in our mnalysis, it is necessary to have an integrated picture of
the variation of ﬁltitude, speed, inclination and russ at all points along
the trajectory. In order to obtain these data, we shall use the design
valuss obtaingdlin the lest chapter and carry out detailed oaloulations
of the entire trajeétory. The results o~ these calculations will show .
how much these design values are in error and it will give us considerably
more reli;ble valﬁes which céuld be used in repeating the design studies
of chaptor 8. Ideuliy, this process of itaration‘shquld be continued until
a satisfactory set of final design data arelobtained. Por the present
gtudy, however, gur.attention was confined to an investigation of the’

. trajectories for the two proposed designs, without a repetition of the
caloulations of chapter 8. |

The vehicles whioh were selected for study and wﬁich served as a basis

for the ocaleulations of this chapber are tabulated below.

Yehicle Powered by Alcohol-Oxygen Rockets
Stage 1 2 3
G;osa Wt. {1bs.) 233,669 53,689
Height less fuel (1lba.) 93,669 21,489
Payload (lbs.) 53,689 11,829

Max. Diameter (in.) 157 . 138
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Vehiocle Powered by Hydrogen-Oxygen Rockets

Stapge 1 2

Gross Vit. 291,564 15,364
Vieight Empty 84, 564 4,464
Payload (lba.) 15,364 500
Max. Diémetor {4n.) 248 167

In all of the vehicies, the rate of fuel oconsumption was maintainsd
constant at a value-ahlculated to give a maxinum ratio of thrust to weight
of 6.5. The drags were calculated éccording to the methods given in
Apéendix B. The va:‘iatioz.m of.,exhaust velocity with altituc‘.le were tuken
from the graphs in éhap?er 6.

In order %o aveid a mass of distraoting details, none of the lencthy
and involved trajectory caloculations will be presented in this chapter.
Tle shall aimﬁly indicate the methods used and present the final results

- that were obsained withiﬁ the tiﬁe avaeilable, whic# wus, to say the least,
insufficient to answer all the questions that will inevitably arise.

The mathematioal developments necessary for this work, as well as
samples of the ocalculation methods used, ure presented in mppendices C
and D at the end of this r;port.

In the early stages of the work, we set for ourselves the goal of
establishing a 500 1lb. payload on an orbit approxinutely 100 miles ubove
the surface of the earth, hoping it could remsin there for a period of
5 to 10U days before its energy was dissipated in the rurefied utmosphers.

The 500 lb. figure was chogsen as u reusonuble estimate of ihe weight of F
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scientilic apparatus necessary to obtuin results suffioiently far reach-
ing to make the undertaking worthwhile.

The altitude figure wus & oompronise between the desire to increuse
the altitude in order to reduce the drug and gi;e larger lirits of error
in establishing the orbit on the omne Hand and to ksep the orbital energies:
low and to aid the short wave radio control and tracking problem on the
other. Preliminary calculations of energy dissipation in the orbit, baseci~
on convantiona; evaluation of drag coefiicients and an isothermal atmos-

phere indicated ‘that the vehicle could remain aloft for at least 5 to 10

days at an altitude of 100 miles. However, closer examination revealed

that the conventional drag predictions were inadequate and that the assumnp- 1
tion of an isothermal atmosphere was in error. Revised methods of drag
predictien were developed and better estimates of the structure of the
atmosphere* were obiained from an extensive search of the literature. The
resul:a of this revised study showed that it wuuid be advisﬁbla to use a
eltitude of 300 to 400 miles in order to.ob:ain the durations desired.
The caloulations were revised correspondingly but unfortunately time was
nqt available for the work to Le completed in detail.
In approaching the problem of' luunching a vehicle into a satellite
orbit we see thut consideration rust be given to the following:.
1. Obtaining time-velocity-acseleration-distance-muss-relation-
ship for the trajectory used in placing the vehicle on a
satellite orbit.

2. Deviasing a meuns of stably controlling the vehicle so that °

*The methods developed for drag prediction are given in Appendix B and the
data accumulated on the atmosphere are given in Appendix A.
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it reasonably well follows tﬁe desired trajectory and is estbs

blisheﬁ'wifhin pernissible limits of error on the chosen orbiy
The present chapter concerns itaself with the first topic. The second will
be the subject of the foliowing chapter. ‘

In our present work, we shall find that it will be necessary to apply'
forees of control normal to the flight path to ébtain ‘desirable trajecicries
These forces cannot be applied without ineurring losses. Conseguently it
will be necessary %o anticipate the methods of control proposed in the
following chapter in order that the lusses incurred by this conirol may

properlv be included in the oalculatlons. This nethod of contrel consists

of movable .vanes in the rockst jet stream by means of which the entire ve-

hicle ié rotated so that a semponent of ﬁhé thrust is apﬁlied in ﬁny
direction normal to the flight path. If T is the rocket thrust and q is
the angle between flight path and rocket jet axis (for brevity, @ will be
- referred to as the "tilt") then theucuntfol force produced is T 8in a and
. the effective thrust along the flight I;ath is- reduced by T(l-cosa). If
& oan be kept less than 15°, the feduction in effective thrust is less
than 4%. When the desired orbital altitude was 100 miles, it was found
~that the tilt could he kept within this 1imit. However, to achieve an
altitude of 300 miles, tilts orf greater than 15° were required and a re-
vised scheme was found to be necessary as will be seen presently.

In considering possiblé trajectories, we see that air resistance,
gtarting from its :initdal. wvulue ol zero, will first rise rapidly as the
speed incremse:, then less rapidly as altitudes of reduced density are
reached, e shall see luter that, f;r the veihidcles we have considered,

the drap reaches u maximum at altitudes of sbout 10,000 ft. to 39,000 f&.
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Beyond this the dearease.in density reduces the drag faster than the
corresponding increuse in speed. By the time 150,000 ft. has been reach-
ad the drag has become a factor of minor importance. It is apparent that
the initial portion or the trajectory should be nearly vertical so as to
reduce as much as possible the portion of thé flight path affected by drag.
First let us consider the following trajectory. The wvehicle is launch
ed nearly vertically. As it accelerates upward, gravity will ourve the
trajectory toward the horizontal in the directbion of %he initial inolina-
tion*. If this initial condition of launching is correotly selected, it
is seen that the trajectorf-;ill-be sutficiently curved without the applica

tion of control forces so that the

vehicle is on a circular orbit at .

the end of powered flight as shown —
: g
by trajectory & in the asconpany- ¢ ,‘cy?ﬂ‘ -
ing figure. It is cleer that only ‘ c zféwa O

. T PoWERED FLiGaT
one such imitial condition of =

launching exists for a given pro-
gran of acceleration. If the
initiel launching is teoc nearly
vertical, the trajectory will

end up at a higher altitude, 1noiinqd out into spaoce as indiceted by B.
if insufficiently-near vertioal, it will end up at a lowér altitude, ine

elined toward the earth ss indicated by C. We are forced to concludé that

if our vehicle charucteristics are already ochosen (i.e. weiphts,thrusts,

etc.) there is only one altitude for the orbit into which it can be launche|

ed by this mathod, Initial caleculations showed that for the vehicles

*Mathematically, the initial point of launching is a complicated :
%gggglgaally, ihis means thatpa short set ol gﬁiding gaggslg%lithgﬁgg%%ag%.




_ ?. . Clauser . - o . ,
romantt | manas s e e UTUSZCT oyGLAS AIRCRAFT COMPANY, INC.  raar 0
oatm:_tay 2, 19045 . QLTS ’?"‘-'T-"‘ o] PLANT moozL._ #1033,
mm_ FERLTMTVLET 22213 WP 84 PSITITE YEUICL. azront wo_SmL1827

Chapter _8
éonsidsred in this'report, this altitude was about 35 miles, considerably
short of ocur two sucocessive goals of 100 miles and 300 miles.

We are next faced with the question of how we sﬁﬁuld upply control
forces so that the trajectory* will end up on a circular orbit of greater
altitude. Cf the thres trajectories shown in the figure above, B offers
the most obvious possibilities. If downward forces are applied during

Vths late portions of B, it is conceivable that this trajectory ocan be
curved surficientiy to end tangent to a ci;cular orbit. A rigorous
examina tion of the equations ¢f motion shows that this is the best way of
obtaining the desired increase in ultitude. One night be inclined to

. guestion this’result.on thé-ground that an upplication of doﬁgward ecnirol
forces is inefficient when attempting to gain'mora altitude. Actually,

the control forcea have little direct effect on the altitude, which is

geined primarily by the increased steepness of tife earlier portions of

the trajectory. The ocnitrol forces serve prinarily to insure a hori zontal

. tangent at the trajectory*s end point.

By the use of #ilt, it was found possible to detérmine's&tisfactory
-trajectories f'or orbits at altitudes of 100 miles witheut‘exceeding 159"
angle of tilt. However, when‘the desired altitude was increased to 300
miles, the tilt angles be;ame so large that the losses in effective thrust

were excessive. In seeking means of avoiding these losses it wes found

that the judicious insertion of an extended period of coasting ,
in the thrust program would'aceomplish the desired result. A little study

showed that this ocoasting could be most effectively used if it ocame late -

*'or convenienoce, 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 bae called the orbit.
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in the thrust program. In order %to avoid the necessity of shuvting down a
rocket notor ‘and firing it up agein, the co‘a.stinlg; period vas ﬂmys '11@-
serted in the interval between the discarding of the next %o the last

-stage and the firing of the last gtage. Unfortunately, insufficient time
was available to pursue ‘bhis‘s‘hudy as far as was dqnir'able; howover <the
tentative c;onéluéions indicate that optimum conditions. for ocoasting cﬂrréa;
pond to a ldng, s-ligh‘.ﬁly inelined coa;ﬂ,ting trajectory during which altitude .
is gained surprisingly slowly, followed by a finsil stage of rocket power

during which very little tilt is used.

The equationsgoverning the motion of the vehicle during its acoelera-

- tion alonyg the trajectory are derived in Apperidix C. They are

‘(1 P %)cos e

-‘E--.E.(l-.ll)coseozﬂ-g - T 8in o
at ~ R R 5 F
~where ¥ is the velooity elong the
flight path,
T is the rocket thrust, : TONGENT Te TRAGECTORY r”‘"f‘""y
D is the drag,
‘ Bxry OF Vewrces g .
..m ia the mass of tThe vehicle, \ |
h is the altitude sbove the %
earth,

R is the radius of the earth,

JU is the engular velooity of

the earth, W 7777777/77

t is the %ine, . . +

g is. the acceleration of gravity, o CenTeR Of Eomrw

@ and o{ ure anples explainedin the figure
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It is impossible to obtain explicit analytic asclutions df thess equations

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

method of solution in which the intervals were ochogen with sufficient

care to insure that an accuracy of better than 1y was maintained in the

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

carried out in the following manmer:

Pour Stage Alcohol-Oxypgen Rocket~No Coasting - The calculations were made

for each of' three ratios of fuel weight to gross weight so that by inter-
polation, the amount.of fuel necessary to attain ‘the correct final
veioc;ty could be predict;d. The trajectory for the first half(in time) of
thé first éfﬁgelis taken-as'a vertical pafh. At this point a cénstant
angle o tilt is epplied and tﬁiS‘iS‘carried through to the end of the

second ssage. This caloulation 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 caleculations had
been proceeding in which the equations wereo wnrked backwards, beginning

at the end of the last stage, with the vehicle on the orbit, and computing
tha reverse history along the trajectory back toc the beginning of the
third stage, where these calculations were connected up with those pro-
ceéding the other way. These reverse calculations werc also cgrried out
for three fixed anglqs of.tilt. Yhen all thssé o;iculations were complete,
crogs plote of trajectory inelination und altitude at the junction point
were made. Prom these p;qts, values of tilts for both sets of caloulations
could be selected so thafrﬁhe gﬂgcture was continuous for both altitude

and inelinetion. It will be remembered that each of thesse sets of caloula-
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tions had been made for a serises of fuel weight ratios. The final results
ﬁere cross plotted so that the velocity at the juncture was also continuous.

In Figures 1 and 2 are shown the flight characteristics and trajectory
fbr our proposed design of an alcchol-oxygen rocket, It will be noticed,
thatrfor the particular weight ratios used in this design, the final alti-
tude was 165 niles. For this altitude, the tilt required during the last
two burning periods was 35°, which was so lerge that significant losses °
in effective fhruat occured.

Iwo Stage Hydrogen-Oxygen Rocket « No Cossting - The method used for the

hydrogen-oxygen rocket was subatantially the same as that described above.,
However, when it becsame apparent from the alcohol-oxygen rocket results -
that 4% would be impossible to reach altitudes of 300 miles without the

use of excessive tilt, further effort along these lines was discontinmed.

Instead, attention was concentrated on:the ugse of coasting as a more

efficient means of obtaining altitude. The calculations were revised as

follows:

Four Stage Alcohol-Oxygen Rooket - 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 stags. This
wms followed by a variable amount of coasting, A set of calculstions,
working backward from the end of the last 'stage, was made lith_qeveral

fixed values of tilt. A auffiéiant number of valses of all parameters
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was used so that a continuous junoture oould be made at the begihning of

%he fourth stage. Since a variable amognt of coastiﬁg has been added %o a
the other variations pqssibla,'the choice of wvalues to affeot a smooth
juncture is not unique. Although time was not available for an sxhaustive
inveatigation, it is believed that-the optimunm trajectory is thaf discussed
a f'ew paragraphs ébove. The results of these caloulations for our proposed
‘alobhol-oxygen rocket are shown in figurés 3 and 4. It will be seen that
the introduction of coasting has inoreased the altitude to approximately
480 miles. The greatest argle of tilt required was only 13.5°.

