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Abstraet. The paper presents an analysis of orbital systems, consisting of the orbital
establishmient, its snpply vehicles and their techniqne of operatiou. Satellite orbits
are classificd as perinanent {(statiouary for more than 0 years) and as temporary.
The lower altitude limit for permaneut satellite orbits appears to be 450 to 500 miles.
These orbits are occupied by observational satcllites. An altitude range hetween
500 wnd 700 miles is found to be relatively most desirable for observational satellites.
Three types of temporary orbits are defined, namely auxiliary orbits (120 to 150 miles
allitude; duration of occupation a few hours at the most; purpose is payload transfer),
orbils of departure of astronautical expedilions, particularly into the translunar
space (350 to 400 miles altitude; dnration of occupation about onc year or less;
purpose is assembly of intcr-orbital vehicles), and otbits of arrival of astronautical
expeditions {3¢,000 to 40,000 miles altitude for Venus or Mars expeditions; duration
of occupation for a few days by returning expedition uniil being picked up by orbital
vehicle from the earth), It is shown that the optimum satellite orbit of departure
is as close to the earth as {easible and that the optimum orbit of return as well as
the optimum satcllite orbit at the target planet vary with the target planet. Therefore,
with the exception of the orbit ol arrival, all satellite orbits prelerably lie belo»\,
700 miles altitude, that is, within the physical atmosphere of the earth.

Orbital supply systems are discussed, distinguishing between passenger-carrying
and load-carrying orbital vehicles. The latter type is fully automatic. A large supply
vehicle will be needed for periods of establishing orbital installatious. For their
maintenance a small version is anticipated. Desirable features and configurations
for observational satellites and.for orbital vehicles are discussed.
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1. Foreword

While the present paper was under way, the author learnced about the paper
“Fabrication of the Orbital Vchicle” by Messrs. GATLAND, KuNEscH and Dixox| 11!
which, in part covers the same subject as presented independently in [4; and in
the present paper, namely the use of automatic supply ships. The British study
concentrates on the fabrication of a space ship while [4] and this study stress,
in addition, the use of automatic supply ships for the establishment and
maintenance of satellites. Ilowever, the important factor is the principal
agreemient as to the general philosophy regurding automatic supply ships. This,
the author feels, should be valued as a welcome and encouraging sign that the
conecepts regarding the avenues of approach toward space flight begin to converge
in the light of carcful analyses and strictly functional vehicle layount.

I1. Introduetion

Evaluation of the present treuds w the technology of rocket propulsion
indicates a growing emphasis not only on one of the main development lines
— theguided missile — hut likewise on the manned, rocket-powered plane which
represents the other main development line. While details of the work in all
leading countries are classified, the known activities and problems! in the guided
missile field, as well as published data on recent successful flights of Bell Aircraft
and Douglas Aircraft piloted rocket planes bear witness to this fact.

Such development trends, although presently based on military considera-
tions, could not, for all practical purposes, agree more properly with what might
be called for at the present tiine in a planned development program leading
toward space flight. In a sense, therefore, o coordinated space flight program is
already in existence. Although, [iguratively speaking, the final destination of
the space flight enthusiast is di{ferent fromn the terminal of the military planmer,
as far as rockets are concerned, both stations neverthcless do Jie on the same
route of development progress. Obviously, the military termival is so close to
the goal of the space {light enthusiast, at least in regard Lo orbital systems, that
from thercon he may very well be capabic of being on his own for the rest of
the way,

Iig. 1 is a graphical presentation of such a planned space flight program..
Originally published several years ago [1]% it applies unchanged. In fact, a guite
similar Tine of thought has been presented receutly [2]. The program anticipates
4 phascs:

1 An example for the order of magnitude of the problems facing the guided missile
development in leading conntries is preseuted in the Air Force study entitled **Almost
is Not Enough”, Air Force 36, No. 3 (1953).

? Numbers in brackets refer to Relerences on pages 57 and 58,

2*
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a mannecd orbital glider (satellite rocket plane)
the outer atmosphere; perhaps only as few as

6 to 10 revolutions.
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Fig. 1, Phases of development lcading toward interplanetary flight.

Phase B. Development of a permanent space station.
Phase C. Development of space ships for astronautical expeditions (thisismeant to
include thecomplete techunicaland biological systemrequired forsuchanendeavor).
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Phase D. Iuterplanctary flight.

This whole program ap to and including the first interplanetary expedition
can take about as little time as you wish to assume (within technical reason),
provided you succeed in making it a “hang-the-expenses” program, similar to the
Manhattan Project. The likclihood that you succeed is extremely small, at Jeast

beyond phase A and certainly beyond phase B, becanse thereafter a military
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between 26,000 and zero feet per Fig. 2. Exploration of ihe atmosphere,
second bhas adequately beeu

mastercd. At the same time, the wse of automatic (instrument carrying)
robot satellites i temporary orbits can be anticipated. Aside {rom reconnais-
sance, these instrumental satellites can be useful as test carriers and closely
connected with the development of long range rockets of the ballistic typc.
These rockets are called guided space missiles in Fig. [, since, for greater ranges,
they reach lar beyond the realm of temporary satellites inte the regiou where the
permanent satellite will be located. Tig. 2 shows the various alfitude regions
pertaining to air-breathing flight, rocket powered intercontinental flight, tem-
porary, and permanent satellites. In the latter case, satellites whose orbit is
stationary for a decade or more, have, somnewhat arbitrarily, been classified as
permanent. With reference to “space missiles” (intercontinental ballistic rockets),
Fig. 3 presents a plot of summit altitude and range versus cut-off specd; where
the summit altitude is given as ratio of summit point distance to surface distance
from the ceuter of the earth (snrface distance #y, == 3,436 n. mi. or 6,378 kmy),
the range is expressed as half center angle {radians) of the trajectory, and the
cut-ol{ specd is presented in terms of the circular velocity at the cut-oif point.
This plot is based on a family of ellipses which yield the greatest range for a
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given cut-off velocity. Finally, the development of an instrumental satellite will
be interrelated with the development of very-long-range ot orbital rocket planes,
inasmuch as it tics in with atmospheric research and investigation of hypersonic
flight phenomena. Phase 4 thus can be termed, popularly “Conquest of the
Atmosphere”. As such it will, in its entirety, find military intcrest. On these
premises it can be expected that any military development program will, in all
major points, coincide with a coordinated space program during phase 4.

The same holds true for
T T s  phase B ounly as far as the

é}:ﬁ ‘ —i—J[ T T {I#  value of a satellite in an
‘ \ \ overall defense system is con-
p274 = — 27
cerned.
Tt — sy Beyond the reconnaissance
station, then, the conditions
i 124 for astronautical progress will
- change radically, because the
=, ##  mnain customer for the pro-
P B (e ducts of this development will
drop out. This implies the
172 s¢  possibility that on the very
verge of true astronautics may
20— ~fizs  lie its most critical period.
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o - tainly YHes 20 tq .30 years
ahcad, new condilions nay
7 m—— it . 4z arise which eithcr offer new
incentives or make a morc
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- o] L mankind to ils truly noble
Tar 2z qr 4+ esk 45 a7 48 ad b aspirations possible.
4 The effectiveness and use-
Fig. 3. Summit distance and range for oplimum elliptic  fulness of any inhabited
palhs. @, = circular velocity at cut-ofl point. satellite, and the chances

for realization of astronautical
expeditions decisively depend on the development of a highly functional supply
system as well as on a rtealistic attitude toward orbital establishments, In the
subsequent discussions we will, for reasons of brevily, designate botl, the
supply system from earth to orbit, as well as the orbital establishment, as orbital
system. Briefly, then, the most challenging task of phase B will be the
development of orbital systems. Some of them may still lie within the realin of
military interest, others just beyond that limit.

The work will logically be a continuation of the preceding phase inasmuch as
then previous development efforts arc utilized to the greatest possible extent.
This point has been stressed before [3], particularly with relerence to the fact
that a continuation of the astronautical development programu beyond military
requirements will be immediately dependent upon the existence of an cconomic
supply system which operates cfficiently with what is available, rather than
requiring “The Great Iron Ship” of space for procceding.

At the end of phase 4 we can expect, at the most, to find the [ollowing status
of rocket technology:
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1. Three-stage vehicles ol 600,000 to 1 million ponnds take-off weight — perhaps
cven as high as 1,5 millien pounds — will either be available, or within rcach of
short-term. developroent efforts, because more is not needed for any terrestrial vchicle
up te and including instrumental satellitcs and temporary orbital reconnaissance
planes. In fact, most of the temporary instrumental satellites will weigh much less.
At ideal velocities of the order of 31,004 ftfsec, as required for orbital supply ships,
such Initial weight will allow for a pavload capacity of 9,000 to 12,0001 in automatic-
ally controlled vehicles, and of 1,000 io 1,500 1b in manned vehicles with winged
upper stage.

2. Man will have gained his first expcrience regarding short-time existence in
space, sheltered in a cockpit. Conditions will be more severe in plase B when he
has to stay in space for extended periods of time and, during this time, has to work
outside, protected only by a space suil. As a result of the first trials during phase 4
it will be possible to determine more accurately the maximum safe stay time of a
crew in space, at least during the initial phase of establishing and operating a satellite,
becanse duriug this time outside activity will be particularly frequent. This probably
will resnll in the requircment for a ceriain cycle of rotation of personnel; a very
expensive proposition, because it cannot be done without winged upper stages which
have a particularly low transport cfficiency [4]. Tor this reason it will be found
necessary to restrict the number of personnel in space to the bare minimum.

These apparently plausible premises pretty much determine the fundamental
design criteria for orbital systems, namely,

(a) orbital cstablishinents must be small, because of the limited payload capacity
of available vehicles, or their souped-up versions, and because, for operational and
logistic reasons, the establishment of a given unit cannot take any arbitrary length
of time and, lor that matter, number of supply flights,

(b) the number of personnel, permancntly accomodated by the satellite must
be very limited. It is, perhaps, not an unreasonable gucss to assume 4 persons. This
15 about as much aside from the pilot -- in one passenger vehicle
within the range of available take-off weights (point 1 abeve). “Thus nol more than
one passenger ship would be involved in a normal personnel rotation.

() ¥rom (a) and (b) it follows quitc naturally that, for mainienance of an
cstablished satellite, only comparatively small quantities of supply are needed,
probably not more than 2,000 b per month 4], Making this weight the standard
pavload {or a sinall maintenance ship will provide a reasonable safety margin inasmuch
as several ships can be sent up in rapid sequence, should need arise.