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

éd betwesn the two atages. In othgr defaila,'it was the same as the
alcochol-oxygen rocket. The results are shdnn in figures § and 6. It will
béiueen that for the partioular weight ratios chosen, the fuel was in-
suffiolent to give an altitude pgreater than 150 miles even with-the
greater efficiency,obfainable from cousting. To achieve an glfitudé of
400 miles, it would huve been neocessary to approximately double the

welght of the wvehiocle. The reeson for this is no% that the altitude

has a large effect on performance but that, with two stages, the hydroéen-
oxygen'rocket 1s so far from being an optirmm design that the gross
weight 1s highly sensitive to changes‘ig perfornance requirements. A
three.utﬁée vehiole would have shown sub;tantially auﬁeriof performaice

and weight figures.
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10, METEOD OF GUIDING VEEISLE ON TRAJmUTURY
Up to this point, our analysis has considersd the design of a

wvehlele aqd thé selection of its trajectory without regard to the means

of guidance to insurs that the vehicle follows the presoribed tirajectery.

In the following paragraphs attention will be devoted to this gu;dance

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 dynmamic pressures

are incapable of adequately pguiding tl;e vehicle, Consequently, we are

led to the conclusion that we Q;;t use reaction motors to obtain forces.
- for guidance,

Two means of obtaining such forces are at once
apparent, ‘In the firsgt, the vehicle is rotated (a.z.

by means of vanes in the main rocket stream) so that

— saasfCTEL
=

a component of the maln rocket thrust is applled =

in the desired direction. In the second, a small

auxiliary rocket oriented normal to the axis of apitst §

the vehicle is used to obtained the desired guid-
ance forcee (several such rockets would have to be A{ffi?
o

provided for control in all directions).

If c is the exhaust velocity available from rockets, T the thrust
along the trajectery and L the guidance force normal to the tra jectory,

then in the first case

Tee %%- cose,




OmAIT! pngeanan av.Fe s Cleuser Doueuas AIRCRAFT COMPANY, INC race 127
. DAT“ L’ay 2 1940 — -.u—..,.\... {OPIICA ) ‘ PL.ANT . -‘ngiL: #103 ) - -

cieee._~ PRELIMINARY D::szcm 0? s'me,LLI > VEUICLE B revorr noH=11827

Chapter _10

i »
L=c % sin a,

whare'%% is the mass ejection rate of the main rooket and-a is the angle

betweern the trajactory and tha_tehicle axis. Eliminating a, we have

S dm
T 1

as o

uhere'(%%)' is the rocket fuel consumption required to produce the thrust
. 0 T . . V .

i? the. guldance force were not present.

:'?or.the‘second case, when a suall aqziliary rocket is used,

am);
dﬁl"

L= o 2y,

' at

T.

oy W L
@,
whers 1, %%2 and are'the consumptions of the main rocket, the
auxiliary rocket and the total.

2.0

: d
the consumptions with and without guidance ?gt

In the sdjoining figure, the ratio of

. _ dm
force have been plotted against the ratio 6T?i

) : Lo
of guidance rorcggto thrust. It is at once

lﬁpparéntwthat qasé;i 1é_ﬁarkedly'superior to

ogse. 2, In fact with case 1, substantial -

. - . o
guldance forces may be obtained without appre-  ©

 01&513 penelty in-thrust. Cese 1 will be the method of

puidance considered in what follows,
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IZ the orbit is acot entersd with precision it 'becomes necessary
to apply corrections to flight path angle and velociiy after the start-
ing traj_ectd:y ias been completéd.

It can casily be demonstrated that, if a'thru;st, is applied noimal

to the flignt path in order to correct the angle, then

BViryer (v) 5
w .- - 3
' where

mvfﬁel = fuel weight required,

W = gross weight, --

V = flight velocity,
c = e:&laust velocity,
g =

change in angle measured in radians.

¥ : g

< 1s approximatzaly eaual to 3, so for & one degres correction of angle

a weizght of fuel equal to 5% of the gross weight is required.
“imilarly it can be shown that if resvltant velocity is to be

correctead, _thén
‘where AV = the velocity increment. A 1% change in resultant velocity
requires a fuel weight equal to 3% of the gross weight. .

Sinece t-hese corrections optimistically assume normal rocket ef-
ficiency for short period operation, it is evidently very costly in fuel
to make corrections of any magnitude.

_;As'an‘altemative to applying corrections assume that an eccemtric
orbit can be tolerated, if the eccentricity can be kept within certain

[ 1
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specified limits. It 1s then necessary to know the relestionships exist-

ing between the various orbital perameters. These parmnaters are as follows:
Vo = the corréct velocity fgr a circulsr orbit at the
~starting altitude,
the vélocity increment above vo’
the allowable variamtion from horizontal (measured pos-
itively downward in radians) of the path at the start-
~ ing altitude,
the starting radius.frcm the center of the earth,
the alloweble drop in altitude from.the starting point;
the maximum minus the minimum distence of the orbit
from tke earth's surface; ,
Fig. 1 glves the reletionships between Ah, AEma.x'ﬁo and %—E .
The curves have been plotted from exact equations but for small deviations

in anzle and velocity the following anproximate relations can be used:

o\ - @)
R ARG

o) o(3

Assume that the altitude of the vehicle should not drop more that

50 miles below the desirmm starfing altitude to be attained at the end
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of the starting trajectory, and that the total variation of altitude
should not be more than 100 miles. Then if the starting angle is exact-
1y correct (B, = 0) the.starting velocity may drop 0.3% below the cor
rect velue or rise 0.6% above it. However, if the angle can only - be
‘established to within < 1/2 degree the velocity must £all 'withj_.n ths
range =0,15% to + C.408. The above 1i.mits'§a.re somevwhat arbitrary but |
illusti-ate the orders of magnitude .imrolved.

The evident necessity for maintaining close tolerances om the start -
ing eonditions for the orbit leadsito a preliminary imrastigatioﬁ of .
stability and control quuireﬁzents_. '

In the lstter rart of tle starting trajectory a direct conmtrol of
flight path angle is desirable since this angle must be main-tained with
extrer#e aécurac'y. This requires a rest&ing moment proportionsl to ds-
viation of flight direction from the horizontsl, It is anticipated that
thi= deviation can be measurad by meansyof a radar equipped ground

station which measures both range and angle,
VENELE

cmputes rate of change of elt¥tude and sends
a corresponding control impulse to the vehicle, ) 2‘
A beacon will be used in the vehicle to ach as - ANGLE \

' S

a "transponder" and can alse be used to convey GAROUND

STATION
i{nformation from the vehicle to the ground.

In addition to the restoring moment proportional to deviation of
ﬂight direction from- the horizontal it ;.s necessary to apply either a
damping moment depeéding on-fiight direction or a reatoring mament- de= .
pending on pitch. THe lattemrweuld probably be simpler to use, To

correet for an uninom eccentric thrust (soc that the vehiele w11 not
only be stable but also approach the exact flight angle desired) it is
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dléb ;ecessary to apply a restoring moment proportional to the in;egral
of flight direetion ovef a period of time. This corrésponds actuelly to
aﬁ altitude control. Use of lhtegral terms in control problems has been
discussed by Weiss* and such a control is used on constant speed propellers,
From stability considerations 1f can be shown that the restoring
moment depending on pitch (or damping moment depending on flight direc=
tion, whichever is used) should be large. However, 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-é with accuracy of 1/2 % over a €0 second period, and
it is belleved that fhis accuracy can bgiiﬁproved. At present radar
techniques involving redar ranging or Doppler effect do not appear to
offer- adequate accuraecy.
| In the eariy stages of the starting trajectory it should be suf-
ficient’£o control pitch as a predetermined funetion of time, For
stability, restoring and damping 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 Arder to approach the desired trim
condition & moment should also be applied as a fumetion of the integral
of deviation in piltch angle over a period of time, and it may alsoc be
necessary to apply a predetermined moment as a functiéﬁ of time to com=~

pensate for the calculated curvature of the trajectory,

* T"Dynamies of Constant-Speed Propellers" Herbert K. Weiss, Journal of

the Aeronautical Sciences, Vol. 10, No. 2, Feb. 1943.
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The areas of the control surfacea in the jet have been Vbriefly
studied. The control moments required depend upon the angular accelera-
tions required and upon the fixed disturbing moment, such as that due 1.'.0
a displaced thrust line, The control surface areas shown on the drawinga
are quite arbitrary but serve to show, in conjunct.ion with figure 2 that
design of sufficiently powerful surfaces should not be difficult. This
fiéure shows the variation of control surface area with displacement of
the thrust line from thel canter of gravity in inches for sach of the
four stageé. Actually the maximum error is expetted 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
provable displacement. - Also shown are the areas required to produce a
pitching or yawing acceleration of 10 dgg'. /secz. It is sesn that the
areas shown in the drawings are adequate to overcome the moment due to

the maxi.:num probable thrust line displacement and to produce in addition

a 10 dmg.‘/séc“2 acceleration if a 10 deg..control surface angle is used.

" 8ince these areas are far from excessive from a mechanical standpoint,
they oould be increased if more thoreough control studies showed the

desirabllity of obtaining higher angular acceleraticns.
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The preceding investigat;ons are p:elimihary 9#17; out suggest

“the fellowing:

A 1. It is desirable to rotate the'éntirg ?aﬁicle to obtain
& component of ﬁhé jetTghrust for ﬁﬁrpqses of control.
Corrections on the orbit are undesirable affer iv has
ane~been‘established
At the end of the starting trajecp;-_};y' the flight path
angle should be accurate io I deéfée and the vei6¢ity

' ~should be agcurate to - Z0.%.

This accuracy and the necessary Stablllty can probably

be attained.
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11, PROELEMS AFTER OREBIT IS ESTABLISHED
| Oncé the wahicle haes been establisbed in its orbit at the de-

- 81red altitude variocus other problems arise in connsction with the
satisfactory cperation of the vehicle. TFor example, the vehicle
wriil be constantly exposed to the possibility of being hit by
meteorites of all sizés and some of which will be travelling at
very high speed. Also, at such high altitudes the intense heating
of the wvehlcle by the sun 1s a problem to be considered, R;tdio COn=
tact must be maintained. These and other problema connected with
the satisfactory operation o-r— the vehicle are discussed below,

Meteorites. {The Prcbability of a lhteorifce Hitting a Satellite
Vehicle Traveling in the Upper Atmosphere,} It is well known that a
gre:at many meteorites enter the earth's atmoaphere each day, If a
body sﬁould be agituated in the uﬁper 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 e strike does occur what ere the probabilities that the
meteorite will sericusly damage or otherwise interfere with the motion
of the bdody. - :

Meteoritee‘-*'are disarete masses of matter from ou'_l:er space which
enter the earth's atmosphers, Judglong from t_hose whick are large

encugh to survive the journey 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 Astronmomical Sceiety of the Pacific,
Yol. 57, No. 334; p. 1, Feb. 1945,
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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 2ll iron to almost all stone. However, it is quite likely
that the stony meteorites are more prevalent than iron meteofites 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‘cf stony matter.

Meteorites vary greatly in size ranging from something smaller
than a pin head or grain of sa&d,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 dirensions, and are the smallest discrete astronomical

bodies. The term meteor is properly used to denote the luminous

phenomenon which results from fhe motién 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
earﬁﬁisisurface occur with such low fregquency, 5 or 6 a day for the

whole earth, that they need not be considered here,
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Typlcal values of velocity and altitude as determined by. obﬁei-va-
tio—na of certain bright meteors are given in Table 1 which {3 taken
from Hofrmiaizl.

As one might expsct, it 12 seen from Teble I thai.i the bigher the
meteorite mekes its appearamte the greater is its ve_ldo:l.j:y. Veloci-
ties ranging from 80,000 to 250,000 ft, per sec, 'ars quite common,
According to Watgzz most meteors appear at a height of about 200,000
feet regardless of their brightness and may bde. takén %o have an average
atmospheric veloclity of about 150,000 feet per second, Thus, at an
altitude of 500,000 feet, where the body is assumed to_ be ai;tuated', _
most all of the meteorites will be intact and Will mot have suffered.
complete dissipgtion.'. At this mltitude the body will therefore be
exposed to practically all of ihe meteorites wh..ich enter the atmos-
phere.

The number, size and mass of ﬁateorites antering 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 expreséed in terms of a scale
in which numprically large magnitodes represent ra;.n;: b_odies. Two
mateors which differ by five magnitudes have a hundred-fold difference
in brightness and, sipce tha. brightneas is directly proportional to
{2) Hoffmeister, C.: Die Meteore. Probleme Der Kosmischen Physik,
Band XVII; p. 71, 1937. .

(3) Watson, P, G,: Between the Planets, The Blakiston Company,
Fhiladelphia; p, 93, 1945.



"ORM 25-5-1

ev ez PREPARED v:Q. Grimminger . DOUGLAS AIRCRAFT COMPANY, INC. race 239

oare.___May 2, 1946 ' SANTA MONICA PLANT mooer. #1033 -
TITLE: PRELIMINARY DESIGHN (F SATELLITE VEHICLE REPORT NO. EM-11827
Chapter 11
- TABLE 1

VELOCITY AND ALTTTUZE OF BRIGET METECRS

(From Hoffmeister, Ref. 2)

Velocity Msan Mean

Height of ‘ Height of

Appea.t_fance 7 Disappearance
km ft. km £t. Number m ft. Number
gec. 86c. :
10 32,810 66 | 216,000 4 28 91,900 4
20 65,600 92 | 302,000 35 ¥i | 14,200 3
20 98,500 112 368,000 9% | k7 154,000 93
k0 131,200 | 131 430,000 107 b7 154,000 107
so | 16,000 | & | w7200 | 74 v | 154,000 75
60 " | 196,800 138 k52,500 5h 55 | 180,500 54
70 229,600 149 ﬁag,ooo 31 63 | 206,500 31
80 262,500 183 600,000 1 74 283,000 | 12
g0 265,000 157 645,000 15 98 221,500 15
100 328,100 217 712,000 3 96 315,000
110 | 361,000 226 741,000 6 136 khe,000 6

1 km. : 3,281 f%.
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TABLE 2
IHE NULBER, HASS, AND SIZE OF METECRITES FNTERING THE ATMOSBIERE EACHE DAY

- {Based on Hataoém,

Diameter of,
True Wieight - Equivalent
Visual Observed | = Number Hess lbs. Sphere ,Ft.*
Macritude Humber N Gramg w -q
-3 28,000 28,000 4.0 8.72 x 1073 427 x 107F
-2 71,000 71,000 1.6 3.53 x 1072 .317 x 107}
.1 180,000 | 180,000 .630 1.39 x 1072 .232 x 107%
0 450,000 | 450,000 .250 5.51 x 1074 .1705 x 107%
1 1,100,000 | 1,100,000 -}  .100 2.20 x 10™% | 1.257 x 1072
2 2,800,000 | 2,800,000 .040 8.72 x 1077 922 x 1072
3 6,400,000 | 7,100,000 .06 3.53 x 1077 .683 x 1072
A 9,000,000 | 18,000,000 .0063 1.39 x 10~° .500 x 19‘2
5 3,600,000 | 45,000,000 0025  |5.51 x 107° .367 x 1072
6 . 110 x 10° .0010  {2.20 x 1070 2705 x 1072
7 - 280 x 10° 00040  18.72 x 1077 .1986 x 1072
8 710 x 10° 00016  [3.53 = 1077 1471 x 1072
9 18 x 10° 000063 |1.39 x 10°7 1.078 x 10~
10 45 x 10° .000025 [5.51 x 10~8 793 x 1072
15 15 %100 | 2.5 x 1077 |5.51 x 1070 ] 1705 x 107
20 15 x 102 | 2.5 x 1079 [5.50 x 1072 | L367 x 1074
25 45 x a0 | 2.5 x 1075510 x 20714 | 793 x 1075
30 45210 | 2.5 x 1035050 x 1026 | 1.705 x 207

1bs. = grams x 2.205 x 107

*Based on -a specific zravity of 3.4.




| MMEEY pngparso av:(a Grimminger DOUGLAS AIRCRAFT COMPANY, INC. rpace il
oate:—___May 2, 1946 SANTA MONICA PLANT wooer. #1033
e PRELIMINARY DESIGN OF SATEILITE VEHICIE rerorT NoSMallB827

Chapter 11

the mass, they Tepresent a hundred-fold differemce in mass, A metecr
just visible to the naked eye bas a magnitude of 5 while the full
moon has e megnitude of -14. Also, it will be notiosd from Table 2
that when the magnitude differs by five units, the:mumber of meteors
changes by a factor of 100. In this way the table may be exten&ed
to include amaller and smaller meteorites (numerically larger magni-
tudes). |

However, there is a limiting magnitude beyond which there can be
few, if any, meteorites, and sccording to Watson, p., 116, this limit-
ing size is a meteorite 61‘ magnitude 30, This is explained by the
fact that for a particle smaller than this the solar radiation prsssuré
is sufficient to_z;epel any particle 1';0 such an extent that 1t 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 basls that the meteorite is a sphere composed mgix:ﬂ.y of stony

: (4)
matter which according to Whipple, has a specific gravity of 3.4.

The variation of size with magnitude 1s presented -in Fig. 1.

It i1s Been that a great ranée in size and mass is represented in
the table and the question imwdiaté_ly arises, ésp’ec_ially for t_he very
small particles, as to what 1‘:01.001‘5138 are to be associated witfn 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) WwWhipple, F. L.: Meteors and the Earth's Upper Atmosphere.
Reviews of Modern Fhysics, Vol. 15, No. 4; p. 252, Oet. 1943.

%




Jo 518V, 938 FanTiNevIy [ SOTLINW- @/ OMIONOTST4Y0D FLIHOTLIW O 5215

e N lede - So00* \
TN o e e S o
y ‘ 4 Kt 11 1
i . E1 |_ HYNG AT N N S 0 U A N N N P

RETTT

—

e P

7

Fa

s
7 ) ik e
=
T
T
m;
+ -
: :
n ya.3
[ S it
—t
T
T
H
i
1

)
.

i1 4 b W 3 S U O O L Y
. ¥ U L 1 » FIRsas AN RNEY IR I 8 I Y
¥ -
B SYESERENE - L. : " Lk xp,_l: 3 T -
H it | 1..Tfl e

L ¥y
. % 1

-.-»-——.-4—,

L
H
|
T
i
1
1
1

i
W TOOLINDY I

3
]
T
b

-+
T
T
.
K]
H
!
5
!

-

LI - [ 6 35 N 0 (0 i N N g p - H H -+ ARERRANN . U O
it T T AN TN VAR 1 T
IV bR a1 1 A il i N Y - S
I " m..» n, | ! QN
[ TR THI - 1 ERNITHIH LAS TR NN
“. oL X i i [A1SANaRNARNS B L S A
ahi HiH CCE B ST

pcayh oy
1
e sy
Il

KTAN A i 1] 4 . I IR RRARE NN & %f s [ W I T O R
| |+ | 4 Y LR ik L”.I.I 14 v.- T IREVERN B R IR O T O DO OO

. {14 i [ 4 I | U O O

H L X 31 ¢ H el ] S O

" = A HitHl !
‘ - H R - $-4 -{d
o - M - 4
{ i T A Y i iR I 1
A I I AT j,

7o -
il

*

T

HUHH LA e (R E YRR N AN AR R M S -

‘ — ! o o ™~ L w - m } ™ ) i ) -
d | 4 CfY ‘p witmvia  sdooo- : | | PR
\Q . ' \QQQ ‘ * “El- 1 tm&m& T\Q R RUELE L

. . ) MU} L 03 01 X LAY F DluBjIpeR ]y
FI-00C 'ON ‘AN OO0 ¥INAY ¥ ViishFw




WAL emeanen svi G Grimminger DOUGLAS AIRCRAFT COMPANY INC. race 143 °
oare.___ May 2, 1946 Smmmm____mm mooer:_.. #1033 "
mime; . PRELIMINARY DESIGN OF SATELLITE VRAICIR " nsrorr No_SM=1I827_

Chapter 11

: enoauntering the earth head~on will enter the outer atmsphare with a E
speed of 250,000 ft. per sec.,‘ while one mrtakins the earth will
enter the: atmosPhere with a speed ot:-nnly- 43,300 f£%. 'per sec. Theaa ‘
speeds would be the same for meteorites of all sizes since there ‘has
not yet been any dece].eration resnlting from air resistanca. Hawaver,
once the meteorite has entered the: atmoaphere decelaration must take
place and this must certainly be greater_.- for a amall meteorite than

for a la.fger'-one, .asguming that both enter the atmosphere with the

same speed.l Whipple, loc, ¢it. p. 252‘ givés as a universally accepted

expression for the dsceleration,

av _ -¥a
3t " m1/3 Pvz

where ¥V » velocity,
m = mass ,
P = density of the atmosphez;e,
é(m) 2/3 effective oross sectional area,
& = non-dimensicpal form factor depenﬂing on the srhaper of the
mateorite bﬁt independent of velocity.
For a sphere, ¥ = 1/3 and if the dansitf is 3.4, & = 0,53,

The rigorous inveatigation of the deceleration would involve a
study of th'e variations of ¥ ,a, p, and especially m, as a function
of time or disfance.- Since time is not available to carry on such a
study at the prssent and since at this Btage of the project, approxi- '
;aata_Lya_luas will be satisfactory, we thersfore adopt the following

approximate method,
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Assume that ¥ , a, and m ere independent of the motion ef the
neteorite through the air and since values.i'or density and its varia-
tion in the very high atmosphere are'laoking, replace P by an average
or effective v;.ilue F .

The differential equation may then by written

7 e
and therefore _
-%¥aplAh - kA&h
| 24 i |
Vem Yy led .= {e) R it 2

. In this expression V4 is the velocity of the meteorite when it
anters the atmosphers, a.ﬁd Ve its velocity afier it has fallen a
verﬂcal disi;anceAh through the air., As a maximum condition it will
be assumed thet the meteorits enters.the atmogphere head<on so that
its apeed 18 given by Vg = 47.4 mi./sec. = 250,0:0611‘1_:./sec. See p. 9
of Lecnard, lo¢, eit. '

From Tabl:e 1 4t 15 . estimated that bright meteors (about magnitude
2} have & veloci,tj of about 200,000 ft,/sec.. é.t 100 miles altitude
(528,000 £%.) e that vf = 200,000 ft./ééc.‘. Although the height of

the approximate uppei- 1imit of the atmosphers is not known, aurcral

* At this atage of the analysis, the density valuesiderived in Appendix

A wers not yet available. However, it is believed that a mére exact -
. treatment of the density variation with altitude would not appreciably

‘change the results derived here by the approximete method. ’



oRM 25-3.10 - ;-

TR engeanso av._Ga Griminger DOUGLAS AIRCRAFT COMPANY, INC.  ras. 143
baTE.—____ May 2. 1946 0 __ SANTAMONIGA . PLANT mooer:. #1033

e PRELTMINARY DESTGN OF SATETLITE VEETGIE ~ ;xeorrno, SM-ll827

Chapter 11 |

observations indicate the preasure of atmosphere at 1000 km, (522 N
miles) and this figure w:l.ll be. u's_ed t;: xfepr_eseﬁt the eltitude of the
effective 1imit of the atmsb:lﬁr'o".. S'i.tl;e we are interested in the
meteorite velooity at 100 miles altitude, |

An = 522 miles = 840 km ="'a"'.'40 x 107 em,
Fo:f a mateor -of‘ magnitude 2 1t 1s fonndfrom Table 2 that mp = .040

1/3 - 343, fho constant k may now be evaluated

gram, and hence m‘z
giving k £ 0,9 x 10°9,

It was found in Table 2 that a change of one magnitude sorresponded
to & change in mass by. a ractoi of 2.5. Thus if all masses are

referred to that of a meteor of magnitude 2 one mey write

m, ' 040
Ty = -2

f_z.s] ; = —[zfﬂ.n-zl

and Eq. {2) may then be written :

fom s (3)

o e2
' 3
"-22 ~X[2.5-]

Vg * 2.5 x 10° [e] ft. per sec., - - = (4)

at 100 miles altitude, Tuls function is plotted in Fig. 2 where it
is seen that for mgnitudasigrejéts;' than 5, the velocity deoreases
rapldly. | o |

_ Since the vehicle may Ve.l'a_q--,.:o'perate at altitudes higher:than

100 miles, say up to 400 miles, 1t becomss necessary to obtain an
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estimste of Yy for this upper altitude limit also. At an altitude
as high as 400 miles it is not possible to obtain eny estimate of
the dacalerafion from Table 1, Furthermo:e, the ‘effeotﬁe denaity -
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 muoh higher altitude.
In fact at such a high altitude it is not entirely unlikely that

the deceleration would be negl'igible. We thus have the two extremes
within which the velocity must lie, that of no change in veloeity,
end that with veloelty given by using the value k = 0.9 x 10~
found above for the 100 mile altitude, -

— The velooity corresponding to this latter 1imit is given by
the aqﬁation

-.094 x[2.5}

v, = 2.5 210" [e]

gorresponding to A h = 6232 - 400 = 822 miles.

These two extremes are shown in, Fig., 2A where the oM curve

_wh.‘loh has been drawn in to repz;eaent a compromise between the two
extremes will be used as an estimate of the wvelocities preveiling
at 400 miles altitude. It is seen that &t these extremely high slti-

tudes, the smeller meteorites meintein a fairly high velocity.
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Having the reiatiqn between T and M given by Figs, @ and 8A
it is now neceesa‘r} to determine what is the smmllest metscrite which
will penpstrate through (perforéte) the skin of the satal}::lte vehicle.
There seema to be 'irery 1ittle, if any; 1-riformation available, either
thearetioal or.éxperimental, on the penetration of metal plate by
very small but extremely high speed particles. Bei(;:i, bas apparently
-worked on this problem to some exteat but unfortunately his paper is
not available, -

However, the indications are that in the case of normal impact
of a amﬁll but ‘very hizh ape_e;ihparticle on a metal plate in which
the eﬁ;ead of the particle 1s large compared to the velocity of pro-
pagation of piastic deformation in the plate, the particle penstra-
tescas 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

!11"'-3,;l= - - e o o w w m om owm =
at 2 e

3
b od
mass of particle = 3-'“'--8- P (assumed spherical),

diameter of particle,

‘distance of penetration into the plate,

Po = demsity of the plate = 2.8 ;’“T for durel,

{5): Bethe, ﬁ. A,: TAttempt at a Theory of Armor Femetration™,
Unnumbered Report of the Frankfort Arsensl, 1941,
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= densitv of particie = 3.4 EZ%E for a meteorite,

P
M em

e
(s "'-"o"'- n825,

(6)

CD = drag coefficient = 2/3, see Zpstein.

The equation becomes

a(v) .

where VM 1s the velocity of the particle as it first sirikes the
rlate and V is its velocity after it has penetrated a distance s.
When the speed of the partiele has dropped to about 5§ times the
plastic deformation veloeity V;, it will be assumed that this law
o; penetration is no longer to be used. In the ¥ange in which it is

to be uged the equation is then written

s = 2 Q

When the aspeed of the particle is less than 5 times the plastie

deformation speed it will be assumed that the pepetration takes

place according to one of the armor penetration formulas.

(6): BEpstein, P. S,: Proc. Nat. Acad, Sei.. Vo' 17, p. 532, 1931,
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‘ (7)
The well-known DeMarre armor penetration formula for plain wrought

11'611 is

1
333 x 1075 w2 v |
t y T T T EsEsEsEsss - (7]
+75 _
d
where

t = Pemtration 1n ft. P
4 = dlameter of particle in ft.,
W = welght of particle in pounds >
v = veloeity of particle. in ft./sec,

In this equation, V is the velocity necessary to perforate s thickness
t of wrought iron by a particle of weight w and diemeter d,

(78}
The Vatertown Arsenal uses the formula

where

<t
n

thickness penstrated,

mass of projectile,

L]

Thompson coeffioient,

= diemeter of projectile,

< A wW g

velocity of projectile,
(8)
The work of Duwez and Clark on penetration of copper by high

(7): The United States Naval Institute: Naval Ordnance, Anmapolis,
M3, 1939, p. 301.