Belore continuing, it may be pointed out here that the above reasoning applies
to thermo-chemical rockets, because they are believed to be the only type of
rocket propulsion available for phase A4 and for a large portion, if not all, of
phase B. As far as we can see today, the technical application of nuclear cnergy
to rocket propulsion will be restricted, for some time. to come, to the transfer of
heat to working fluids. Even under extremely favorable heat transfer conditions
of high pressure and high temperature, thermo-nuclear power plants appear by
1o nieans superiot — in many cases they are even inferior — to thermo-chemical
svstems [3], except under space flight conditions. This also is, in essence, the
conclusion which must be drawn from the excellent paper [6] which points out
means of greatly increasing the specific impulse of working fluids by radically
lowering the chamber pressure (although this makes the heat transfer — and pile
cooling -— process very dilficult). It can, therefore, be cxpected that the develop-
ment of thermo-nuclear propulsion systems for rockets will not be sufficiently
attractive until true space flight has become imminent, that is, in phase C and D
{IFig. 1}. At present, and inthe decades to come, the atomic development program
will spend much of its efforts to carrying this energy to the industrialand household
consumer. The result of this cflort doubilessly will help building the “atomic
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space ship”; but, by then, I hope, will we have procceded already well inte
phase B. Thus it is unlikely that we will encounter thermonuclear propulsion
in phase 4 or B; on the other hand, it may not be altogether unreasonable to
assume that phase € and D rapidly will do away with thermo-chemical propulsion
for inter-orbital space ships. This, in fact, is part of the space ship developnient
program which constitutes pliase C.

On the basis of the general design criteria outlined above, it [ollows that the
supply system must be different for “building periods” and for “maintenance
periods”.  Inhabited satellites generally pass through both of these periods.
Establishments in orbits of departure of astronautical expeditions are of
temporary nature and, therefore, experience only the fust period.

Based on these premnises, a new safellite supply system, involving automatic
supply ships for material transport, and restricting the use of winged upper
stages to passcnger service only, has been analyzed in [4]. The relative weight
and complexity of a purely automatic supply ship has been compared to a supply
ship having a crew or passenger carrying capability. The result was overwhel-
mingly in favor of the wingless antomatic supply ship which, for a take-off weight
of 13. {0 1.4 million pounds (11,000 Ib payload) was found to yield a 9 times
greater payload capacity per mission {if not even wnore) than a ship of equal
size with winged upper stage. 1t has also been shown that an automatic supply
ship system with an 11,000 Ib “heavy-duty” ship for the “building period™ i
reasonably adequate for the establishment of small observational {reconnaissance)
satellites, as well as for the establishment of orbits of assembly and departure for
atronautical missions up to and including our two neighboring planets.

The present study is an extension of -the analysis presented in {4], covering
complete orbital systems.

IIT. Requirements

The primary objective of an orbital supply system is to maintain conneclion
between the carth and any orbital installation in the terrestrial gravity field,
for the purpose of transportmg personnel and cquipment into and out of the
respective orbit.

In order to fulfill the reqmroments connected with these objectives, it is
necessary to

1. study the probable range of distances and inclinations (with respect to the
cquator plane} of future orbits,

2. analyze the probable material and transportation demands for the various
types or arbital establishments.

Orbital establishments, iuvolving human activity in space are

{a) observational satellites {permanent)

(b) orbits of departure of astromauatical expeditions (temporary)

{c) orbits of arrival of astronautical expeditions (temporary)

(d) auxiliary orbits (temporary).

7. Observational Salellites

As observational satellites we define orbital instailations which are concerned
exclusively with terrestrial functions, pertaining to the earth as the abode of
man, and to scientific activity.

Such satellites, being inhabited, will stay up permanently. Orbital inclina-
tions of between 45 and 75 degrees are desirable, in order to pass, at one time or
another, through the zenith of as many points on the surface as possible, Orbital
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altitudes should be as Jow as possible, in order to kecp maintenance costs down
and permit best utilization of earth-scanning devices (such as telescopes, camera,
radar, other clectromagnetic equipment), Low. altitude is especially important
for obtaining reasonable resolution with non-optical devices (e. g. radar; sec, for
instance {7]}.

Fig. 2 indicates an altitude of 450 miles or more for perimanent satellites.
However, 400 miles, or perhaps even 350 miles, appear feasible if provisions are
made for correction forces,
applied to the sateliite by
means of an attached pro-
pulsion system, or by pushing
or towing (to the lmited
extent necessary) with a rocket
ship, provided the satellite is
a small, single-body affair. In
any case, therc is no reason
why the orbit of permanent
satellites should Dbc located

beyond 600 to 700 miles e L
altitude. ;f" v
On the other hand, two 5 ja_//ﬂ/{o_'_

£ ,; A3 Ascenaing o

factors may be mentioned
¥ ~Tigas O Descending

which caution against placing
orbits, particularly permanent
orbits, at too low an altitude:

L. Orbital perturbation.

2. Accuracy of fhight, par-
ticnlarly of automatic supply
ships.

The second factor will be
subject of a separate discnssion
which, in its details, is beyond

w0
.-74'471%"'\““"—4\- e

the scope of the present paper. ‘| i

Some remarks pertaining to b=

the first factor arc presented

subsequently, Tig. 4. Regression of ihe nodes due to
Any orbit around the earth polar-precession.

is perturbed by the sun,

moon, and by the oblateness of the earth. Its polar radius is about 12 miles
smaller than its equatorial radius, As SPUIZER has shown [8], these pertur-
bations affect a satellite orbit in two ways:

{a) they cause perindic oscillations in altitude (tidal clfect),

(b} they produce a precession of the orbital plane.

The tidal cifect causes the orbit to deviate from a perfect circle {if it ever was
one, for reasous of accuracy of the origival establishment). Sprtzer has shown
that the effect of sun and moon is negligibly small. The sun causes a deviation
of less than one foot in altitude, and the eflect of the moon is about twice as
strong. Perturbations due to the oblatencss of the earth can be considerably
larger. They arc.zero when the orbital plane coincides with the equator plane.
With increcasing inclination the oblatcness becomes progressively more effective,
reaching a maximum for ¢ == 90" (polar orbit) where d designates the angle of the
orbital plane with respect Lo the equator piane of the earth. In a polar orbit the
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amplitude of the oscillation in altitude is found to be about 1 mile, if the orbital
altitude is about 60 miles, At 625 miles altitude, the deviation still is about
0.94 miles, gradually decreasing to 0.75 miles at about 1875 miles altitude. The
amplitude, therefore, changes very little within the range of relevaut orbital
altitudes, Since the above values apply to a polar orbit, any orbit with less
inclination will show a lesser altitude oscillation.

The tidal clfects are therefore small in any casc, except in regions of atmo-
spheric density where even this altitude variation augments materially the effect
of air forces in causing a decay of the orbit into a spiral of descent. This, however,
is the region, roughly below 100 miles, the empty zone in Fig. 2, above the region
ol hypersonic rocket flight.

The second effect mentioned above is orbital precession owing to a non-
spherical distribution of the gravitational potential in the surrounding space.
The inhomogeneity is such that it produces a gravitational pull, directed normal
to and toward theequatorial plane, on every body which movesoutsideol this plane,
The result of this normal force is of considerable practical significance for obser-
vational activity. It causecs a regression of the nodes, that is, a retrograde or
“westerly” motion of the two points of intersection of satellite orbit and equator
(nodes}. In other words, the north pole of the satellite orbit is not at rest, but
revolves about the north pole of the cquatorial plane. These conditions are
cxplained in Fig. 4 3] for the cases of an orbital inclination of 30 and of 600,
In analogy to the lunisolar-precession of the equator with respect to the ecliptic
plane owing to the perturbing clfects of moon and sun, onc may designate the
causc for the nodal regression of the satellite -orbit as polar-precession, because
it is caused, for all practical purposes, by the polar oblateness of the carth.
Sritzer |8] has showu that again the effect of sun, moon, and the stars is
negligible for any practical length of time. Under the influence of polar oblateness
the pole of the satellite orbit (Fig. 4} revolves about the pole P, ol the equatorial
plane from P to Py’ and back to £,. When the pole, coming from P, arrives
in £, the ascending and descending node have changed their places, The period.
of regression is the time required for P to complete one revolution about P,
along the circle indicated by the dashed line. Actually, as mentioned before, the
lunisolar-precession causes P, to revolve about the pole of the ccliptic plane,
as indicated in the lower part of Fig. 4; but the motion is so slow that its influence
on the orbital posilion with IE‘F.peLt to the ecliptic plane can be neglected for all
practical porposes,

The orbital period of regression due to polar-precession is given by

Ty —3@ {sec) = OQ[EIE {d) (1)
P W
where the rate of regression g, in degree per second, depends, in analogy to the
lunisolar-precession of the equalor, on a precession constant £, multiplied by the
cosine of the angle of inclination 4,
wp = P cos d. (2)

The precession constant, derived in [8] and [9], can be cxpressed in the first

approXimation, using present notation, by

360

e s (3)

where
I T 6
i 2an - %0 (4)
e s
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is the period of revolution, measured against a fixed point in space (r; and g,
represent lhe distance and angular velocity of the satellite) and

2
- 1.64-]0—3(’%") - (5)

Yo and 7 being the radius of the earth and the mean distance between orbit and
the center of the earth, respectively.

The period of regression, therefore, depends on orbital distance and inclina-
tion. It increases with both parameters, The preceding equations show that
T, becomes infinite in the case of an polar orbit. At very small inclinations the
period of regression reaches its smallest value and depends on the distance only.

The period of regression defined in Iq. (1) refers to a fixed coordinate system
in space rather than to a point on the earth’s surface. Of greater importance for
cbservational purposes is the elfect of regression on the visibility of certain parts
of the surface. Only those regions arc accessible to optical observation which le
in daylight. Due to the revolution ol the earth about the sun, the distribution
of light and darkness on the globe varies during the year. If the sun would be
infinitely far away so that the motion of the earth could be rcgarded as being
rectilinear [or any practical length of time, then a given point on the surface
could be observed in daylight at alternate time intcrvals equal to Tp. However,
since the earth moves along a circle, reaching the original poesition in regard to
the sun alter 365 days, and since the regression is directed retrograde, that is,
opposite to the motion of the shadow of the carth, the perod of regression in
regard to the daylight side must be shorter, It can be expressed in the form

1 1 1

To  Tp | 365 L
A given point on the carth can thus be observed in daylight at alternate intervals
of T4/, independent ol the orbital distance as far as the additive term 1365 is
concerned.

Fig. 5 shows the period of regression T, and T’ as function of orbital altitude
and inclination. The period increases with both paraimneters, but it grows tnore
rapidly with the inclination than with the distance. DBecause of Eq. (6) the
period ol regression should not be too long. Hence, for large orbital inclination,
low orbital altitude again is desirable. Inasmuch as there is a lower altitude
limit, several observational satellites may become necessary.