(7a): Sullivan, J.F.: An Empirical Approasch To The Efficient Design
of Armor For Alroraft. Watertown Arsenal Laberatory, Watertown, Mass.
Experimental, Report No. WAL 710/506, Jan., 1944, p. 9.

{8): NDRC Report Nomber M-317
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speed small caliber bullets directly verifies the velocity squared
relation for speeds of the order 'of 4000 ft./sec. Their results

can be expressed by

Thusa the expe;imahtal data give rise to pemetration formias pro-
portional to vi.5 op Vz. 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 ultimste strengths or.dural and coppar.are of the
same order of magnituﬁe and since the ballistic penetration is closely
cornected with this property of the metal, it will be assumed that

the results for copper also apply to dural within the degree of
approximaﬁon of the equations,

Eq. (2) was obtained from experiments with 0.22h ineh diamefer
projectiles, If it is assumed that the energy loéa pprrunit pene~
t;ation is proportional to the frontal area A of thé projectile and
also constant over the ballistic range (as shown in ref, (8)) it

follows that

where AKE = change 1n kinetic energy, and

c = a constant
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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

3 ftl"lbc

1
> ﬁvz = 13,8 x 10 T

1,2 _
= n ‘
¢ a2 — - 5.03x10 ft.—ll;. )

ti i A

The corresponding pensiration formula for a sphere would be
1 .
§Er

cwa® 3 Pu

or |

and C = 5.03 x 10/

as determined from the firing tests on copper, the pemetration formula

for a sphere hecomes

-8 2
.“11 24,4 X100 V . *wccoommee -

The wveloeity of plastic deformation in compression is known to

(9) .
be around 1QQ0 ft. per sec. so that the limiting speed used {n the

fluid-flow equation (6) will be taken to be 5,000 ft. per sec,.

ﬂ9) NDRC Report Number M-302,
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Thia corresponds to a plastic deformetion Mach pumber of 5., Thus

to ccmpurte the t&i:al penetration for a particle (metecrite) having -

a speed greater thanm S000 ft. per sec,, Eg. (6) is firat used to
compute the pepetration s at whion ths epeed 1s slowed down to 5,000
£4, per sec, The remaminder of the penetration t is then computed from
Bz, (9) using V = 5,000 £%, per sec, The total penetration is then
given By the sum 8 + t.‘ Letting T=s+t, the computation can be simpli-
fied by joining EBgs. (6) and (9} at Vy = 5,000 ft. per sec, and the

total penetration T is then given by

Vaz, for 0 S..VM = 5,000 ft./sec,

V.

1.1 + 2.4 log, -5%‘.% , for T, 25,000 £1./sec.

The variation of § with V., 1s shown in Tig. 3.

' These aquations are essentially empirical and neglect effect of
vshape of projectile and influence of the physical propertles of the
metel on the critical velosities. Since the dasis for i:he formulas
'lies in extrapolating rather meager ballistic data and thecries to
the small sizes of meteoritea, considerable error may-be expectad,
The present results may, however, serve to give an indication of the

order of magnitude of the impact effects.
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Using the results contained in Figs. 1 and 2 which conpect the
diameter and wvelocity of a metsorite with the megnitude of its meteor,
the pepetration at an éltitude of 100 miles can be expressed dirsctly
as a funetion of meteor magrnitude. This i3 tabulated in Table ; and
presented graphically in Fig. 4. '

In a similar fashion, using Fig., 2A, the penotratiom at 400 milss
altitude is obtained as & function of meteor magnitude, and this is

presented in Table JA and Fig. 4A.

From Tables 3 and 3A or Pige.2 and 44, one may see immediately

how thick the skin {assaumed to be of dural) of the satellite vehicle
mst be to withstand perforation by meteorites of 'difrersnt- sizes .
{magnitudes), Thus at 100 miles altitude, for a meteor of maénitude
0, the skxin, according ‘to the analysis, would have to be at least
2,08 inches thick in order to resist perforation. For a skin thick-
neass of .05 in. = .00416 ft. which represents the order of thicmss.
of metal commonly used in atrcraft design, it is seen that the
smalleat meteorite whioh will perforate corresponds to about magni-
tﬁde 9 or 10. 7 For velccities less than ébout 1000 £t. per sec,

the particles would probably not pepetrate ths plate et all, but
gimply bounce off. In view of the penetration results presented in
Table 3 for the 100 mile altitude, it is seen tha?,'as far as present-
ing perforation hazard is concerned, meteorites of corresponding

magnitude greater than 12 oan certainly be completely dlsregarded.
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PENETRATICN CF DURAL PLATE BY METECRITES - ALZITUIE 100 MILES

Magnitude
" of Mstsor

Veloclty
of Meteorite

' ft./sec.

Pepe -

tration

Ratlo
T

d

Diameter of
ueteorifce

Total
Penetration
Diatancs

I, ft.

Total
Penetraticn
Distapce

T, inches

220,000
213,000
203,000
189,000
170,000
143,000

112,000
82,500
56,500
36,000
19,500
8,200
2,500

550

L1734
12751
. 09200
0668k
.0b790
03393
.02317
01566
.01014
.006249
.003413

001322
.000105

0000096

2.08

1.53

1.10k
8021
5748
L0716
.=7804
.13792
.12168
.07hoB8
.oh0956
015864
.C01260
.COO115
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PENETRATION OF DURAL PLATE BY METEORTTVS - 4"®""JDE 400 MTLES
MO OO Ty DR I S ron
: ¢ RATIO METFORITE  DISTANCE DISTANCE
¥ V. PT./sec ‘% q,ft. . T,ft; . T,inches
0 244,000 10.43 017 41778 2,130
1 242,000  10.41 .0126 - a1818 1.572
2 240,000 10439 .0092 <0955 © 1.145
3 . 236,500 10.35 .0068 0706 0.844
& 251,000 10450 0050  ,gEYs 0.618
5 225,000 10.24 .0037 .0579 0,454
6 215,000 - 10.14 0027 0274 . 0,329
7. 208,000 | 10.00 .0020 .0200 0.240
8 190,000 9.8¢  ,00147 .0la5 0.172.
9 173,000  .:9:62 - 00107 0108 . o.1za
10 154,300 .35 00079 . 0074 | 0.089
11 151,000 §496 . .00058 00520 00623
12 105,400 8,43 .00042 00354 0.0424
13 7¢,000 7.68 .00032 00246 00205
14 52,000  su0 .00023 00154 00185
15 30,000 5.40 .00017 .00092 00110
16 12,450 3.35 . 00013 00046 - /050055
17 4,400 0.90 00008 00008 0<00096
18 1,020. . 0.05 00007 06004 0. 000048
Table SA

" Chapter 11
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Comparing the values in Tables 3 and 34 1t is- found fhat for
magnitudes of 5 or less the increase in altitude from 100 to 400 milag
does not appreciably affect the penetration. For the smaller sizes
thé d1fference in penetration at the two altitudes becomes more marked,
although for magnitudes greatqr than 1%, the penetration becomes
neglig.;nble. _l .

In case the skin is made of material of greater strengih and
‘hardness thaﬁ' dural, stainless stesl for example, the penmetration
would be expected to be correspondingly: less. In this cénnection,
however', it ia worth noting that aceording to the experiments reported
in ref., 8, when the projectile size was mich smeller then the. plate
thickness, dural gave greater resistance to perforation than face
hardened stee'l wheﬁ the comparison 1s made on the besis 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 forcs ‘{averaged
over a long interval of tims} 1s to be expected as a result of
meteorite hits, For =z g:lveﬁ magnitude (size) M, i1f n i8 the average
nutiber of hits per hour, W the weight in pounds, V the wvelocity in

£t. per sec., the average impact force Fis simply

From Table 2 it will be found that the product of oW is constant

and equal to 1,73 x 10-12 « Thus the average force of impact 13 given

by
Faeil52x 10'17v, lba.,

- 2 -
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which shows that even with the highest welocities considered here,

this gverage force would be far tco smell to in eny way affect the
performance of the vehicle,
Having arrived at flgures for the pemetration by the meteorites
of different sizes, it now remains 4o find the proiaab@lities.that
the wehicle will be struck by thesé particles, The following nota-
tion will be used,
N = number of meteorites (either total or of specified size)
entering the eart¥s atmosphere in each 24 hour period.
Ag= Inumber of square -feet of atmospheric surface at e height
of 500,000 feet. The number which will be used here is
A, =4z (21.39)% x 10%2 = 57,4 x 10 eq. ft. Redins of
earth = 20,89 x lC)6 s,
planform area of the satellite vehicle, sq. £t, The number ,.
which will be used is for a triangular planform 60 ft. x 32
f%. which gives the value, Ay = 960 sq. ft,
probabllity that at least one hit wlll occur in the time T.
probabiiity that no hit will occur in the time T, (po-l-pb}. b
probability that exaciiz one hit will oceur 4in the tims.T.
T{0.5) = time interval such that the vehicle has a SO to 50 chance of
not being his.
T(0.99) = time intervel such that the vehicle hes a 100 to 1 change of
not being hit.
T(0;999]= time interval such that the vehiclse has a 1000 to 1 chance of

not being 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 mete&rites epntering the atmospheore ars asssumed $o have a
randomn distribution both as regards their surface distribution over
the atmospheric layer surrounding the éarth‘and as regards their
oceurrence with time, It 435 assumed that the meteorites travel through
the atmosphere along the #ertical and that the planform area of the |
vohicle 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 baéed on the total number
of meteorites of one size only; whersas, the values for N used in
Table 5 include the total number of meteorites of a given size plus
all those of larger size. At the lower magnitndes thege twq numbers
do not differ appreciably, but at the higher magnitudes, 9 or 10 and
bigher, the difference 1s large enough to be considered. See Table
1, Appendix G. For this reason the values in Table 5 are considered
tb 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 coperation of the vehicle (say from 5 to 10 days)
until the meteorite size becomes as small as that eorresponding to
magnitud; 14 or 15. Thus, it is seen from the column for M = 15,

that on the average, the vehicls c¢ould operate for 192 hours before -
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it would be hit by a mateorite of size corresponding to magnitude 15
or any larger size, For magnitudes greater than 15 the average time
betwesn hits becomés relatively small butrby this time the msteorites
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 num};ers for @i and %. |
The most important probability to conmsider, it would seéem, is

the probability Py, which is the probability that the vehicle will be

- hit at least once. Or, stated _slightly differently, Pl¢sivtas, 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 ocour, while
a probability of O means ths event 18 certain not to occur. Con-
sidering the values of Py, 1in Table 5 for the 120-hour interval (5
days), for instance, the probability of a hit is less than 1 in a 1000
(.. 0.,001) for all magnitudes of 8 or less. At magnitude 15, however,
the prebebllity has greatly incremsed and shows that there is only
about a 50 -~ S0 chance that the wehicle will not be hit, Here again,
however, the size of the particle becomss 8o emall that even thoﬁgh the
probability beccomes high, it does not matter as far as damage t0 ths -’
vehicle is concerﬁed. ¥or magnitudes 20 and above, the wvehicle is cer-
tain to be hit, but it 'certainly will not matter considering the small
size of these particles.

Considering next the probability-based time intervals, we aee,
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for example, that if we specify a 1000 to 1 chance of not ﬁeing hit
by a meteorite of corresponding magnitude 10 or less, the 1;ehicle
may operate for 19.2 hours, If the probability number 1s relaxed

down to & 100 to 1 chanse of no hit, the operating time increases to
192 hours, etc. _

It is interesting to note that et around megnitude 15, the
probabllities Py, , P, and p; , all take on comparable values, show-
ing that somewhere in this range of mgnitudé the ocecurrence of these
three events becomes more or :-Lgss equally probable,

In general, the probability tables indicate that for the meteorite
sizes which are large enmough to present a perforation hazard, the

probabilities of a hit are quite small, never excesding about 0.001

(for a reasonable plate thickness say, of 0,10 in.) or about 1 chance

in 1000. .

Having the relatlon between T and M {Figs. 4 and 44) and the
relation between pl; and M (Table .5) , one may then derive a relation
between T and }:h, where p, ~ 1is the probability that a moteorite of
corresponding magnitude M will just perforate a dural skin thickness
of amount T. This relationship has been derived and is shown in Fig.
S5, for the two altitudes 100 miles and 400 miles. These curves
represent, essentially, the net result of the perforation end proba-
bility study when presented in the most usable rorm_.

Since the relation of the tﬁe shown in Fig, 5 has beén dster-
mined only for the case of a § da} time interval, we gha)l suppose

" that the vehicle is to operate for a period of 5 days. We then,
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3
for example, may ask what is the probability that a( gkin of say

H

0.12 1n.i thick dural will be parforaﬁed by a meteorite when the
aititude is, for 1n§tanca, 100 miles, Referring to the 100 mile
‘altitude curve of Fig. 5 for T T 0.12 in., 1t i5 found that Py, 313107
-:-;;Z;’ ... 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 p,, S .0048, and in this case the chances
are ounly 208 to 1 that perforation will not océur. There is not
mich point in considering values of T« .05 in. siné‘e' at least this
mach thickness would be requj:x:ed simply from considerations of siruc-
turai strength., |
The use of the eurves of Fig. 5 may alsc be-considered from the

reverse point of view, Assumihg cperation at 100 miles alj;itudg,
‘syppose we ars willing to take a 1000 to 1 chance on the occurrence
of perforatién, and then ask what the skin thickness msat be. TFor
Py, T .00L and at 100 miles altitude it is found that T = 0.12 in.,
These examples are sufficlent to show how the perforation - probe-

bility-time curve is used.




JEM ZB.M- ]

an st apeo wvs He luskin - DOUGLAS AIRCRAFT COMPANY, INC. rer_ 170

eare.._May 2, 1946 - _.____.S;MINIQ&._, PLANT mooeL:.£1033 )
nrer. DRELIMINARY LESIGN OF SATELLITE VEEICLE ) ‘ . rerort noSu=11827

Chapter 11

PROBLENS AFTER ORBIT 15 ESTABLISHED

Temperature of Vehicle wﬁen on the Orbit. - The tdmperatures
Ifeached by the vehicle vhen it is on its orbit zra caléulated by consider-
ing the proceaé of radiation of hest f;dm the sun and earth to the body,
sad from the body to space. |
'Suppose, to begin with, @hat the simpls illustrative example of
the hsating_of the éartﬁ by the sun is:éonsidered. It is desired to cqm-ﬁ
- pute the average témperaﬁure of the esrth's surface. Th; rate of heat

. redistion by the sun will be ) A

atkd

0.173 x 158 BTU/(sq.ft.)(hr.](dag.R.)L

lO,SOOoR., sun's surfsce temparature

864,000 miles, sun's diemster

. This energy travels into space on spherical surfaces, and therefore the
frection of this eﬁergy which is intercepted by the earth is equa} to
the percentege of the ares of the sphere, of radius squal to the distance
trom the sun to the earth, which is blocked off by the Earth. This must
further be multiplied by the absorptivity of the earth. Therefore: the

rete at which hest is absorbed into the earth is

ﬂ-o&i’rmzﬂz

at s 4TTL
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in which - ébsorptivity
A prﬁjectod ares ezposed-to gnn‘s rays
L = distence from sarth to sun, 9351 106 miles
The rate at which the esrth radiates hest is
= oeTt m>
emissivity
average surfasce tempersture of earth
de diameter of easrth, 7920 milses
lhen hest is radisted out és_fﬁst as it is sbsorbed, egquilibrium conditions
exist. This is obteined by setting (2) equal to (3).

2 Gh . 42
chTTdSA_TTL -UGTﬁTTde

From this is found, after setting A = ndi/&, and € = a by Kirehoff's

law, o dz’

olls W

a 2

16L
Ts vn;; ‘ |
Ty = 3 \T (5)
Using the values noted above, wes find Ta = 520°R = 60°F, which is in
ressonable ag:cement with cur everyday experience.

Now let'us spply a similar snelysis to a sstellite vehicle. The °
vehicle will alternately be in front snd buhind the earth. Supposing
thet it is in ffont of th;'earth for a‘surficiently long time to reach
equilibrium, the governing reletion is

chﬂd 2 My + OTﬁ ndi QAVe = ge Ti -

s 8 £”L2 nﬂ2 Q'v

- -
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where the symbols srs as noted previously axcept fof
AVG = projected ares of vehicle s seen from éarth
Avs = offective projected ares of vehidlelas geen from suﬁ
Tvr = tempersture of vghicla, in front of earth
S, = surfsce ares o?‘vahicle
Agein pssume @ =&, and simplif} {6). T, can be eliminatednby the use
of (4). This lesds to

o = Té‘ﬁK

e

s, gveJ

{7
Ay Cy

Now-it_is necessafy to determine the ratio of projected to surface areas.,
The vehicle is conieal 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

Are 53 3.33 x 16467

]

) = .292
ST X 16.67 X 3433 4,257 3.33°

The projection of the vehicle as seen from the sun is & cirele at "dawn",
gradually chenging to 8 triaﬁgla at "high noon" and then golng back to
& olrcle at "dusk". The mean fourth root of the projected area raiged

to the fourth power is

fs . 19.3x .292

sv T .5 x 3.33 x 16.67 +203
N 2
Henoe 2l _ .
ij“ 1.10 S8 = 3,10 4 (8)
161" © :
or

. o. o
Tvr 1.02 '1‘a = 530°R= T70F.

report no SW=11827
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If the venicle were benind tie earth for 2 time great enough to produce

equilibrium temperstures, then the eguation governing the situetion is

like (6), but without the first temm.

44l aAve . a‘e.Tv., S,

e e“-e
This is readily reduced to

4 4
Ton = 202 T

It follows directly that

Tee =32 lg = 381°K 2-79°F

Thus we have shown thet t he temperature of the vehicle must lie between
the limits 70 F. and =79 F. To find Just where, between these limits

the temperatures lie, it is necessary to set up the differentisl equation
relating temperatures with time. The net rate of Heét trensfer for the

body in front of the earth with respect-to the sun is
A 1
L -G'Tsuci 20 +d'eﬂo{ iAw‘-‘TET 5
W nd

e 1
e

using (4}, putting « = ¢ , and simplifying, we find

- 4 v
W) ol oot 1l
- onle Xy 3

For the values used previously,

%{}F -: f¢e §v [Sﬁo-‘t- T, ‘

The specific hest is defined to be

. 8@
WaT
in which ¥ is the weight of the vehicle. From this, it is seer that

(13)

N AT : )
T e\ at (14)
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{12) can then be reduced to -

dle oely .. 4 4
';&— =-‘-__"G'-J_‘§Bo -T“F]

There are several caiculatidns which can be immediately made ﬁsing

(15)

(15). ;ﬁ‘irst‘, for equilibrium, 4T /a8t = 0, and Ty = 530, This
checks the calculation. made previously. Second, the grestest rate of
heating oc‘cuxfs when Tv is least, and the least value of TV is 3810!2.‘.
Using thet velue, € = 1.0, C = .12 BTU/1b.°F, and ¥ = 300 1b*, we
find oT/st = 265°F/itz. | |

| An expression similer to_{15) cen be set up for the time when %the

vehicle is behind the earth; For that case

dT\m _ g& 6? o4 -4
TR [T 81" | - (16)

Here the maximum rate of increase in T, is also 265°F. /nr. Since the
half-period is sbout .75 hr.., it can be seen thet the temperature -
changg_s_&,v__rfi]..!_lt.enﬁ;é:t.‘o;:bé large:ir. -

Thg mesn temperature, TVm’ cah now be pbtained by =ssuming that the
réte- of change of temperature is mmtén‘o , and then

4 i 4
T - 3g1d = 53,0 Tv..

Yo

‘From this we find that
Tvm = 4T1°R = W°F

An estimote of the limits to the tempersture variatio'n.on the orbit can

now behfound‘,b'y caldu‘lation of pha rate of temperature éh_gnge at this

mean teamperature.

* Structural welignt only.- Paylosad assunmed to be insulated from Structure.
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and using the previously noted numericel vslues, we find the rste of
chenge of Tv, at the mean Iv, is 132°f. per houf, o; about lOOOF in
the time required to mazke a'half revolution.

To obtain the greph of temperature as a function o} time, it is
necessary to return now to {18) end {16). Inserting the'values for the

known constants, we have

-

WF _ -1 4 4 4
E.. = (.8u %0 ) (‘530 'TvF)_. : (17)

'CJ-TUQ ‘ - -2y i 7 4 .
— 2 . _(eyrw KT, -381%) {18)
m { o X vy )

For {17}, we have

4Ty,

v 4 4 _ 2
(Brx 1) (s30- Top )

\
ate bt ]
oL
G- )

+ _l_ - .LW
a’+h* a-n  iab
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P s a0 oot B So-Tug |
VFO
3(00({"5.'»1' “" '*'&M" )
S0 S
4-43;0(_0/,,1 550 Tve, ":@M 5%0 +Tu,:, ) ) (19)

S0~ T, 550 Ty,
when the vehicle is in the sun. |
Eguation [18) leads to

fdtf -1 flm"i'élﬂa
¢ (811 x107 )% a T,,:;--s'sl"'

]
and s,

'-.‘.(‘_l)._l,f,‘____)_-'la
et 2ar Lxl-g2 Kleg? 4«’&)‘-:« s X’-w.’-)

80

ot =otos (2 22y, T cer)

+2.00 (ﬁ—w\" T“'ﬂ- "\'ﬁ,{' T__‘L"; )
38( 381

when the vehicle is in the earth's shadow.
| Equetions (19) =nd (20} were used to obiain fig. 6 , which shows
the time varistions in temperature. | o

' The calculations mece up to this‘point have congidered only radia- )
‘tion phenomenon. It is necessary alSo:to inveét;gate the heating dus to
ffietion. AB in thg case of the drag ceicﬁlations; #arious regineé of
héa;.transfef arise, depending primariiylo#:pha spee&;aﬁd.altitudeu.,The
orbit will be of necessity chosen to t;a 'a.t‘r.‘.a.lnmaltitude scA}' great thét
Rinetié theéry methods may be uéed here ;or‘computing heat transfer. Ve

will begin with simple essumptions which will tend to mske the heat truns-

fer lerger then it actnelly is.
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Chapter ‘11 -

Conaider 8 surface of the vehicle of unit area.‘ Then if N is the
aumbexr of moleculea in unit’ volume T is*ths vehicle speed, and a the.
angle"between tha sirface’ and the uirection of motion the number of
:molecules calliding with unit eres in unit tima is mva. Esch molecule
has an*gnq?gygLﬂapWZ, where 11 is.the mass of one-molscule, and where

5‘i§_aisreg§rd tpé,;andom velocity becsuse it is sméll coﬁpared to V.

. The eﬂbfgy of-all the molecules which strikes unit &rea in uhit time is

evidéﬁt;y

_E:%_P.HV30§=1J)V | .‘ (e

The same number of moleculeé will leave unit area in unit time, but
ﬁheir momenta will be differeﬁt. vie will make-the'gssumption that the ai
molecules enter the skin surface, come to thermsl equilibrium with the
skin‘molecﬁles, and then are discharged in random fashion. fhe eﬁergy“

lesving the skin unit grea in unit time is just

-a%_JJVCJd

(22)
where Gw is the molecular mesn square speed corresponding to the skin

temperature. ' The energﬁ-left in the well 1is

1 3 -_CU]
iV e ] ot

P Mey =3§ Ty (24)

wharélm is the molecular weight of =ir, R is the'uﬁiveraal'gas eonstant

and Ty 1s the tempersture of the wall. Eliminsting C, between these
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Chapter 11 °

equations leads to

e Tw ]
J’wdb“ap‘ w | (25)

-~

Ab =

bl

The moet peassmistic casa is thsat in whioh!,E V2 ia ignored cqnpared to
unity. If, efter making thset aessumption, the rate of hest tranafer is
found to be.sma;l,~then-ainca teking the additional term into accognt
makes it yat.smélier, the serodynamic heaﬁ@ng'caﬁ'be-ignored. This
agssumption has.fhs physicel mesning that all orzthé enérgy of the on-
coming molecules is loft in the skin. Converting to BTU, we have the

heet transfer into unit area in unit time, i:

\Q '
0 i 4
The following table-gives values of the heat transfer et several alti- 7

tudes and at orbitsl speeds. « is 0.1 radiams. .I:is 778 fL. lbs. per B

ALTITUDE  DENSITY SPEED HEAT TRANSFER RATE
iiles Slugs/cu.ft. F.P.S, BTU per sq.ft.per sec.
6  2.4x6° 25,900 3m0b
- 100 1.07x16%° 25,600  1x10%
200 1,754 25,300  3x10°
300 1. 3;1616 ) 25,000 1107
400 6.1x15%7 24,700 '6x16°

__It is obvious thet tremendous chenges in heat transfer rate teke plsace
as altitude is chenged. In order to get & scale with which to determine
the importancs. of the serodynamic heeting, we calonlste the rsdistion

cutput of the same unit skin area thst was considered sbove. This is
28 e TY
At '

- * Strictly spesking 26} 413 po
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Ghapter; 1
which has e magﬁitude of 2 xrlﬁ? BT per sq. ft. pég_sqqohd. It cen be
éeau thaet the radiating pcwdf is exérem;ly large uompegﬁd to the rate
of heat input, so long as the eltitude is not below 200 milea. It seems
justiriad, then, to negiect the aerodyﬁamic heating for the ceses of
ihe cruising altitudes.

b .At the lower asltitudes, where asercdynsmic heeting is important,
mére detaliled axpfdbsioﬁa for aerodynaﬁic heéting are availsble, and
these are discussed in_éther portions of this report. |
It was assumed in these calculations, that day end night for the v
vehicle occupied equal times. That Btatement is approximately true
only if the altituée is not great. Thé variation of length of daylight
and night is shown in fig. 7. ' o -
The temperstures computed here are, in genersl, low compared to
what we ordinarily think of as being "normal™. There are seversl mé;hods
of controlling the temperature level, aﬁd Teising it, if desired. First,
if the missile is steared arounq its orbit so ss to preseni its maximum
'projecte&‘area to the sun »at a2ll times when it is in the sunlight, &
zain of 30°F. in mean tempersture can be had. Second, reducling the
amissivity will proportionately reduce the‘magnitude of‘temperature
' fluctustions, slthough the mean tempersture will be unchanged. Thirad,
‘surfaces of different values of emissivity (lower, sway fram the sun)
will rise the mesn teﬁperature. Fourth, changing the plene of flight
‘ to one including the eerth's sxis and et the same time perpendicular to

the aun &t all times and raise the mean temperature to 70°F.
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11. PROBLEMS AFTER ORBIT IS ESTABLISHED - (Cont'd)

Aerodynamic Control while on Orbit. - The use of aerodynamic control '

Jiq dependent on the ability to dévelop stagrstion pressures (or indicated

" airspeed) of reasonsbly large order of mégnitude. The stagmation pressurel
in' turn, depands.on the stmospheric density and the vehicle speed. In
the present cdsa, the orbital speedé are'high, but &t the desirable

cruiaing sltitudes the densities are extremely low. This follows direct- §

1y from the fset that the densities must be kept low so that the drop

per revolution is alsollow. The following taeble gives velues of the

- indicsted speed, V , for several sltitudes, where

il
v, =lp/p, ¥

~

and where the stagnation pressure g, is

a = (1/2)p7° = (1/2)p V;

i

Here p° is standard se= level density.