Summarizing, then, it can be stated (hat all known circumstances point
toward Aigh orbital inclination, but low orbital altitude as the most desirable
position of observational satellites. A maximum of about 700 miles orbital
altitude, thervelore, appears acceptable.

2. Orbits of Departure

Orbits of departure are occupicd by temporary satellites with astronautical
functions. In these orbits are the astronautical (inter-orbital) vehicles assernbled,
equipped, and fucled. Trom thesc orbits they depart to their destination in the
cishinar or translunar space.

It has origivally been explained in [3] that, due to the polar-precession of
inelined orbits, observational satellites can not be used as bases for astronautical
endcavors, at least not into interplanetary space. For that inatter, no orbit of
departure can be used for the return. The reason for thisis that orbits of departure
whose plane is inclined with respect to the plane of the transfer cliipse which
leads to the target planet, require additional energy, since the velocity vector not
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only has to be increased from circular to hyperbolic, but also its direction must be
changed. If v, is the velocity in the old orbit and v, = #, the velocity in the new
orbit, and if ¢ is the angle between the two orbital planes, then the total velocity
increment, required for the scalar and the directional change is given by

Ao = o2+ 02— 20, v, co84. (7)
For the directional change alone {z; = v, = %) the encrgy penalty amounts to
Az — o
—~jt]’f2{1—cosz)=25mg—- (8)
Ve .

This relation is plotted in Fig. 6 and shows the fallacy of the assumption that
an observational satellite in an inclined orbit conld be used as base for inter-
planetary flights. This does
not apply to the moon or to
any operation in the cislunar
space, because in this case
the transfer paths to the
apogee are ellipses or mnearly
parabolas with the earth
remaining in one focus.
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. 200 An astronautical expedi-
il tion, therefore, will return
£ into an orbit which is different
-g from the orbit of departurc.
S As far as lunar circumnaviga-
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the only thing to observe,

In regard to interplanctary
expeditions the conditions are
different. It has been shown
in [4] that there cxist certain
optimum satellitc orbits of
g 0 %ﬁi - egf%- ™ {W»jf,w 2000 departure or arrival for \vhigh

the transfer energy to another
Fig. 5. Period of regression of orbits. distance from the sun becomes
Absolute — —, daylight side ——— - a minimum. This optitnum or-
bit is delined by the relation
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wherc yq, aud yo are parameters of the terrestrial and solar gravity field, respec-
tively {cf. nomenclature) and Rp and R, are the perihelion and aphelion distance
of the interplanetary transfer cllipse (normally assumed to contact the orbits
of the planet of departure aud of the target planet, respectively)., The optimum
satcllite orbit distance is shown in Tig. 7, plotted against the distance of one of the
apsides, while the other, of course, is assumed to lie in the earth’s orbit. It will
be noted that jnst for Venus and Mars the optimum satcllite orbits are very
far out,

These orbits arc optimum inasinuch as they yield the smallest transfer energy
from the satellite orbit to the planeiary orbit of the target planet. For the optimum
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satellite orbit near the target planet Eq. (9) must be applied to the gravity field
ol the respective planet; that i3, Yusgeptans must be substituted for p5. The
transfer energy, in velocity equivalents, is plotted in Fig. 8 for all planets in the
solar system, as function of the distance of the satellite orbit of departure (or
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Fig. 6. Velocity increment required for change of orbital plane, § = orbital inclination
with respect to the equator, ¢ = orbital inclination with respect to the ecliptic.
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Fig. 7. Optimum distance of departure or arrival as function of the target planet.

arrival]. In the case of Venns and Mars the savings amnount to about 4,000 ft{sec.
Howcver, it has also been shown in {4] that the optitnum orbit of departure from
the earth lics as close to the surface as feasible, if the orbital supply system is
taken into account. An example, illustrating this fact is presented in Tig. 9,
showing the conditions for an orbit of departure for a Mars expedition [4]. The
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figure shows various velocities involved as function of the distance from the
carth, where #, is the carth’s radius, 7; is the distance at which the ascending
supply ship has attained local circular velocity, #, 1s the circular velocity, 4 vy
is the vclocity increment which throws the vchicle into the trausfer ellipse to the
satellite orbit, and A vy is the short burst of power required at the apogee point
to enter the satellite orbit; finally. 4 is the velocity at the apogee point of the
transfer ellipse and 4 Vg is

& TTTIT T—" § %’ ’ | thevelocityincrementrequired
74 1 l i / i P for thg Mars s]inps, lcavin‘g
e - = .5 the orbit, to attain hyperholic
| LT PLLY velocity with respect to the

g0 Ll e = | p P
1/"’ ( // | ‘ e:lirthta,nd t(; entfi an 1]111_ter-
26 1 = T planetary ransler  ellipsc
- / | e ol 28 whose aphelion lies in the
[ L | L Mars orbit. The circular veloc-
radd Ui | |7 - Ty ] ity at #r must be attained
S22+ = ] independently of the distance
-3 Al — (, T P of the orbit of departure.
& 1 il —1 7l | Therefore what counts for a
57 == minimization of the overall
NS ! " cl'fqrt — supply and departure
N Wl } | —isthesun A v+ Ao |-
£ + AV, [t can be seen that
iiz ] ‘ i —— the curve representing this
3D sum of velocities increases with
& ' the distance from the earth.
£R T e As a matter of economy,
§ T % : the altitude of the orbit of
4 [ 1] | | le | departure should therefore be
T | Wwi | aslow as feasible. This holds
- ' 1 1 =1 ’ 5 true also for all lunar and

L 7 www g e Cistanar operations.

Jistance Fom e center gf 158 earit, r 17050 mif The orbital inclination has
no significance for lunar and
cislunar operations with one
c¢xception which will be mentioned subsequently. For circumnavigations
the moon crbit can be intersected from any direction and there is no principal
preference as to the inclination of the satellite orbit around the moon. The
exception is that, for observation of certain areas and particularly if, at a later
stage, landings on a predetermined landing site, are planned, then the resulting
requirements of course deterinine the inclination of the satellite orbit of departure.
Under these conditions it would be more or less accidental if an observational
satellite could be uscd as base for departure or could be aimed at during a return
manccuvre,

For interplanetary expeditions the orbital inclination is determined by the
plane of the transfer ellipse to the target planet. Thus the wclination of the orbit
of departure at the beginning of the assembly operations (the initial inclination)
follows from thc period of regression T, and from the time required to get the
expedition under way. Since the time of departure is fixed uniquely by the
carrect comstellation of carth and target planet for a given transfer ellipse, it
is the time of beginning of the assembly that must be selected and which, for the
given altitude, yields the desired initial inclination.

Fig. 8. Yelocity of departure vs. distance {rom earth,
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Summarizing then, it can be stated that orbits of departure should be as
close to the surface as possible for maximum economy. Since they are of tem-
porary nature, orbital altitudes 350 milcs, perhaps down to 300 miles, appear
feasible. In a sense {Fig. 2, the best orbits of departure lie thus “deep’ in the
atmosphere, namely in the lower portion of the mesospherc. The orbital inclina-
tion is determined by orbital altitude, plane of the transfer ellipse, and- assemnbly
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Fig. 8. Effect of supply system on selection of assembly orbit of interplanetary expedition
to Mars,

time. TUsually, the orientation of the interplanctary transfer ellipse will be
similar to thal of the ecliptic plane (§ = 23.5%; so, at one time, the orbit of
departure must also lie in this plane. For this inclination and for an altitude of
300 to 400 miles the period of regression (Fig. §) T, is approximately 55 days.
In [4] an example has been presented of a small Mars cxpedition, involving
-8 persons and 3 ships. Its assemhly requires about 600 flights with the 11,000 1b
payload automatic supply ship. The assembly time, utilizing the advantages
of prefabrication on the earth to the utmost extent would be not more than
4 to 5 months. During this time the assembly orbit completes roughly 2 to
3 perieds of regression. The orbital plane oscillates between — 23,5 and + 23.59
inclination with respect to the equator. The trajectories of the supply ships
nust follow ‘this change; that is, they must be varied from ascent to ascent.

3. Orbits of Arvival

Althongh the supply system requirements supersede the recommendation
of Eq. (9) concerning the optimum orbit of departure for planet-bound space
ships, the above analysis nevertheless applies unchanged to the orbits of arrival.
Arriving in the optimum orbit saves mnch propellant which must be taken as
payload through all preceding propulsion periods and which, therefore, is
particnlarly expensive,

The crew is picked up by an anxiliary ship, or the space ship is refueled from
the earth, This cnergy, freshly supplied from the earth after return, is applied
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much morc.economically, since it has not been carried through part of the solar
systen: prior to its use.

Since Venus and Mars are the only planets likely to be visited in the foreseeable
future, it follows, therelore, that orbits of arrival from interplanetary cxpeditions
can be expected to lie very far out, namely at about 41,000 iniles distance.
Consideration of the energy requirernents for picking up crew aud equipment,
however, may lead to a compromise orbit at a somewhat reduced distance of
perhaps 25,000 to 30,000 milcs.

4. Auxiliary Orbits

Standard supply ships will not be capable ol reaching orbits thus [ar out,
even without payload. In this case it is necessary to introduce an auxiliary orbit
which is occupied temporarily for the purpose of transfer of propellant, material,
or passengers. It is taken over from the ascending supply ships by a space ferry
which carries the Toad inte the far-out orbit. This has beeu proposed in [3] and
also in [10] as a rethod of restricting the size of supply ships without unduly
reducing the transport capacity.

It appears that the auxiliary orbit can be located as close as 120 miles above
the surface [or a few revolutions {meaning several hours). In the present case,
when personnel and cquipment is to be picked up in an orbit of arrival, the
winged passenger ship(s) must be relueled and provided with additional propellant
tanks or boosters in the auxiliaty orbit.

TFrom the discassions in Sub-Sections 31 through 34 it can be concluded that
nearly all orbital establishments preferably shonld be located as close to the
surface as feasible. TFor observational satellites, altitudes between 400 and
700 miles (650 to £,100 km) are indicated. Assembly orbits can lie at cven lower
altitude, in the rauge between 350 and 400 1niles (560 to 650 km}, depending on
the assembly time required. Extreme cases are the anxiliary orbits and the
orbits of arrival from interplanctary space, the [ormer being located around
120 miles (200 km), the latter soinewhere between 25,000 and 40,000 miles (for
Veuus and Mars expeditions}, depending on the recovery ellort regarding the
tesidual hardware in the orbit of arrival. Probably not much, if any, of this
will be recovered. The smaller these efforts are — being, iu the extreme case,
restricted to picking up the personnel and scientific material — the closer can
the orbit of arrival be to its theoretical oplimum, roughly at 49,000 miles. These
extreme orbits are occupied only occasionally and theu for very short periods
of time.