ALTITULE SPEZD DENSITY INDICATED SPEED
Niles - f.p.s. Slugs/eu.ft. f.p.s.
0 25,900 2.4x15° 25,900
100 25,600 1.07x15° 5
200 25,300 1.7::1613 0.2
- 360 25,000 L8  o.006
400 2,700 6.1x18" 5070004

Now the force per unit area which csn be developed by serodynamic

means is in thé order of

iy

% 001 Vf
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Chapter 1l

At 100 miies'aititude' F/S is-gbout .025 1b., and for en area of
50 sq. rt. a force or 1b25_115.. would be davelopedo Thus, since the
weight or the vahicle is. sbout 1000 times this force, we ses that it is
hopeless to obtein accslerations or balaancing of waight moments through

aérodynamic means. The only use of such controls at high altitude would

be to balance other aerodynamic forces or moments which, of course, would

. be of equally-small megnituda.

Another faetor of importance is that the lift drag fgtios-at'high )
altitudes are in the drder of one. To avold losing eltitude while man=-
euvering, it would be nmecessary to counteract the drag bj thrgst - the
thrust being of same magnitﬁdé as the lift. It is obviouslj-more
economical to use the thrust force for lifting to begin with, and to

dispense with the serodynamic control.
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B 1 Chapter 11
.1;. PROBLEMS APTER ORBIT IS ESTABLISHED C

At.t:.tude Control bv Recoil - After the rocket fuel is exhausted tha

*et rudders becoms lnooeratlve and other means must be adopted to control
'.thq attz.tn_zdg of the missile on its orbit.. In the ext.remely rarelied air
of the- icns;phere‘ it may seem unnecsssary to head the missile in the _
-ldifectién of its path because drag is néegligible. However, if a definite
'bi-iaafaiﬁioa of the missile is desired, be it for purposes- of oriehting.
missile=borne instruments, of regulating temperature aboard or of sulding
the missile on a descent into the lower atmosphsre toﬁards'a slow-down
and éventual landing, then means to turn the missile deliberately must

be:prévidad. Two such ‘means have been proposed - viz, {l) missile-borne.

flywheels which when impelled will impart an equal and opposite angular

mbﬁentum to the missile and (2) small torgue rackets..

The feasibility of accommodating adejuate flywheels in the satellite
missile can be gleaned from the following study. Either in the instru-
mentation head or in the ring space around the thfust nozzle there 2ar
"bears to be room to accommodate three flywheels; one each for pitch, yaw
and roll. fhe projectile weighing about 1000 lbs. empty is estlumated to
_ha;e a radlus of gyration of 3 ft. An 8" diameter fl_,mheel weighing
about 2 lbg, would have to be rotated 50,000 times as much and as fast

- as the missile is to be tnrned in the opposite direction by reaction,
prbvided ho exti'anebué monienis interfere, Spinning this flywhesl a.t

? 2500 RPY would turn the projectile end for end in ten mlnutes. 'IhéA_

.1power necessary to attaln this speed in say 20 seconds, and to keep lt

-'running-would be lesg\than 1/50 HB. The braking could be done by frigtion.'

J‘;ésé power would be required if more time is allowed or if the flywhesl
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Chapter 11

is made largzer,
Actually there should be no pressing need {or high rates of tilting
“the projectile; Yuch smaller rates should suffice for casual corrections.

The average rate of rotation necessary to maintain the heading alizned

with the path is one revolution in 95 mihutes, about 1/5 of what the
control device envisaged above could cope with. However, there is no
reason why the orbital angular momentum should not be already imparted
by jet rudder action during the last phase of the powered ascent before
entry into the orbii.

As to roll control, the lesser moment of inertia of the wehicles in
roll probzably admits of similar attitude control with a smaller flywheel
device than pitch and yaw control,

It would thus aprear that a [lywheel type of machine bto influence
the attitude of the satellite projectile in the zbsernce of extranscus
moment s poses no serious problem fror the viewpoints of bulk, weight;
and power involwved nor is tﬁe apparatus complicated or delicate.

Problems however, remain to be solved, to be sure. The precision
with which orientation of the missile.will have to be predicted or com-
‘manded remains to be determined and the methods by which thg sttitude
of the projectile with raspectrto its path c&er the sarth can be tele-
metered deserve serious study. Even though the air density at the
orbit altitude is very small, aerodynamic disturbances may yet be com=—
mensurable with the control moments cqnsidéred. If such aerodynamic
moments are preseni for 2 large part bf the time then their continued

eosunteraction may entail the accumilation of larpe flywheel momentum.
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Chapter _ 11

It would be possible to allow mich larger me.ximm flywheel speeds than’
the 2500*Rﬂ£ pfevioualy r'n_i,g;l't'.ioned. Liﬁ:itatiazis_ are drgvni by technical
considefat.ions of permissible flimsiness, ‘-ba'caruse the larger a fl&wheei
of a chosen weight, w, is made the longar ib can absorb a given t.orque
befoge rupturing its rim. The time inﬁegra.l of the reaction moment. .
* that can be put into the f.'lywhe_el is f!o! dt = wlfw = wr A where '
wand T are weight and radius of the rim while L is the breaking length
~ of the material and w the angular velocity eventually acqulred by the |
flywheel. Assuming that the largest diameter flywheel of which a pair
. could perhaps be acconmodated in tne satelliite misalle is 2r 3 321
and that the rim is made of steel ‘1av1n5 a breaking length of 67, 000' |
then the product. of react.lon moment in i_‘t.-lb.. by the time in seconds;
| that..can be derived from each pound of rim weight is 60 ft.-sec. béfoifé :
- the wheel' would fly apart. at 9600 RPY. Some fact.or of safety would
have to be provided. For’ mst.a.nca, a we.n_l-nroportmned flrwheel of
2 ft. diameter weighing 20 lbs. which would be allowed to attain 10 000

RPY would cope with a systematic average aerodynamic moment of 1/100

ft.-lb. for 10 orbit periods in its plane., This amounts to 2 lbs. of

wheel weight. investment per orblt.

While rotors are spinm.ng there will be g’rcscopic cross i_nfluencas
which may require mutual corrective devices but t.he_y are not accumla-
tlw over more than half a sat.ellite period.

The second proposal o.t‘ at,titude control by reaet.ion emrisaves smal_'L
gas exhaust recoil ung. S:Lx or eight such devices arranzed to emit.

Jets tangentially to the skirt of the pro,}ectz.le can prov:.de control
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of rotation in pitch, yaw and roll.

If the gun were mounted to fire radially at a leverage/{ from the
.center of»gravify of tﬁe projectile of weight W and radius of gyration i,
it would have to develop a recoil force of P = TR/ 30 gl{t in order
to accumulate a pitchihg rate of n RPM in t seconds. Assuming L= 4
ft., Wiz/g = 300 slugs £t.2 and n = 1/20 as before, Pt = 77/2 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 éas 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 éxisting ni-
trogen preasure syste@'or from an alcbhol oxygen burner or éven an
oxygeq‘vaporizer.

Again the queétion of how much aerodynamic pitching moment the
control may have to'cope with remains to bé investigated. If again
1/100 ft.-lb. aversge torque were to be generated continuously, then

only 1// lbs. of gas per circuit of orbit would have to be expended.

On the first glence this looks about ? times as favorable as the flywheels,

but considering thet 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 be consldered for creating erecting
moﬁents or for keeping the disturbing mements small. One of the most
drast;c ones would be to house the real "payload" instruments in &
spherical shell and expel it from the satellite vehicle after it is

established in the orbit.
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Chapter 11

PROBLEMS AFTER ORBIT IS BSTABLISHRD. ~ (Conttd)

Loss in Height Due to Resistsncs while on Orbit.”- Preliminary

-caleulstions on the loss’ of altitude as time goes on showed thst at sltitud-

es of about 100 miles only small fates of drop would ba ensountersd.
Such calculations were besed on the following formula, obtained by small
perterbetions from the basic equations of moticn.

AR _ =D
T ATy

LR is the loss in altitude per rTevolution, R is the orbital radius, D

is the drag, and W the weight. For e hasty estimete of drag one is tempted

1 V2

4

-1 1 '
to sey Cnﬁm“ﬁ, and then D =

-Here I is the Hach number, p the air density, V the speed of the vehicle,

and A its frontal ares. To arrive at a magnitude for p, we assume an
isothermal atmosphers. From the condition roz; equilibrium of thg atmos~
phere, we have
dp = -p g dh
where p is the pressure, and h the altitude. From the ges law, we .have
dp = dp g RST
where Rs is the gas conatent.

Combining these two equstions to ellx_ninate the pressure yields

dp _ _an
B TRt

Integrstion then leads to

log p = - 'g—"l‘ + const.
‘ g

The constant can be evaluasted by saying p = P, when h = o.



JEEU ereeameo av. He Luskin  DOUGLAS AIRCRAFT COMPANY, INC. eaog: 122
- oare.. May 2, 1946 SaNTA UONICA PLANT mooeL._ #1033

e PRELIMTNARY DESIGN. O 3aTELLITE VEEICLE ) REPORT No.SM=11827
Chapter _11

Then lospr-lospo=-%-f
g

This can be written

.
p=pe 8

Suppose, now, the following numerical values ere asssigned to the quantities
in this relatiom. - |
R = 4,000 x 5.,280 4.
¥ = 1150 1lbs.
A= 8.7 sq. Tt.
V = 26,000 ft. per second
M= V]{fgﬁéﬁ = 26,000/1 1.4 x 53.3 % 500 x 32 = 2
P, = +002378 slugs/cu. ft.

kb = 100 miles = 528000 f%t.
T = 500° &
The density can sasily be computed to be .48 x 10'11 slugs per cu. it.,
and the drag is 00059 1b. The drop per revolution is then found to be
135 ft. Doubling the altitude, haking'it 200 miles, would have the effect
ot équaring the veajue of p/po, and finally chenging AR %o sbout 10_‘9 feet
per ravclution. ‘
These results would seem to indicate that the loss in alt;tude wes
. sufficiantly small at altitudes well sbove 100 miles. . In the first
place, due to the extramely low Reynbld's numbars encounteread at'high
altitudes, the drag must Se avalusted by unconventional mathods. Second-
ly, the ssaumption of en isothermed:: atmosphers can carry with it large

8IrTOT8
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For these ressons, s more comprshensive study wes undertesken.

& re-evaluation of the drag coefficients, bessed on the prineciples of the

kinetic theory of geses was mazde end is presented in Appendix B. The

revised dreg coefficients were found to be considerably hisgher. This

inerease ls seen to be ressomsble when the known varistions with Reynolde

number are tsken ihto eccount. In eddition, = sesrch of the literature

was made in order to arrive at better estimetes of the density of the

atmosphere,

The results of this study are presented in Appendix A,

The

following table sums up the corrections to the above method which c¢an be

made.

Altitude, miles

Temperature, deg.

¥, Mach no.

GD’ drag coefficient
Drag, 1lbs.
AR, drop per rev., ft.

Approx. time to drop
to sarth

Approx. range before
dropping to earth, ai

519

3.7+167

2.4x103
25,900

25 900
2%10
23.2

3x10
7x10xl

o

Cycles betore drowvping

to earth

Time to drop to sarth
if p is in error by
a factor of 000

!
[
0

100

906_

5.5xl§7

1.o7x161°

25,600

5
6x10
17.5

1.0

1

6x15~
lxlo5

1 hr.

1.75x10%

6.9

200
1670°
8.3x157
1.7x19%2
25,300
0.2
6x15°
12.7
2.0
2x153
5x102
3 weaks

8.71;106

3330

«5 hr

300

774

4.9x157

l.3x1516

25,000

0.006
Bxl(-)5
15.7

2.0

2x156
1

5x10
23 yrs.

3.43x10°

l.28x106

8.5 duvs

400

671

44ﬂﬁ7

6.1x10%

24,700

0004
4x10
14.5

2.0

1x168
3

2x10

7

10 centuries

i
1.47x10

5.37x107

1l yr.
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The viscosity data'ﬁéié'obteined, 88 functions of temperature, from
' McAdams, Beat Transmission, Seoomd‘Edition; p. 411, and Durend, Aerodynamic
Theory, Vol. 6, p. 227. Using these data," it is found that AR is grossls;- |
diffsrenf than was calculsted by-the.first,'erroneous; set of assumptions. ‘
' The primary causs of the large'différence bstween‘thc‘tﬁo.calcu;at;qne
is the difference between the isothermal and the actuai étmOSphere. The
.large témperatdrés.oxisting at great altitudés céuaas the density to drbp
off much more slowly then would have been predictea by using lower tempw-
‘eratures. The following table, for exsmple, shows the sctual aﬁd isothermal
(500°R) values.

ALTITUDE p (T=500°R) p(ACTOAL)

iz 10

©100 mi. 4.8 x 16 1.67 x 10
200 mi. 2,3 2 162 1.7 x5
These differences zre the direct result of the tyﬁe of temperaturs vepris-
tipn assumed in esch oase. It will te noticed that the revised values
shown in £he table indicat;-that a vehiclé starting in an orbit at em
‘altitude of 200 ﬁiles would remein aloft sbout 3 weeks. However; when

the eccurscies of the assumption underlying these calculstions sre examined

eritically, pérticularly the values of demsity in the upper stmosphers,

it is found thst the duration figures may yet be in errvr by a factor of

1000.- For this reason an additional line is included in the table showing
' the lower limit believed possible for the duration. Confromted by our :-

present atate of ignorance, one can only conclude thgt the minimum initial

altitude for a sstellite should be 200 mi;e; while the recoﬁmended altitude

would be betwesn 300 and 400 miles.
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Chapter 12

12, THE FROBLEM OF DESCENT -ND LANDING

Ap important‘ultimaﬁe goal for any vehicle must be that of carry-
ing human béihgs with safety., Omne obstacle which seems to stand in
the way in the present tase is the great energy stored in the vehicle,
a bart of which serves to heat the vehicle on descending.into the

. lower atmosphere. Thé study which follows is an attempt to show the
fegsibility of lowering the craft without destroying it by‘fire. s0
that a safe landing can be made on the surface of the earth.

landing introduces primerily & problem of dissipation of the
tremondous energy stored in the vshicle by virtue of its speed., If
all of this energy, for example,_were to be converted to sensible

heat of the vehicle, the temperature would be increased by

W = vehicle weight, 1bs,

g = acceleration of gravity, ft./sec./sec.

V = vehicle speed, ft./sec.

¢ = specific hest of vehicle, BTU/1b./°F.

J = 778 £t. lbs./BTU
choosing g = 32.2, V= 26,000, ¢ = ,12, leads to AT = 112,000 g,
The time reqdirad to radiate all this energy into space can be esti-
mafed as follows:

¢ = Stefan-Boltzmann constant, BTU/sqg. ft./hr./(oF;)A
€ = emissivity
. T.= vehicle temperature, g,
A = vehicle surface ares, sq. ft,
choosing ¢ = .173 x 10'8, €=1.0, and 4 = 95, ¥ = 1150, leads to

FaNA TA = 940 X 1014. If the vehicle is sllowed to radiate at as
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high a temperature as 1000 R., thsn 94, hours would ba raquired for
the necessary removal of heat energy. The burn;ng of msteors as
they enter the earth's atmosphere is a striking example of the type
of pﬁenomenon wyich might be expected.

;étﬁally t#é'dissipation times will be orly a small f?actionr
of that 6cmputed above because a large portion o: this energy is
1ef% behind the vehicle in the form of heat in the wake. The re-
mainderjisfréﬁiated from tﬁe surface, is stored in the vehicle as
heat, or is retained as kinetic energy to be diséipatad'during the
laﬁding‘fun ;n the ground. e deal here only with that energy
which is fed into the vekicle as heat, and whlch.must be radiated
back into space.

Thg s&lution to the problem must come from a method of cop- .
frqlling the frajéctory during the landing glide so that the heat
1npu£ can be dissipa;ed at a temperaturs sufficiently'low to pre-
vent damage to the vehicle. .Such control of the élide path must
be dccamplished fy perodynamical means, implying that lifting
surfaces must-be provided to prevent the vehicle from sntering the
denser regionrof the atmosphers too rapidly. The trajectory will
now be investigmted by studying the heat flow balance.

‘The heat input from the boundary layer of a come is

Q1
5t 5 ~B(Tg, - Tg)
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where!

'Q = heat energy, BIU .

= time, sec.

S = surface area, ag.ft.

H ‘heat transrer coeffieient BN/OB‘ /8q.Tt. /sec.

TBL ‘boundary liyer temperatuze

= vehicle surface tempje_ratm:e

The hest transfer coerriéient.‘ ‘ﬁas besn shown to be

0.8
p 3 (4)

B .0221, (v"’ )
in whieh
A = heat conductivity of =ir at the tempefature TEL’
B‘I‘U/sec/i‘t/oF.‘
£ = cone length, ft.

¥ = velocity of vehiels, £t/sec.

v =n/p

p = viscosity of air at temperature T.., lﬁ.sec/sq.fﬁ.

p = density of air at temperature Tors slugs/cu.ft. -
f = total cone angle, rad.

- The work which follows will be much aimplified by the arbitrary

' asgumption that the exponent of the Reynélds number be changed from

0.8 to 1.0, 7 (4) then becomes

Hn.oazz.-—- cpr, (5)
where:

e, = specific heat of air at constant presdure, BTU/1b/°F.
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The group l/cﬁp is the reciprocal of the Prendtl number, and
© is approximately constant. Using 0.7 for cﬁpﬁk, 0.2/ for cp, and
o2 for{b. we find

H= ,0045 oV (6)

(6) can now be combined with (3), yielding

S = L0045 pVS(Ty - T,) (7)

Now it is well-known that the stagnation temperature is related to

‘the Mach number by the relation

Tam(l4+.2°) (8)
Here we use Th for the ambient air temperature. Exverience based
on German wind itunnel results has shown that the boundary layer

temperature is somewhat less than the stagnation temperature, so we

can write : :
Ty = T, (1 + 28) o (9)
This rélatiOn, coribined with {7) gives the final expression for the

rate of heat input.

3g,. -
%= L0045 p¥S (T, + ARET - T ) (10)

The effect of the sun is pot important here, as-is shown by com=-
parigon to the flight of meteors, which become very hot only on

passing through a gaseous atmosphere.
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~ For the heat output, we heve the femiliar radiation equat;on,

s . 4
3t = ¢ 95T, (1)
in whieh

¢ = emlssivity

g = Stefan-Boltzmann constant

How we shall define a special trajectory of descent, one in
which a constant temperature of the fqhicle'is maintained. That
aséumption implies, as is shown by reference t¢ equation (11}, tﬁdﬁ
a fixed rate of heat $ransfer.£§ charéctefistic of this trajactory;
This fixed rate of heat output must be matched by an equal‘ﬁeat in-
put by proper'choice of sﬁeed'at aach.altitu@e in ofder that thé

skin temperature noit chauge. The analytical expression of this

trajectory is obtained by equating (10) and (11)

L0045 oV (T, + 18T, - T) =eol® (12)

For any given temperature of the vehiecle, (12) defines a unique
speed for each altitude. Curves showing these glide paiha for
sevefal vehicle temperatures are on figure l.

There are several important resuits to be cbtained from figure
lr. FPirst of all, since the contours of Tixed skin temperature
are essentially horizﬁntal, no serioué heating due to friction will

be encountered abové 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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‘7Q;milast théltamégrafure Tiges to very high vglueé, ﬁnieas the
l ;pe§d is :sduéedralpng with the reduction in altituﬁe. To meke a
| .Bucées.sru—.l'glide_,_ thérsfoz;e, it is necaq-saryr t0 be able to control |
' the speed. We shall assume, then, that wings of small size will be
used for 5peed con‘brol during descent, and for mal'.ing landings.
It 19 important to notiee at this point that once surrieient lirt
15 provlded to control the apeed the effect of high drag is to-
reduce the time of descent. Arrangmnts with poor vaiunes of
114 drag raﬁiﬁ.are not, for that raasﬁn; out of order here.
Thé qviesfion érisés as _to just what size wing .iB required.
The anéwer fo this question comes frqm_considering the vertical
forces acting. If wings are used to slow down below érbital
apeeds, then a 1lift on the wings must be develoPBd.which is e@ual

to the dzfrerence between weight and centrifugal force.

: . " [ V2

where:
© L= lift

8 = wing area

radius of orbit = earth's radiua

"R o=
W = vehicle weight
¢ = density of atmosphere

Y = vehicle speed
.GL = 1if't coefficient

g = acceleration of gravity = 32‘ft/sac.2
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'.Ehe_ parameter GI.S can readily be compt'xted, now; ror‘ gﬁeh or. the '1::_ra-
jectories :Jr figure 1 . The reeulf;s of these calculations are_-
given in figure 2 . Maximum values of GLS as a funetion of ak;‘m
temperature are given in figuz;-g 3. +» ‘The wvehicle welght was taken
to be 800 lba. for these c¢aleulations. |

An edditional consideration wh.ich-must. be taken into account,’
is the landing speed. Here ;S is a funotion of the desired land~

ing speed according to

For a land.’_mg at sea Jevel, the landins speeda corresponding to
several values of C;3 have been notgci in figure 3.

Inspection of figure 3 shows that wing aresas compatible with
reascnable gkin temperaturses and modest landing speeds are poséible
of achievem;ant. For example, & landing speed of 100 mph, & maxi-
mn temperatﬁre of 300°F. , (existing for only a brief section of
the glide path) are consistent with a wing area of 30 gq.ft.,

(for Cp = 1.0} even if body lift is ignored. This coﬁesponds to
a 27 1b. wing loading. '

It can be concluded as a result of this study that it app‘ears
possible to glide a space vehicle down to a landing on thé earth's
surface without destruction by fire or from cra‘éh landing. This
gives rise to a hope of attempting space flights in man carrying

craft.
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The ascent to altitude differs from the descent in one import=-
ant way. The climb starts at‘ ZBT0 v;locity g0 that the region of
bigh densities is pessed through before great speeds are'buiit‘up..
In”th.er descent on the other hand,'the reglons of high density a_nd‘
of high heat transfer coefficient eare £raversed at- very high apesd.
‘This fact makes for small gains in temperature during the climb.
For a ekin thickness in the order of 0.1 inches, & temperature rise

of less than one hundred degrees Fahrenheit has been computed.
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13. DESCRIPTION OF VEHICLE |

A considerable amount of study has been devoted to the design of
a practical satellite vehicle baged upon the principlesAoﬁtlined in ﬁhe
preceding chapters. Two alternatives have been considered, oﬁg a four
stage rocket fueled with alcohol,_the_otheg a two stage rocket fueled
with hydrogen. Of these the former is lighter, smaller snd by far the
more conservative in terms of research requirements, safety and certainty.
It will be deseribed in some detail as to étages and technical éomponents.
The hydrogen wehicle is a much mare speculative project, dependent on
uncertain outcome of more ambitious snd dangerous research projects. Its
design aspects are therefore anly briefly ocutlined 1p the last section
of the present chapter for compafison. ‘The three ﬁictures shown at the
beglmming of the present chapter will give an idea of what the wehicles
and their compoﬁenta are expected to look like. A rough weight break-
dom of the two prdjecta is presented in Gﬁapter 7.

Shepe and Dimensiong. The shape will be that of a typical pro-
Jectile, having & pointed nose and contoured sides which taper from a
maximum width aft of the midsection to a minimum width at the base
which is compatibls with the motor exit diameter and space requirements.
for jet-vesne controlas. fhe length will be of the order of &0 to 70 feet
and dismeter about 12 to 14 feet, giving a fineness ratic between 4:1
end 6:1. Such a vehicle would have a deﬁsity ratio, .029 pounds of
loaded missile per cubic inch of volume, comparable to the German.V-2

ratio of approximately .020. This indicates considerable progreas
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towards better utilization of saspace.
Stages. The vehicle will be divided into four stages, the pri-

nary or first étage being nicknamed "Grandma",'ths second stage "Mother",

the third stage "Deughter®, and the final satellite wehicle "Baby".
Baby will carry the payload and intelllgonce for all sﬁages,‘in addition
to ita'own fﬁel, 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 Bsby.

Structure. From the standpoint of size and applied loads, this
vehicle is not out of proportion to present day large airplanes of 50,000
1b. grose 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 alumirum alloys for skin covering and require the
use of high strength stainless steel, Motor loade in eny stage may be
carried into the outer-akin of that stage by a truncated cone diaphragm
extending from the motor base to the outer skin. The thrust loéd 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 hune
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 ali flight loads are essentially diraetly along the axis
of the wehicle, some reinforeing may be required to account for handling
loads while each unit is in a horizontal position.

~ Tankage. In the event that the oxidizer tank does not need to be
insulated from the missile outer skin, the skin will serﬁe as both tank
shell and missile shell. If insulation becomes necepsary, a double skin
thickness will be required, therpby inereasing the length or diameter,
or both, of the entire vyhicle. The front diaphragm Qf the forward tank
in gach'staga must be reinforced_to withstand internal pressures created
by excess of vapor pfessure over outside air pressure at hiéher altitudeé.
“hen liguid oxygen {sused s an oxidizer, some form of insulation will
protably be required between the two tanks. This iill require a dogble

diaphragnm between the two tanks. All diaphragms cen be of a near-ellip-

soidal shape tc more nearly approach the coptimum weight vs. volume ratio

‘under the existing ﬁydrostatic head,

Motor. The motors are designed for liquid oxygen and-alcohol as
the. propellents with a mixture ratic of 1.5 (wt. of oxidizer/it; of fuel.)
The motor of the fourth stage is patterned after the light weight type
developed by the Jet Propulsion Laboratery of C.I.T. Th; motors of
lst, 2nd, and 3rd stages are patterned after the German throatless motor
which was intended for later use in the V-2 and Wasserfall. It consists
primarily of .the divergent sectlon of the Eonvantional motor with a short
combustion section the same size as the throat addad to the front. The

injector 1s.of completely new design which gave good-combustion very
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close to the face of the injector. With but & very small penalty in
gas velocity this new type of combustion chamber was adopted in the de-
rsign of the motors- for Sﬁages l, 2 and 3.

A11 the motors are regeneratively ccoled with the Aleohol being;
used as the cdoling medium. The Alcohol 1s brought to the exit section
of the motor where it enters the cooling coils for ecirculation around
the motor. The Alcohol is then directed to the injector head for in-
Jection intc the combustion chamber.

The nozzle expansion ratio-(area of-exiﬁ/hrea of throat) is 5.0
for tﬁe fi;st,stage and 20 for all succesding staées. The nozzle is
shaped like = bell jar for rapid expansion near the throat and very
little expansion near fhe exit. This will direct the Jet flow straight
to the rear and will permit the lceation 6f the jet rudder control in-

- side the nozzle exlt. ' 7

Fuel System. The fuel s&stém 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 oxddizer pumps would be mounted on a common shafi and so
de;ighed that'ﬁro;e} mixiné ratios would be maintained at ail.operafing
spgeds. The pump shaft would be driven by a steam turbine. Past prac-
'tica 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 niﬁrogén gas undervﬁigh pfessura.

In some cases it might be necessary to use sulti-stage pumps to
prevent cavitation, but all pumps must be designed for extreme light
weight by the use ofrhollow blades and othe? devicos.. They must also
operate close to peak efficiency at design speed and at lower throttled .
speeds. The design of both turbine and pumps will be facilitated by
the short duration of run.

Various on-off valves must be provided to start each turbine pump
at the proper time, and some meéés of throttling to prevent excessive
vehicle acceleration must bte incorporated in these valves. A control
valve cperated by the motor coolant must be included in the oxidizer
1ine to prevent the oxidizer from prematurely reaching the motor and
causing an explosion. |

Piumbinglto the motor mﬁst be provided with expansion joints to
prevent breaskage of lines.