Two discrete ranges of orbital inclinations can be anticipated: Large angles
of inclination between 609 and 80° for observational satellites and small angles
around 23° for orbits of departurc and arrival. Auxiliary orbits needed for
tlights into orbits of arrival will, therefore, also have inclinations around 239,
For lunar expeditions any orbital inclination may occur.

5. Supply Requivemenls

_The supply requirements depend very much on the level of effort which the
contractor is willing to buy.

For the purposc of the present discussion, a permanent crew of 4 persons has
been assutned tentatively for the obscrvational satellite. This is not meant to
imply that such a satellite could not be smaller; it only means that, in the author’s
opinion, it does not have to be larger in order to falfill its observational and some
scientific functions reasonably well.
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It has been stated in ‘4] that an adequate satellite for 4 persons would have
a volnme of about 20,000 cu ft {566 m3) and a surface weight of not more than
about 500,000 Ib (abont 225 metric fons), reqniring a total of about 50 successful
flights with the large automatic supply ship. More details are presented in
Section 4. .

The supply demands for this satellite would be of the order of 2,000 Ib (about
1 t) per month.

For lunar circumnavigations, [11] and [4] independently arrived at a weight
ol about 500,000 Ib in the orbit of dcparture, reqniring ronghly 50 successful
flights of an 11,000 Ib payload supply ship. In other words, this endeavor is of
the samne level of effort as the observational satellite.

Regarding the minimmn permissible limit of effort for successful inter-
planctary expeditions, there exists yet a considerable divergence of opinion, with
7127 anticipating a particularly high minimum level of effort. Whether or not
this is correct will be born out by the experience gained in the process of
establishing a terrestrial {observational) satellitc and conducting circumuaviga-
tions of the moon. Tor a Mars expedition with 8 persons and 3 ships the weight
in the orbit of departure is abent 6.8 million pounds [4] {or the case of return into
the optimnm orbit of arrival. This reqnires a total of about 600 supply flights
with the large supply ship; a level of cffort which is by a factor of ten larger than
for observational satellites and lunar circumnavigations.

Of primary interest for the layout of orbital supply systems are observational
satellites, the devclopment of space ships, circumnavigation of the moon and
perhaps a small-scale landing on its snrface; in other words phasc B and C
in Fig, 1.

IV, Missions

The primary objective of an orbital supply system is the accomplishment of
the two principal missions: '

1. Material supply.

2. Transportation of personnel.

Tor highest economy and cfficiency, both missions should not be combined
in one vehicle.

The required capacity of the material supply system is very different for
establishing and for maintaining a satellite. Therefore, a large and a small
-auntomatic supply ship has been proposed.

The large ship thus will be used for a Hmited time ounly. Since the upper
stage is wingless and docs not return, it should be laid out in such a manner that
most of its components can be utilized as constmction elements in space. This,
to a certain extent, determines the layout of large snpply ships of which more
details are presented below.

The components which are most promising as construction elements are the
payload section and the propellant tanks.

7. Observational Satellite

Of particutar interest for the satellite are the propellant containers of stage 3
of the large supply ship. In order to utilize them to best advantage, the layout
of the satellite must take thesc units into account as construction eletnents.

Since NoorDUNG. [13] has proposed the wheel- or doughnut-concept, this
type of satellite design has been very much in vogue, because it allows for rota-
tion of the system, thereby producing apparent gravity or weight in the tube of

V. LAT.-Kongrel 3
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the wheel. This concept, however, has two important shortcomings: it requires
a comparatively large satellite body and it requires a very delicate balancing
systent.

The centrifugal acceleration is given by v3fgp = @? p where p is the radius
of curvature and o the angular velocity of a point. Hence, [or a given acceleration,
either w or p must be large. Of these two parameters the angular velocity is

subject to more stringent limitations for

- . o . obvious physiological reasons and in
LOrvpiy FECERRrRTEn LB SeCEBraliOn wWies PRy &

whes cHimbing 1 sescending 1o perjptery Order to keep the Coriolis acceleration,
e SR e another effect resulting {rom the body’s

. / incrtia, at reasomably low lovel. This

b | | fGmings acceloration is given by the relation
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> AR the Coriolis acceleration is proportional

e SRS NK to the radial velocity of a body, becanse
— | M ] ———— it represents the inertial resistance of

the body mass to the change in angular

¢ ‘ ’ 2 velocity with changing radial distance
__W‘\ ~ _(Fig. 10). In the course ol normal
// iré‘,a,q;/’m?“\\ activities on the salellite such changes in
. radial distance will occur frequently.

Now, if w is very large, cven small values
of dejdi will produce a considerable
Fig. 10. Tnertial conditions in a satcllite. ~ Comolis force, thereby making working

and living conditions in the satellite diffi-
cult or even intolcrable. Conscquently, the wheel must have a large radius g
and this requirement automatically leads to unnecessarily sizeable satellites,

In a wheel-type satellite most of the mass is located in the peripheral tube,
that is, at the greatest possible distance {from the common center of gravity.
Consequently, a very delicate mass balance must be maintained, because every
irregularity in the peripheral mass distribution will produce the maximum
possible moment. This ruakes activitics on the satellite a rather clumsy affair
and much additjonal weight in the form of liquids for balancing purposes is
Tequired. ;

In order to produce a functional satellitc which combines the advantage of
apparent gravity with smaller size and a less precarious balancing situation, it is
proposed to concentrate most of the mass in a center body from which two
cxtensions, oppositely dirccted, lead to the crew space. This design permits the
use of comparatively long arms, hence of large apparent gravity at small angular
velocity. Fig. 1 presents a schematic sketch of a 4-man observational satellite,
designed according te this prineiple. Some’ characteristic data are presented
in Table I.

The radial mass distribution diagram on the right hand side of Fig. 11
indicates that most of the satellite’s mass is concentrated in the center which
contains all stowage, rcserve parts, -cmergency cquiptuent, radicactive power
supply with shieldiug material, earth scanning cquipment, purifiers, attitude
control and, of course the entrance tubes on the hub with the double air locks.
In the peripheral sections are located the living and working quarters (for 2
persons on each side), control motors and actuators.

As pointed out before, the large concentration of inass in the center permits
more freedom ol action in the satcllite, particularly in the peripheral parts with
less danger of upsetling the balance of the systemm. For this reason only two
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extensions, the smallest possible number {or teasons of symmetry, have been
assumed. Another advantage of central mass concentration in this type of
design is the minimization of radial stress in the extension tubes and in the peri-

pheral sections.

Table L. Chavacteristic Data of a 4-Person Observational Salellite

Overall weight
Volume

Mcan specific weight
Angular velocity

Period of revolution
Nutnber of revolutions

Centrifugal acceleration (190 ft level)

Coriolis acceleration (at dp/df . 5 [t[sec)

500,000 1b

approx. 20,000 cu. it (283 cu. m.)
approx. 25 Ibfeu. it (0.4 tonsfcu. m.)
0.2295 radjsec

13.15 degisec

27.4 sce

2185 rpm

10 ft/sec®
.31 g
2.99 ftisec?
#0571 g

The data in Table I show that reasonable conditions with respect to available
space, centrifugal acceleration (which should be high) and Coriolis acceleration
{which should be low) are obtained in this comparatively small orbital establish-
ment. At a radial speed of 5 fljscc it takes a man only about 40 scconds to

cover the radius in its entire length.
During this time he would be subject
to a Coriolis force of only 7 percent of
his terrestrial weight {about 12 1b),
or to about 21 per cent of his
peripheral weight (that is, as if the
load were about 36 1b on earth).
As he reduces the distance from
the center, the Coriolis force is
progressively  felt more  strongly,
since the man Joges apparent weight.
The radial apparent “g” distribution
on the left hand side of Tig. 11
indicates that at a distance of
about 50 ft from the center, the
Coriolis {orce equals the apparent
weight. In satellites with higher
angular wvelocity this point lies at
a greater distance from the center;
whichh is less favorable inasmuch
as it raises the disturbance level
of the Coriolis force.

For a satellite concept as indi-
cated in Tig. 11 the propcllant
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Fig. 11. Small observational satellite.

containers of stage 3 can be utilized to a considerable extent. Details of this
design arc beyond the scope of the present paper.

2. Other Ovbital Installations

Except for the observational satellite, all other orbital installations are of
ternporary nature, permitting (within reason) somewhat less claborate pro-

visions for living space.

e



36 Krarrr A. EHNRICKE:

Assembly crews in orbits of departurc must operate under conditions of
complete weightlessness. At present it'is not known whether or not such a crew,
in its leisure time, should be subjected to apparent gravity as in the satellite
where, however, the crew is practically all the time subject to apparent gravity.
The change from weight to weightlessness and vice versa within intervals of few
hours possibly is much less attractive then continuous weightlessness for a period
of days or weeks in a row. Pending a clarification of this point which is part of
the space medical rescarch conducted during phase B, the living quarters of
assembly crews will or will-not rotate.

In any case, however, the necessity can be anticipated of establishing special
living quarters as initial construction phase in the orbit of departure. The cabin
space in passenger ships is by far too limited to accomodate persons for days or
weeks. They may only be used for the first onc or two days, until the first living
quarters are established. Consequently, it will again be necessary to use parts of
stage 3 as construction elemients for living quarters.

Y. Automatic Supply Ships

The automatic supply ships are characterized by the absence of all provisions
required for a human crew. This fact imphies a greatly increased freedom of
functional design.

7. The Large Aulomalic Supply Ship

Primary fnnction of this vehicle is to establish rather than maintain otbital
instailations. The third stage which enters the target orbit does not return to the
earth. Therelore, the design of this stage should take possible utilization, at
least in part, as construction element for the orbital installation into account;
in other words, the design criteria of stage 3 are determined by space conditions
rather than by the short period of atmospheric fhight.

The vehicle (Fig. 12) consists of
a large booster-type first stage
a second stage of annnlar cross-section
a third stage, partly contained in the hollow center of stage 2.

Stage | is designed for parachute recovery. It supplies a momentum thrust
of about 1.74 million pounds {about 800 metric tons) from 5 main motors and
4 tiltable twin-motors,

Stage 2 is considered expendable and, therefore, can be designed for a one-
way mission. The reason for making this stage expendable is that its empty
weight (structure, power plant and equipment) is less then 20 per cent of the
overall empty weight of the vehicle. Moreover, its impact point is considerah]y
more distant from the launching site thau that of the first stage. This results in
a more time consuming and expensive recovery operation. Finally, the second stage
is exposed to considerably greater thermal and mechanical stress during the
descent than the first stage, so that it appears doubtful whether a reconditioning
would be possible at all; and if so, the job will be correspondingly more difficult
aud timc-consuming and perhaps ultimately lack the required reliability. [n the
light of thesc conqldcratlon'; parachute recovery of stage 2 does not appear
practical.