Controls. The control system of the missile comprises attitude
and thrust c;ntrols for each stage and a compon regulator system which
governs the controls from a central brain station located 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 noazle,
They are tilted on radial shafts by servo motors sc as to deflect the
hot rocket gas jet. By symmetriecal deflection pitching or yawing re-
action moments are developed. To create a rolling moment a cyelic

differential deflection is superimposed, Thrust is controlled by regu-
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lating the fuel pumping speed and zovarned by acceleromcﬁers.

The master raauiator in the “ﬁrain'station“ comprises an‘automstic
pilot svstem based on 2 tri-axial reference °yroscope systen amd a
tilting program governor which is desionsd to follow a pre-set ascnnt
trajectory‘éélculated to enter,the orbit ;modth;y. A redio altimeter
as well as radio guide beanm or remote com@ahd receivers afe‘installed
in the ¥aby missils. "Their outputs are mixed with those of thé auto—~
matic regulator so as to permit overriding the latter aad apﬁlylng
corrections for unforeseen disturbances,

The Bzby vehicle is further‘equipoed with small reaction motors
desizn=d to exercise 2 moderate amount of control of orientation of
‘the projectile when in the orbit.

Telemetering and beacon emquipment will sy Lnt the comirol
systen by meintainine transmission of tracking and intalligence.inforﬁa-
tion to the éround director steation.

.Accessories. imong accessories carriad on the missile are: elecw-
tric power plants to sunply electric power ta the 1nstrurentation,
regulators, and servoaystem; stazge separation devices and their controls;
éafety devices to interloek various functions; and appliznces necessary
for fueling, readying and testing before take-off.

Payload., The nose cone of the Baby vehicle is reserved lor the
payload and meant to house most of the usefui instrumentation which is
to be carried on the jéurney.to secure information gﬁﬁhbred there. The
pavlioad cone dlmen51ons as now visualized are about 3 ft. dlameter of

the bualzed base, and 7 {t. len :th. 1t houses about 20 cu. ft.j 500 lbs.
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are alotted to its ccntént as payload pfoner. Some of the payload
,itcms may octlonallv be acccmmcqated in the annular space around the
thrust motor of the Baby vehlcle.

Oggrccion. the operational procedura in launching a satellite .
missile is visualized essentizlly in the followinn aanner: All aarts
of the vehlcle after having been proof testsd are brought to tne
laanching site where a base with a blast apron and suitable scaffold
have been 1nstall=d. Hare the complete vehicle is assembled upon a
launching stand by prorressively hcistlng the lesser stageé on top of
the lérver‘cnés. All systems are checked as each stage islcomnleted;
Yext all contalncrs are flllEd from. bottom to top and eventually tcoped‘-
off, and the hoist moved away to clear. In the meantime all ground”
observation stations are placed, manned 2nd warned. Actual firing
is trigmered remotely from a protected control station zccordin:s to
ﬁre—arranged =chedule.

”"ﬂro*en Alternatlve. The alternative project of 2 hydrozen

fueled vehicle as shown in an exploded view in the last of the tiaree
pietures neading the present chepter, would differ from the alcochol
fuelad versioc‘ln that it would be much larzer, that it would be a
two-staze affair and that elaborate-pfecautioqs against the Jangers of
hydrogen leakage and evaporation would have to be taken. This is
indicated in the picture by chcwiﬂc'a doubls wall arcund ﬁhe liqpid
hycroaen tank. "hebher the cxy“en wou ld evertuallv be carrled above
tae hydrogen as shown or rather below it would have to be decided after

research will have clarified the conflict between advantages and dis--
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advantages of either system, bat the chwice would aardly affect the
general appsarance »f the assesbled missile, The operational problems
of lijuid zydrozen fusl cannot be foreseen as well as those of the al-

cohol fuel.
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- 14o POSSIBILITIES OF A MAN CARRYING VIHICIE

Throughout the pi-esent design study of & satellite vehicle, 1t nas
been aésu_msd- that 1t would be used primarily as an uninhabited scientific
laboratory. Later developments could alter -its aaéabi.lities for use as A
an 1ﬁstnment of warfara.

However;;it must be confessed that in the back of meny of the minds
of the men working on this study there lingered -theh hope that our i;npartial
engineering analysis would dring forth a vehi;::le not unsuited to human
transportation. |

It was of course realized that 500 lbs. and 20-cublc feet wers ine
sufticiént ellotment for & man who was to spend nany days in the vehi(:le;
Howe.ver, 'tﬁese values were sufficient to give a”ssurance that. livéﬁle |
accombéatj.on could be provided on some future v;ehicle. |

The first question to be considered in détermining the possidility
of bullding & man carrying vehircle is whether prohibitivély high accelera=-
"tions can be avolded during the ascsnt. The V-2 gave hope that this ;a.s |
possible. Our own studies have likewise shown that the o*otimal écéelera- '
_tions ‘do not exceed about 6.5z. A man can withstand such'act':e.{eration
'.fc;r fhe periods of time involved {seversl minutes) if he is }smperly
supported with his £run:< lying normel to the diraction-dr ‘the accelera-
tion. In Chapter 8, it will be remembered, tim an;alysis shc_mé;l that the
‘performance cculd be improved a srnall amount by throtfli_ng each roc.:k:et
motor during the latter portion of its burning period in.orc’f'e_srv to reduce
the structural loads. Under these conditiona, the mximﬁ.m accelerstions

could be profitably reduced to about 4 g. All these findings confirm
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that sscont offt_arg no 1nsu£mountable obstacle to the construction of en
inhabited sételii‘;_e_ vcfhicle..' |

Yext we consi‘dér,'the safety. ._and welfare of the man after tﬁe Aﬁehicle
has bsen established on the'orbit.; .lbopula_i' fiction_z writ,érs- have .ﬁeyoted
consiéerable thbught and ingenuity td neans or'i'urn.-ish:lng him with air,
food snd water. The most ingenious of -thesse solu‘piom; is that of the
talanced vivarium in which plants end nen completely supply each others
needs. Lesving these problems to the inventors, nB .ask ourselves the
engineering questions of whether we cen provide liﬁablé*tmpaz-attn'eS'- and
& raasonablle protection zgailnst meteors. In Chapter 11 we have -séén that
the enswers are tetatiwly in the affirmative. |
_ Lastly we consider tls mroblem of safely retﬁrning the veh_iclg's—-
inhabitant to the surfecec of the esrth. In Chepter 12, we have geen 'b'hat;
with raaéqnable area wings, we can control the deséent sufi'_ie:l.ently to
avold dangerously high temperstures. These gane wings are adequate to

accamplish the final lending on the eartn's surface.

Tue above thoughts sre far fron finael snswers on this problem.

However, they éo give B note of essurance that the hope of en inbabhited

satéllite is net futile.
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15. ESTIVATICY QF TIME ALD COST OF PROJECT

Estimate of Time Reguired for Project - The progress of the pre-

liminary design study presented in this report has indicated it is

extremely important that at least six months additional research and

preliminary design work be dome on this project before any definite

design and building program be established. It is possible by doing.
' this that a three to five year program could be planned which would
take lpto consideration the technological advancas expected during
this period so that obsolesceyge.would not overtake the development..
The above statement and those which follow in the sections on
Progran znd Costs are based on the reguirements for the aleohol-
oxygen rocket ﬁnits, and not;on the hydrogen-oxygen alternate. ZIEsti-
matas on the hydrogen-oxygen units are virtually imposéible at thie

tine due to the Gnknown factors in the use of liguid hydrogen.
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Program of Building and Testing. In view of the ccmplexit§ 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 Grandmother, 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 resp the full benefit of experience éained as
the job moves along. At present the extrapolation from prototype to
unprecedently large mother stages can, by the-vary-nature of such a pro-
cess, only be delicate amd grOpi?g. 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 unité will supply the information upon which the design
of the larger ones can ﬁe s0lidly based, The sﬁalleat babyAand daughter
stages however are of conventiocnal dimensiong well within existing prac-
tice and experience, so their design can weli be immediately begun to-
gether in order to acceler;te solution of the birth~aloft problem which
is the moat drastie innovation over the existing practices. The mamu-
facturing program will be overlapping as dictated by the testing program.
It i8 anticipated that meore 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
L stage aggregate requires some provision of fairing, othgrwiaa the high

gir resistance in the lower atmosphere is likely to seriously impair the

behavior of the missile. This difficulty is proposed to be overcome by
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firing the smeller stage units with falred after bodies and the larger stage
units with dummy heads. An estimate of the number of units to be built

end the various combinations of the four stages proposed to be tested is

ventured in the following tables in which capital letters ind@éate flive

propelled specimens, small letters unpowered dummy speclmens.

live dummy
Grandmother 3G lg

Mother 18 M 2 m
Daughter 23D 74
Baby .-23 B 12 b

4 dummy specimen of each may have to be devoted to static tests.

Number of flight tests 12 8 4 4 4 4 2 3 3

Cozbination B Db DB M MDb MDB Gm GMd GMDB

The DB and MDb and eépecially the MDE tests will offer opportumities of
carrying telemetering instrumentation aloft which should furnish some

of the data needed in the final phase of the project. Incidentelly, the
¥DB aggregate may have imuediatq apnlications as a long range missile or
weapon. The last item of the 1list, GMDB represents the firing of the final
article from an equatorial location into the orbit. All preceéing tests
except perhaps MDB are ‘expected to be made on domestic proving grounds

with suitaebly expanded range facilities. The magnitude of this construe-
t%on and test program is of the order of about 100 V2's, on the basis of

corresponding gross weight.
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Fagilities required. This program is much more in the nature of
an experimental 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 pért;of the personnel
engaged in the project. It will consist of aircraft and rocket ﬁower
plant engineers, instrument and automatic control experte, and specislists
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 aireraft factory. As thers will be little
need for quantity production methods, tooling msy be beét devised by jig-
. glng and in many respeéts by improvisation an& sdaptation. Provision for
static tests of the structures and best provided at the pamufacturing
plant; stafic firing test facilities for the rocket engines in existence
and under construction will suffice to take care of Saby, daugﬁter 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 transpofted 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 thers. Apparatus necessary to handle the mother stage

which is about as big as two V2's can undoubtedly be developed in stride.
When 1t comes to Grandmother which are of the order of 10 i:z' 8 each as far as
weight and fuel 1s concerned, a new problem will arise and the question of |
whether this phase of the progranm should be considered at an inland firing
range or located elaewhero, be it at the seashore or at the equatorial or-
bit emplacement site remains to be ihvestigated.

Shop and field facilities for local erection, assemblf, fueling, equip-
ment testing, and observation may. have to be largely duplicated at the
equatorial site. The deliverj and storage of fuel and liquid oxygen at
the equatorial site may becomea gizable enterprise. It may wind up with
the establishment of & local oxygen liquefaction plant either land based
at the site or shipborne on one of the vessels which will have to be as- .
8igned to the entire vroject. -

Since the experimentsl orbit missile emplacement will have to be chosen-
within 1 or 2 degrees of latifude, only the followlng locations are geo-
grephically eligible: Ecusdor, N.W. Coast of Brazil arcund the Amazon
delta, French African Congo Coast; Kenya- Colony in Central East Afrieca;
Straight Settlements and Singapore, Borneo, Celebes, and finally any of
the numerous squatorial Pacific islands between Halmahera and Howland or
Baker. Of these Ecuador and Kenya offer possibilities of accessible moun-
tain sitea. Politically, however, 1t would be preferable to stay in
American controlled territory. For reasons of radio altimetry a site

near an East coast is desira_ble. Islends for seversl hundred miles egst
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of the emplacement site are desirable as fix;d observation stations. Most
of these considerationa point to the archipelago.narth of New Guinea as

the logical regionin which to look for islands on whieh utilizable war
installationé may be available. idequate living facilities for the-staffs'
and erewe will have to be found or profided at the emplacement site, Rapid
communication and transportation facilities between the site and the project
heedquarters will be a necessity. For the orbital observation and tele~
metering some 20 to 50 statioﬁs may have to be installed or positioned in

a belt around the e;ugtor, across the Pacific Ocean, Ecuesdor, Brazil, At-
lantic Ccean, French Congo, Kenya, Indiap Ccean and Malaya. All these sta-
tions may heve to be linked with each other.and/éf e central director sta-
tion by‘-a rapid communication system 1f contlmuous tracking and telemeter-
ing of the satellite missile is to be maintained, and perticularly if its

return to earth is to be guided.
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Eetimata of Cost - Ia order to obtain an estimmte of the cost
of this prqject, the following assumptions were made!
(a) Ali develogmgnt,_engineéring; and fabricafiop on
| the basic yehicle in quantities outlined in the

section Program for Bgilding and Tesiing, egti-

imated in accordance with standard practices in

the aircraft imdustry . .+ » < . o . . . . . . $50,000,000
{v) All development, engineering, and construction

‘on the following items, arbitrarily assuming

to be egual to the work done under {2) above!

power plant, propellant pumps, turbines;

controls. [ .« « 50,000,000
(é) All development, engineering, arnd coustruction

on the following items; instrumentation (pay-

load), establishment of special launching facil-

ities, transportation and analysis of test data

assumed tO oIt s + 4 2 ¢ o 4 s s s e s w08 0w 50,000,000
Total Cost of Projects « « + + $150,000,000

It should be emphasized that this estimate is very rough, was

hurriedly prepared and is without benefit of any ezperience or act-

~uarial records in this new field. It is possivle that due to the

large volume of fuel ftanks in this vehicle as compared to standard
aireraft, this cost estimate is conservative; however, the unknown
difficulties which arise in any néw field of sndeaver would indicate

the need of a conservative estimate. One of the important phsses of
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the preoposed preliminary design phase of the program should be used
to furtker investigate German cost records in the development of the

V-2 as a basis for determining costs on this project.
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