Stage 2 has 4 main motors and 4 tiltable (hinged) control motors. Together
they supply a thrust of about 279,600 Ib. The opcrational momentum thrust,
however, is 346,000 1b {about 158 t), because the thrust of stage 2 is augmented
by the motors of stage 3 which add another 66,400 Ib. This joint opcration
during which the motors of stage 3 are fed by the propellant supply of stage 2,
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has the advantages of reducing the upper stage power plant weight in general
and that of the completely expendable sccond stage in particular, and of in-
creasing the reliability of the final stage separation, since the motors of stage 3
are already ignited.

2

L

g —

migiyi i

Fig. 12. Schematic sketch of 11,000-1b supply shup.
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Stage 3 consists of 4 engines, a set of tanks and a guidance and payload
section, shorlly referred to as nose section. Propulsion system and tanks are
inside stage 2. The propulsion systetns of both, stage 2 and 3 are on an equai
level, hence are accessible through the same door. The containers arc completely
protected throughout the entire atmospheric ascent. The combined oxidizer-fucl
set measures about 5.3 {t in diameter and has a length of 20 ft, viclding a volume
of abont 450 cu. ft. Table I presents some characteristic data of the vehicle {for a
more detailed tabulation cf. [47).

The nose section contains the guidance and control system and the payload
proper. Different nose sections can be employed to suit the particular mission.



38 Krarwr A, EHRICKE:

In order to make the supply ship flexible in this respect, the nose section has
been kept frec from protection by the second stage. Within limits, the shape
and volume of this section can be varied.

a) Power lant

The total number of rocket motors in all stages is 25 *. The number of motor
types (i. e. different combustion chambers and injection systems) is 3, naniely

Type I 285,000 lb thrust low-altitude nozzle
Type 2 440,000 1b thrust low-altitude nozzle

53,500 1b thrust high-altitude nozzle
Type 3 16,600 Ib thrust high-altitude nozzle

Table TI. Large Automatic Supply Ship

Stage ] E: I 3

Payload (1b) 232,000 46,000 | 11,000
Dead weight (Ib) 137,000 31,300 6,650
Lifcctive propellant weight? (1by 931,000 148,800 27,300
Auxiliary fluids {Ib) 40,000 5,900 1,050
Gross weight (ib) 1,340,000 232,000 46,000
Momenium thrust per stage () 1,741,000 340,000 66,400
Owverall mass ratio 28.5

One propellant is used in all stages, for reasons of cfficiency and simplicity:
Liguid oxygen and hydrazine {or, as far as weights, volumes, and stage per-
formance are cencerned, any propellant of comparable density and specific
impulse). Using O,—N,H,, the propellant data arc presented in Table ITI.

Table 1I1. Propellant Data

Stage ' 1 2 ' 3
Propellant oxygen - - hydrazine
Mixture ratio {O/F) 0.9 — =
Chamber pressure (psia) 530 — e
Theoretical specific impulse (shift. equil} {sec) | 305 350 | 350
Velocily correction faclor 0.94 093 | 093
Used specific impulse L 295 | 325 325

It is realized that the mixture ratio sclected will make conventional
{unrestricted) regenerative cooling difficult. Fhe theorctical comnbustion chamber
temperature is approximately 5,890 T (3,350 °K), Assuming a combustion
efficiency of 96 per cent, the actual chamber temperaturc becomes of the order
of 5,300 °F (3,200 °K). At this temperature, and at the high pressure employced,
the heat flux density becomes very high, about 10 Btu/iu%scc at the throat of the
16,000 Jb thrust motor, that is, approximately 2 to 3 times as much as present
day valucs. It cannot safely be predicted whether hydrazine, a metastable
compound, is capable ol operating under such severe conditions without decom-

1 Not counting a very small motor for final velocity adjustinent of stage 3.

2 Defined as the propellant weight required for accelerating the vehicle.
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position. One principal alternative is, of course, to use liquid oxygen, at least
for cooling part of the motor. In this case the cooling jacket pressure would
have to be increased slightly above ‘the critical pressure of oxygen which is
about 51 atinospheres, Aside from this, there are other methods considered,
combining the use of highly heat resistant materials with an appropiate design,
which. gives reason for the assumption that such motors can be operated 10 years
from today. Details are bevond the scope of this paper. The importance of
developing new types ol motor cooling,  order to take advantage of high
performance propellants for orbital flight, is obvious.

The propulsion system of the first stage consists of & main motors of the
type 1 mentioned before, and of 4 sets of twin motors of type 2 with low-altitude
nozzle, that is, exit pressure 0.7 atm. The main motors are mounted rigidly,
arranged as shown iu Fig. 12, The 4 twin motors are tiltable, serving as control
motors: 2 for pitch, two for yaw and roll. Twin motors have been taken, in order
to utilize the type 2 motors developed for stage 2.

Fach main motor and each control twin motor is equipped with a comnplete
feed system, consisting of an O,—N;H-operated gas generator, gas tnrbine, and
one pump each for oxygen and {uel. The {leid pressure resulting from the pressure
due to gravity head and from the gas pressure in the {anks, provides ample
pressure on the snction side of the pumps.

The tankage — and, hence, the whole body of stage 1 — is subdivided into
two sectiens, one above the other. This has been done for the following reasons:

1. The large body of stage 1 can be transported and handled, as well as checked,
more convenicntly if it consists of 2 scparate sectious.

2. I, during pressurization tests prior to dssembly and fiving, a tank leakage is
discovered, then only the section concerned, not the whole stage has to be exchanged.
This means 4 special simplification if leakage or damage occuts in the upper section.

3. Misalipniments can more readily be cortected.

4. The lower scction is a straight cylinder which experiences litile heating dnring
the ascent. Therefore, it probably can consist of a lighl metal alloy. Tor the upper
section which already contains the transition to the ogive this may nol be the case.
If, for reasons of temperature and pressure, this seclion must have a steel wall, then
the separation into two sections has the advantage of maling the use of different
construction materials possible.

5. For reasons of low weight and better handling and transporctation no tail fins
are provided. In order to counteract the cffect of their absence on the stability
conditions during the ascent — that is, to reduce the instability to a level where it
can be handied by the control motors as far as control moments and response Lime
to commandos is concemed — the center of gravity {(CG) must be kepl as far forward
as possible, particularly during the first portion of the flight, when the dynamic
pressure is still high, One effective way to accomplish this is the method of pro-
grammed cmptying of the tanks. In this case the lower seclion is ernptied first. This
section is slightly larger {containing about 60 per cent of the propellant), in order to
place the division line between the two sections as far forward as feasible.

Stage 2 has 4 rigidly mounted main motors ol type 2 with high-altitude
nozzles (p, = 0.1 atin), and 4 tiltable control motors of type 3 for pitch, yaw,
and roll trimming. These motors ignite at the moment of separation from stage T.
One feed system of the same type as used in stage 1 serves one main motor plus
one control motor tegether so that a total of 4 feed systems for about 70 000 1b
of thrust cach is required.

At the same time stage 3 is ignited. This system consists of 4 filtable motors
which at the same time serve as control motors in pitch, vaw and roll after
slage 3 is on its own. There is one feed system for all 4 motors.
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From the low pressure {suction) side of one of the stage 2 feed systems with
correspondingly dimensioned {eed lines one fuel and one oxygen line is branched
off, leading into the respective suction lines of the stage 3 puinps, upstream of the
point where fuel and oxidizer is tapped for the gas generater, With this arrange-
ment the stage 3 feed system can operate normally with the only difference that
the propellants come from another tank system.

Immediately preceding the point where the supply lines lcave stage 2 there
is a guillotine cutting device and just inside stage 3 is a plug valve. Where the
supply lines enter into the suction lines of the stage 3 pumps, a two-way valve
is located. During the operation of stage 2, this valve blocks the suction lines
coming from the stage 3 tanks. About 2 or three seconds prior to separation, the
guillotine device, electromagnetically actuated by a timing device, cuts the supply
lines which thereupon are sealed promptly by the plug valves due to the over-
pressure {rom the stage 3 side, since simultancously the 2-way valve has opened
the suction lines to its own tanks. Thus stage 3 already operates independently
when the niotors of stage 2 are turned off.

b} Structure

Stage 1, subdivided into two sections as explained in {be preceding section,
consists of inlegral tanks which are equipped with splash plates, i order to
prevent damage to the containers by the impact of residual fluid after cut-off,
caused by sudden deceleration due to drag and pull of the parachute. The forward
end of the tanks is protected from the gas jets of stage 2 as well as from the air
jet after separation by mcans of a jet deflector.

A yoke above the main motors with ontriggers to the control motors collects
the thrust force and, through a thrust frame congsisting of £6 beams {about
110,000 1b or 50 tons per beam) induces the force into a collector at the base of
the main structure below the tanks. This section below the tanks is a re-cnforeed
semi-monocoqie construction, From there the thrust force is cqually distributed
into the integral tank body structute and into the wall of the second stage.

The length of the cylindrical portion is 57 [t at a diameter of 19.2 ft, yielding
a total volume of 16,400 cu. ft. The ogive meridian is a circular arc section with
a radius equal to 12.5 calibers. . Its total length is 69 feet. Of the total volume of

11,200 cu. ft, approximately 4.58 belong to stage 1, 388 cu. ft (11 m3) or 0.034 are
nose section volume, and the rest is stage 2 plus the shielded portion of stage 3.
The semi-vertex angle of the ogive is 16.1 degrees. The overall surface area of the
ogive scction is 2,800 sq. ft (262 m?), and the surface area of the cylindrical sec-
tion is 3,450 sq. it {322 m?), Hence, the total vehicle surface is 6,250 sq. ft
or 584 m?

In stage 2 the thrust is evenly distributed to the inner and outer wall of the
annulus, in order to prevent shear forces on the propellant tanks. Normally,
with gas pressure in the propellant tanks there would be the clangcr of buckling
of the inmer cylinder, cansing the structure to be fairly heavy in this portion.
Actually, stage 2 is never required to operate with a hollow inner cylinder.
Stage 3 automatically supports the walls. If, in addition, light re-enforcements
are provided on the inside of the tanks, as indicated in Fig. 12, sufficient structural
strength is obtained at little weight penalty.

In stage 3 the thrust frame leads straight up [rom the motors to the nose
section, Four tubes are provided which are hollow and which contact the inner
cylinder wall of stage 2 where they arc guided so that stage 3 cannot rotate cither
before or duriug the expulsion process.
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The containers are suspended betweeu the colummns of the thrust frame.
Therefore they do not have to carry any load, except their own. They can be
made of very thin aluminum sheet, double-walled for protection .against mete-
oritic dust. Top and bottom are removable so that both coutainers can be mounted
together in space as one construction element. Details as to its use are beyond
the scope of the present paper.

The joint thrust force of both stages 2 and 3 i3 so distributed that stage 3
always has a certain weight with respect to stage 2. This weight increases during
the joint burning, as stage 2 is empticd while stage 3 remains fully loaded. The
payload nose of stage 3 rests on a conical bearing on top of stage 2 so that lateral
displacements dne to incrtial forces are also avoided, Because of this relative
weight of stage 3, premature separation normally cannot occur. At burn-out of
the second stage the thrust of stage 3 produces separation.

¢) Gmidance and Control

Automatic guidance and control for all three stages originates from the nose
section. The first and sccond stage contain only the conirol motors and their
actuators.

The vehicle is launched wvertically and, by a 3-step program device (1 tilting
program for cach stage) is dirccted into a circular orbit, and from there into a
transfer ellipse which contacts the target orbit. The path deflection for the first
stage is of the order of 90 to 15 degrees, for the sccond stage 15 to 4 degrees,
and for the third stage 4 to 0 degrees. Now, it is not so very important at which
altitude exactiy the third stage reaches zcro
degrees trajectory angle. More important
is thal, upon completion of the program of
deflection, the vehicle has local circular vele-
city. . Transition into the transfer ellipsc
requires only a small additional velocity
increment which preferably is not produced
by the 4 main motors but by a small auxiliary
motor of about 1,000 Ib thrust. When the
powered flight is completed, the wvehicle
must possess an initial velocity which will
carry it along the unpowered elliptic path as
shown in Fig. 13.

While the wvehicle moves along this
transfer ellipse, its axis must he turned
by 180 degrees in order to have correct
attitude for the third and final propulsion
period at.the target orbit. TFor a target orbit altitude of 600 1ni the cruising
flight time is about 47 minutes {depending somewhat on' the cut-off altitude) or,
roughly, 2,800 seconds. In the case of continuous turning, the angular velocity
must therefore be of the order of 0.064 deg/sec, a rate which can easily be
maintained by a comparatively small attitude device of about 100 1b weight.
The weight of stage 3 during the cruising period is approximately 18,500 Ib.
Aside from the attitude controlin pitch which maintaing the tangential direction
of the vehicle nose with respect to. the flight path, attitude control in yaw and in
roll is required, in order to ascertain cotrect positiou of the vehicle in all threc
axes at the timue of the final propulsion period. This period again is very short,
involving velocity increments of the order of a few hundred feet per second only,
for the orbital altitndes under consideration.

Fig. 13. Ascent into the target orbit.
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2. The Small Automatic Supply Ship

The small automatic supply ship scrves to maintain an established orbital
installation. Therefore, it is distinguished from the large supply ship by a
considerably smaller payload capacity and by the fact that it has to operate
over a much greater length ol time. Consequently, the recovery problem becomes
particularly important for small snpply ships where every improvement in
economy of operation, however slight, is augmented significantly by the length
of operation. For these reasons, the question as to which configuralien should
be setected for small snpply ships is of primary interest. In general, the functional
operation of the vehicle will be very similar to that described above in connection
with the large supply ship so that this dees not have to be repeated herc.
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Fig. 14. Three coniigurations for 2,000-Ib supply ship.

Fig. 14 illnstrates schematically 3 basic types of design:

Type T conveniional concept of multi-stage vehicle with series arrangement
of stages.

Type I1 provides parallel arrangement of second and third stage, mounted on
a booster rocket. This is actually a modification of ihe telescope arrangement used
for the large supply ship.

Type LII represenis an arrangement in series of second and third stage, Doth
being mounted parallel to Lhe lirst stage.

Type 1 could be realized more conveuiently in the present case due to the
smaller size of the maintenance ship. However, like in the case of the large
supply ship, the second stage probably will have to be written off as a total loss
which, for reasons mentionced above, does not make this solution very attractive.
In addition it requires more power plant weight and has one more ignition period
than the large supply ship. The main advantage of this type, as compared to the
other two types depicted in Fig. [4 is its low weight, because it docs not have
mng% However, from the viewpoint of reducing weight by omitting wings,
it might be more attractive to choose Type 111 with wingless first stage. One
then gets about the same low take-off weight, but avoids the disadvantages of
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the first type. The wingless versions would weigh about 275,000 ib for a payload
capacity of 2,000 1b,

Type TIT with winged first stage is based on a suggestion made by Dr. 1DORN-
BERGERL. . The inherent advantage of this type is gained by cquipping the first
stage with wings. In the form of an airplane the first stage is most easily and
conveniently recovered by directing it (either by pilot or by remote control)
back to the launching site. Moreover, joint operation of the first and second stage
has an cven greater engine saving effect that the telescope arrangement or, for
thai matter, Type [1, in spite of the [act that the sccond stage is equipped with
high-altitude motors and therefore operates with low separatioo during take-off.

Type II has been studied independently by the author in 1951, This con-
figuration has originally been used for the passenger vehicle (see below) with the
only difference that in the latter case the third stage is winged, while in its
application to the small supply ship, the sccond stage has been provided with
wings. This stage attains considerably higher speed and altitude than the winged
stage in Type III. Its maximum flight velocity is of the order of M == 20, while
that of the first stage is half as much. Consequently, a winged second stage
principally faccs more severe flight conditions, particularly with respect to
acrodynamic heating.

It must be kept in mind, however, that these flight conditions must be
explored and mastered anyhow, in order to make an orbital passenger ship
— hence, human space flight — technically feasible; and a returning orbital
passenger ship must be subjected to cven mnore severe conditions than a winged
sccond stage.

The justilication in the piesent case for giving preference to a winged second
rather than first stage lies, in the opinion of the author, in the fact that recovery
of the first stage can be accomplished by means of parachute (at least this is the
working assumption throughout the present report), while the sccond stage
cannot be recovered in this manner, For naximum economy of the maintenance
operation which reqnires recovery of both, first and second stage, it appears,
therefore, that the second stage must be equipped with wings, while the first
stage does not need wings. Tor this reason, Type II appcars, for this particular
purpose, most attractive,

With 2,000 Ib payload and based on oxygen-hydrazine, Type II weighs
about 475,000 Ib. If emphasis is on low take-off weight (which, in this case
however, docs not mean good economy), then T'vpe IIT with wingless first stage
apprars to be most promising, its take-off weight being of the order of 275,000 ib.
For tnore data omn the low-weight configuration cf. [4].

3. Flight Performance

The total energy of the supply ship’s rest mass alter completion of the ascent
is given by the sum of kinctic cnergy in the orbit and of the potential energy
difference between surface and orbital altitude. The velocity which is equivalent
to this cnergy constitutes the minimum velocity required for transfer into the
given orbit. The term minimum velocity implics that no losses occur while the
energy is produ(.ed that is, during the various plopulsmn periods. The minimum
velocity is given by the relation

e =
e ] 2 (1 |__.2._._-“"_-‘) S ]/ T s (10)

o

! The author is greatly indebted to Dr. W. DJorxriurcrr, Guided Missile Con-
sultant at the Bell Atrcraft Corporation, for many discussions on this subject.
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and is plotted in Fig. 15 as function of the altitude y, together with the circular
velocity, The three propulsion periods of an ascending orbital vehicle have the
purposc of attaining circular velocity at a low altitude, say, of 350,000 ft (I'hase I},
enteriug the transfer ellipse (Phase II), and finally of cntering the target orbit
{Phase ITI). )iig. 15 shows that at an altitude of 350,000 [t, the minimum velocity
is about 26,200 ftjsec. At 700 miles (3.7 million ft} altitude, which we prescntly
assume as lmiting altitude for observational satellites and for orbits of departure,
the minimum velacity is 27,800 ft/sec. The minimum velocity required for Phase I,
thercfore, is about 94 per cent of the minimum velocity required for the target
orbit.
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Yig. 15. Minimum wvelocity and civenlar velocity,

Losses during the propulsion periods arc due to gravitational pull, aero-
dynamic drag, and steering forces which cause the resnlting thinst axis to deviate
from the [light direction. By proper sclection of the flight program steering
losses can be kept very small, Drag losses are overcorupensated by additional
propulsive force due to incrcasing pressure throst as the vehicle gains altitude;
this holds true for large, slowly ascending 3-stage orbital vchicles of which two
stages are operating practically outside the atmosphere, that is, at technically
negligible ambient pressure. By far the largest loss is caused by gravitational
pull. In the case of gravity losscs there arc no countervailing gains, like for the
drag losses. From numerous trajectory caleulations it follows that the overall
loss during the first propulsion phase is about 85 to 93 per cent of the circular
veloeity at 350,000 ft altitude, with 90 per cent beiug a fairly good average.
Since nearly all of the minimwn velocity is produced during the first propulsion
phase, as stated above, it is simpler to take the minimum velocity of the target
orbit and divide it by 0.9. This then corresponds to a loss during the first pro-
pulsion period of about 83 per ccut. and is, therefore, on the conservative side.
The resulting velocity of 31,000 {tfsec (9.5 km/sec) is the ideal velecity on which
the layout must be based. No return propellant is required for antomatic supply
ships.

Vacuum conditions are reached prior to the burn-out of stage 2. This is
important, because the interference effect of aerodynaruic forces would make the
expulsion of stage 3 extremely difficult, if not impossible. At the given dimeonsions
and with an initial acceleration of 1.44 g (cf. tentative trajectory data presented
in [4]), it takes stage 3 Tess than 2 seconds to emerge from the duct.
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The expulsion process is characterized by the requirement that both vehicles
wust be in a condition of free fall. “T'his is to avoid that stage 2 which then is
no longer burning, has “weight” with respect to the third ' stage, This weight
would produce an excentric load on that portion of stage 3 which is still inside
the duct. This load would increase as the respective centers of gravity move
apart, until separation is completed.

At the time of separation of stage 3, the trajectory angle is still different from
zcro, although its value is small, of the order of 4 degrees. Fig. 16 ¢ shows that
if, during separation, the thrust I'; ol stage 3 points in flight direction {a = 09),

r_f/ 1’) Wg
of the second stage produces a load Fy sin § on stage 3. At the velocity of about
18,000 ft;“scc, existing at that time,

then the apparent weight {which includes the centrifugal effect} W, =|1—

W, == 0.0 W, if ¥, is the instan- peti?
tancous zew’velomty surface weight gt #

of the second stage. Of the weight 5 //

W, the fraction (Fy/W,'}sin 6 or ehly S

{ZF 5/W,) sin 0 is, under the condi- /575W I )

tions of Fig. 16 a, supported by \

stage 3. As the center of gravity 2
(C.G); moves forward and away f’g ncasd

from (C.G.),, this weight {raction L)

produces a moment in pitch which “wisin 8

tends to tilt the nose of stage 3 in

upward direction. The restdual =
weight of stage 2, contributing to V)
the grawty deflection of the trajec- $'_’L1\__.u—
tory is then W, — ¥, ¢in 0, or, as " d 3
far as the mtcrestmg welght com- 6\,
ponent nor mal to the fhght direction \
is concerned, (W, — Fgsin 8) cos (. -

Ii the thrust is horizontal
(Fig. 16 &), this weight component
is increased beyond the value result- o
ing from gravity alone, owing to Bainfsné i
a thrust component F, sin @ which §wileasé )77 —;‘%‘}:‘51/}4{?
now is pointing in downward direc- \ Eonat e

tion. This condition canses an
appareut centrifugal force of the
sante magnitude, acting in the
opposite direction, tilting downward Fig. 16. Expulsion of stage 8. (a) Thrust intlight
the nose of stage 3. direction. (&) Thrust horizontal. ({¢) Correct
Tig. 16 ¢ shows the correct case thrast direction.

where the thrust direction is at a

negative angle of attack, somewhere between the two extremes, The correct
ncgative angle of attack a is determined by the condition

Fysina = Fysin fcos b, (11)

that is, the centrifugal effect and the weight Iraction to be supported by stage 3
must balance cach other, climinating any moment with respect to the C.G. of
stage 3, thereby creating a condition which is equivalent fo that ol free fall of
both centers of gravity as they glide apart. The free fall in this connection refers

R
"
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to the motion normal to the flight direction, The weight component B, sin 8,
which now is no lenger supported by thrust, expedites separation. The required
angle of attack is given by

sin @ = sin f cos . (12)

where § = # — «. Therefore, the correct angle follows from trial and error. In
the present case § is very small, hence cos 8@ ~ 1 and sina = sin § = sin §;2
or o — /2. With a trajectory angle of 4 degrees, it follows that the required
angle of attack at the beginning of the separation process must be — 2 degrees.
During the short time of separation the trajectory angle changes very little,
so that in the first dpploxima.lion a constant angle of attack can be assumed.
Stage 2 preferably is tilted, by a special program, into this angle of attack
immediately before stage 3 ceases to obtain propellant from the second stage
and switches {o its own supply (cf. V, 1, a, p. 38).

The importance of complete absence of perceptible dynamic pressnre during
the separation is apparent [rom the preceding discussion. For this rcason the
vehicle must clear the atmosphere, belore a stage scparation of this type becomes
practical. This is one important reason — aside from several others — why this
system cannot be applied to the first and second stage.

¥YI. Orbital Passenger Ship

Passcenger vehicles are characterized by at least one winged stage, the upper
stage, which provides accomodations for personnel, but not for a cargo-type
payload. This restriction is of [undamental importance, as it eliminates design
compronuses which inevitably carry a severe penalty in terms of size, weight,
aerodynamic guality and sdfety 1t permits the functional design of the winged
passenger stage as a hypersonic glider.

1. Description

The ascent of a passenger ship into the target orbit is not different, except
in details, from that of an automatic supply ship. The imporiant part is the
return into the atmosphere, by far the most difficult and, presently, least under-
stood portion of the flight path of an orbital vehicle, It will be seen that this
lact alone —- aside [rom all advantages inherently associated with the nse of
automatic supply ships — suggests strongly a functional separation of load-
carrying and passenger carrying vehicles.

The retnmn into the atmosphere determines the design criteria of the upper
stage. These criteria call for

good aerodynamic (particularly hypersonic) qualities

structural reliability

transport safety.

This shows that for the upper stage of the passenger vehicle, emphasis lics on
entirely different featnres than in the casc of stage 3 of the large supply ship
where highest transport efficiency and maximum utilization of the upper stage
in space are of paramount importance. A compromise between these requirements
whose effect on the design reveals sirongly divergent and, in part, even opposite
tendencies, cannot lead to a satislactory solution, at least not until the technigque
of orbital systems is much further advanced than we justifidbly may expect
it 10 be within the next 15 or 20 years when the first orbital systems may be born.

A concept which emphasises a number of design features of orbital passenger
ships is shown in Tig. 17. This orbital passcnger ship consists of 3 stages:
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a booster-type first stage

a flat-bottom second stage

a winged third stage. _

The two last stages are arranged parallel to each other and are mounted on
top of the [irst stage.

The first stage resembles that of the large supply ship, cxeept for size and
weight. It is smaller, because the second stage turncd out to be considerably
larger than its connterpart in the supply ship, owing to the particular dimeusions
and shape of thc passcnger
stage, which dominates the
design of this vehicle. It was
found, however, that the take-
off weight of the passenger
ship can be kept about equal
to that of the large supply
ship so that the same first-
stage rocket engine assembly
could be wused. Parachute
recovery is assumed  which
should be simplified, compared
to the large supply ship, due
to the lower weight and lower
cut-off velocity of this stage,

The sccond stage is tai-
lored for high mass ratio and
expendable design, consisting
essentially of propellant con-
tainers and rocket cngine
assembly,

The third stage is a hyper-
sonic  orbital rocket glider

A -
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which, in the present coneept, o N
# -0

accomodates one pilot and 4

passengers, atotal of 5 persons, Vig. 17. Orbital vchicle for passcnger transport.

corresponding to a payload

weight of 1,200 Ib, approximately. Table IV, representing a condensed version
of the relevant portion of Table IV in [4], summarizes the basic data pertaining
to the passenger ship.

Table IV. Orbital FPassenger Ship

Stage | 1 | 2 3

Payload {lb) 274,000 46,000 1,200
Dead weight (lb} 157,000 23,000 16,100
Lileclive propellant weight? (1b) 875,000 186,130 26,900
Anxiliary {luids {Ib) 34,000 B,B70 1,800
Gross weight {Ib) 1,340,000 294,000 46,000
Momentum thrust per stage (1b) 1,941,000 410,000 49,800
Overall mass ralic? 32.4

1 Cf. Table 1I-
¢ Larger than in Table II, because upper stage returns.
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2, The Orbatal Glider

The most important part of the passenger ship is its final stage which is
destined to carry human beings into and out of space. Tor this reason it mmnst
be designed with particular concern for its “payload”.

The three principal design criteria for the orbital glider have been mentioned
before, namely good hypersonic qualities, structural reliability and transport safety.

The returning glider passes through 3 regimes of flow, known as [ree-molecnle
{low, slip flow and continuum flow [14]. The frec-molecule flow is characterized
by the condition that the mecan free path of the molecules is much larger than
the body dimensions of the vehicle, meaning that collisions between molecules
and body surface are much more frequent than collisions among molecules
themselves. In free-mclecnle flow a boundary layer does not exist. The gas
molecules strike the surface, remain in coiitact with it for an unknown period
of time and then are re-emitted in some random direction with respeet to their
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original direction of motion. As the air density is increased, a boundary laver
begins to form; however this boundary layer is different from the conventional
concept inasmuch as the air is not at rest with respect to the surface, as is vsually
the casc at higher densities. This [low regime which is termied slip [low is
encouutered when A/4 ~. 1, i. e. when the mean free path of the molecules, 4,
is o[ the order of the d_lsp]d.cement thickness of the boundary layer 8. TSIEN |14]
suggests that the slip flow may oceur in the range I > 2/8 > 0.01. Betwcen
ship flow and free molecular flow (1 < A{¢ < 10) TSIEN assumes a transition
region, which he calls realm of fluid mechanics, and in which intermolecular
collisions are of equal importance to molecule-wall collisions. At values
Ald <2 0.01 begins the rather well known regime of continuum flow.

Fig. 18 shows the mean free path as funetion of altitude for two mélecular
diameters {data taken from “£3]}. It can be seen that the region of [ree-molecule
flow extends, approximately, from 450,000 ft upwald The slip flow domain
lies roughly between 300,000 ft and perhaps 140,000 ft in local regions around the
nose or at the leading edge of two-dimensional surfaces.



Amnalysis of Orbital Systems 49

The regions of free-molecule flow, slip flow, and continuum flow separate two
fundamental concepts: aerodynamics (conlinaum [low) and superacrodynamics
{slip flow and frec-molecule flow), the density (or mean free path) being the decisive
parameter. On the other hand, air velocity breaks down the flow regimes into
subsonic, supersonic, and hypersonic flow where hypersonic flow is defined as
the velocity range in which the term 1/M? (M = MacH number = ratio of flight
velocity to sound wvelocity of the ambient air) becomes small encugh to be
neglected. Strictly, the linearized theory as a means for calculating the pressurce
distribution about a two-dimensional body fails already at very low supcrsonic
MacH numbers (M = 1.1), BusemanN’s third order thomy is applicable up to
MAcH number 3 approxunately. At higher Mac numbers the third order theory
must be replaced by the hypersonic theory of the perfect gas which in turn,
depending on the bonndary layer conditions, must be modified at very high
MacH nunbers to take gas imperfeclions (e. g. dissociation) into account. In the
present discussion it is important to note that as far as the acrodynamic theory
in gencral is concerned, the difference between Mac number 10 and 20 in, say,
continuum flow, is less significant than the difference between MacH number 15
in continuum or in slip flow.

In the domain of free-molecule flow, the drag coefficient is very high [16],
7171, [18], hut the overall drag as well as the heat transfer by forced convection
{{18] through [23]) are both negligible simall owing to the extremely low densily.

In general, it appears that the slip flow region can be broken down into two
regions. One region, 0.0L << 79 < 0.1, divcetly following the continuum flow
region, and a second region, (.1 << 2{d <C 1.0, preceding the interimediate region.
In the first mentioned region, shock-boundary layer interaction is dominant and
may lead to a considerable increase in skin friction and heat transfer 247, while
in the second region ol even more rarified gas, the beforc-mentioned slip eflect
becomes dominant, causing a reduction in heat {ransfer. Thus, as the
vehicle passes through the slip flow region, one may visualize the
developinent of successive types of boundary layers. At the present time this
inakes thearetical analyses difficalt and predictions uncertain. Little is known
about the drag throughout the slip flow region and even less about the lift,
Knowledge of the lift coellicient is imIJOrtant for computation of the sink velocity
of the glider through the slip flow region.

Approximately, below a speed of 14,000 it/scc and below 150,000 ft altitude
most of the vehicle’s surface is subject to contingum {low conditions. The shock
wave drag becomes increasingly important. Surlace conditions are now con-
trolled by the conditions behind the shock wave and also’ by hypersonic
shock wave — boundary layer interaction. The latter causes a thickening
of the boundary layer at the leading portions, thereby changing significantly
the geometrical shape of the leading contours. Qualitatively, the highest
heat transfer rate, hence, the most critical region ol aerodynamic hcating can
be expected in the upper region of continuum flow and the lower (denser)
region of slip flow. Thereafter conditions gradually improve due to decreasing
[light velocity. It is important Lo point out, that the above description is valid
only for a given type of boundary layer, that is, laminar or turbulent. The
necessity for maintaining laminar boundary layer conditions in continuum
flow, whencver possible, is of great importance, because transition to turbulent
boundary laver immediately increases the heat transfor cocfficient considerably,
especially when the fhght speed in this region is still high.

These aerothermuodynamic conditions, roughly outlined above for a better
understanding of the problems, determine the design of the orbital glider.

V. LA P Kongress 4
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The path of the glider is defined by the well-known condition ol equality of
aerodynamic lift and vehicle weight, W. At sufliciently high Hlight speeds the
weight is reduced by an amount equal to the apparent centrifugal force F..

Y
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where = g% g and # the gravitational acccleration and distance from the
center of the earth, respectively, at flight altitude v, and the lift L =C, S ? o vt

with S being e lifting surface arca and ¢ the density ratio plpy,. Solving for o
whicl: is a measnre for the instantaneous flight altitude, we obtain

: w2 . w2 v \E
S 2 (/2 _y) § o [() - 1] (14
Poo, S vPwCelw S 0c2pog Ci

where v is the local circular velocity and » the instantancous flight velocity.
This equation can be written in a more general form, therchy intreducing an
important glide parameter

cCr 2 74 a ¥ )
L= N S Dol LN R 15
Wis  vpm (”2 T'\F') ¥ Poo (” BT (18)

The approximation » = ¥ 3£
‘ 1 ] = Ty A ¥y 15 justified, be-
‘ |

bd

cause, ¥/7y,<< 1 in the altitude
range where the aerodynamic
lift becomes signilicant [say,
at (W — )W > 02, i e
ettt v << 23,000 ft/sec, correspond-
ing te a glide altitude of
roughly y < 250,000 ft].

The generally wvalid glide
parameter is plotted in Fig, 19
versus the flight speed (using
¥ & ¥e). Thus, at a given
flight speed the glide altitude
i3 proporticnal te the lift
parameter Cp (W/5).

At the high flight Macu
numbers In ¢uestion, the
stability of the boundary
layer (i. e. mot the transition.
but the possibility of the devel-
opment of a transition from

Jamivar to turbulent flow) is

N R N NN R no longer determincd by the
FHpHE reipeiy (A e ReyNoLbs number exclusively

Fig. 19. Glide parameter as function of fight velacity. but, more important, by the
Macl number just outside the

bonndary laver and by the ratio of wall temperature to free stream temperature
(i.e. the direction and mtenblty ol heat Jow). A highratio of temperature just outside
the boundary layer to wall temperature has-a stabilizing effect on the boundary
layer. However, the REYNOLDS number appears to remain the decisive parameter
for the magnitude of friction and heat transfer. A general discussion of this
sitnation is brought forward in a separate paper. With decreasing REYNOLDS
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number the heat {ransfer decrcases in laminar as well as in turbulent boundary
layer flow. Therefore, turbulence at very great altitude {low REYNOLDS number)
is not necessarily more harmful than laminar heat transter, if turbulence should
occur at all. The laminarity requirement is mest significant in the coptinuum
flow regime,

The drag principally should be high, in order to Hmit the duration of descent,
hence, of thermal stress on the structure, 11 is necessary, however, that the drag
be produced in such a manner as to minimize the heat flux density into the
vehicle in the conrse of the slow-down process. For instance, increasing the skin
friction drag by producing a turbnlent boundary layer would definitely constitute
a step in the wrong direction. By the same token, an inercase in wave drag as
form drag (not drag duc to 1ift} is not nceessarily beneficial, T continuum flow,
the Hmit {or the desirable wave drag is given by the maximum permissible rate of
deceleration and by the fact that the hlgher pressure behind the shock wave
produces a denser bonndary layer, thereby increasing the heat transfer coefficient.’
On the other hand the flow wvelocity behind the shock wave is lower and the
temperature of the air is higher {by & considerable amount at hypersonic speeds),
than before the shock wave. Higher temperature tends to increase the boundary
stability, provided the wall temperature can be kept at the same valne in spite
of higher heat inflnx due to higher pressure. Tf, in continnum flow, this increased
stability is capable of preventing torbulence, the higher laminar heat transfer is
the lesser evil. A more detailed discussion of all these counteracting cffects is
beyond the frame of this report and will be presented in a forthcoming paper.

As a result of the many considerations it [ollows that the orbital passenger
glider preferably is small. [t is characterized by very low lifting area load {the
propellant containers are empty upon return into the atmosphere). Most of the
large liftimg area should be flat bottoin body area. The advantages of flat-bottom
bodies, namely reduced wing area and reduced heat influx into the wind-side
for lifting) body surface have been pointed out carlicr by E, SaExcEr 257
Reduced wing arca is possible, because at the high flight speeds, a flat plate has
excellent lifting characteristics, even if it has a very low aspect ratiol. Thus
the body is capable of carrying a major portion of its own weight, thereby
reducing the bending moment on the wings and permitting a lower structural
welght. With the bedy acting as an lmportant lifting device, a compara-
tively smaller angle of attack becomes feasible for the same 11ttmg force, the
strength of the shock wave preceding the lifting surface is reduced, and
congequently the heat flux density per unit surlace area becomes lower for a
given boundary layer condition (laminar or turbulent).

In the tentative concept of theorbital glider, shown in Fig. 20, a two-dimensional
body is used which, in effect, represents a very low aspect ratio wing and which
prodnces about 60 per cent of the hypersonic lift. The wing planform is of
secondary importance in hypersonic flight and has no influence in free-molecule
gerodynamics. A higher aspect ratio than the onc offered by the body alone is
desirable solely for reasons of low-speed flight and of landing {reduction of the
angle of attack at touch-down). A high taper ratio® provides [or high structural
strength at the wing root and reduces the wing tip load. The comparatively large
root chord at the same time reduces the sensitivity with respect to the excitation
of wing oscillations by resisting wing twist, thereby cutting down angles of attack
and wing load variations due to wing flutter. No attemnpts have been made to

! Aspectk ralio 18 defined as the squuare of the wing span, divided by the wing area
which is taken o include the part covercd by the body.

? Taper ratio is delined as ratio of tip chord to root chord.

4
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optimize the thickness ratio! of the wings

in Fig. 20.
increasing thickness ratio, however, the drag due to

thickness ratio.

KrarFFT \. EHRICKE:

of the prototype configuration shown
at zero lift) increases strongly with
lift increases with decreasing

Restriction of form drag, therefore, limits the thickness ratio.

The form drag (or wave drag
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Fig. 20. Schematic sketch of 5-person orbital rocket glider.
Flat botlom area: Scction (4) 445 ft2

(D) 540 {t2

() 330 fe2

Total 1,315 ft?
Wing load: Full 35 1bfft? {hvpersonic)
Empty 11,1 1b/ft?

It is assumed that only 509, of the above area is effeclive as lifting surface at subsonic speed.
Hence the wing load is doubled.

Morecver, since high lift force is required, and since high drag, as far as com-
patible with heat transfer considerations, is desirable also, the drag due to lift
should be very high (i. e. the operational point on the polar of the orbital
glider should be far beyond the point at which lift over drag is a maximum?),
Thus a comparatively small thickness ratio can be anticipated offhand.

1 Thickness ratio is defined as ratio of maximnm thickness to length of chord of
a given wing section in flight direction.

* Maximnm lift over drag, a requircment for long range, is of no significance here,
The angle of attack for maximum lift over drag i¢ considerably smaller than the
angle ol attack for maximum lift. Given a certain minimum dynamic pressure {say,
about 0,7 atmm) and a switable vehicle planform, acrodynamic controllability and
stability can be maintained cven at high apgles of attack.
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The three fundamental characteristic features of an orbital passenger ship
are therefore:

low lilling area load

high ratio ol body Iift to wing lift

operation at angles of attack which exceed those required for maximum lift
over drag.

Smallest possible vehicle size is called {or by heat transier considerations
{reduction of surface arca) aud also by the second of the characteristic features
enumerated above, since, as pointed out alteady by SAnGER and Brepr (23],
the ratio of body lift to wing lift decreases with increasing vehicle size.

In view of the flat bottom body configuration of the passcnger stage, a
parallel mounting of the two upper stages becomes an engineering necessity,
becavse, otherwise, the lift of the flat bottom area which is large in comparison
to the base area, would, during powered ascent and trajectory deflection, produce
an intolerably high bending load on the joints between second and third stage.
Another very important advantage of parallel mounting is, in this case, the
rearward shifting of the center of pressure of the overall vehicle. This contributes -
greatly to improve the stability conditions and results in a saviug of structural
weight by requiring smaller fins on the first stage.

The resulting tentative glider conlignration depicted in Fig. 20 is fairly slender,
although, presumably, not slender enough for maximum range operation which,
however, is of no concern in connection with the orbital passenger vehicle,
liven so, it is not suitable [or the stowage of buﬂ{y pavload. The wvchicle
consists of a flat bottom body (A4}, (C} and a pair of wings of trapczoidal
planform which is suggested by the desirability of high taper ratio and which
also vields a comparatively high aspect ratio for a given wing area and taper
ratio thus improving somewhat the low-speed flight characteristics of the glider.

The front portion {4) of the body contains the cone-cylinder unit for passenger
accomodation. It includes all {urnishings, power source, guidance and stability
equipment, and is imbedded in the front portion of the hody (forming so-to-say
an obliquely oriented rool) for maximum heat protection of the passenger
compartment. Most of the descent {light is a pure instrument operation with
little need for visibilily. As the vehicle approaches the surface of the earth, steel
lids can be removed from windows and periscope lenses. The rear portion (C)
of the body contains the power plant assembly with paralicl arrangement of the
units.

Safety can be taken into account by providing an emergency separation of
the passenger-carrying section {(4) from the rest of the vehicle. This appears to
be the only method which permits a saving ol the passengers under hypersonie,
very-high-altitude flight conditions, and which, at the same time does not require
an cxcessive increase in structural weight of this section. This scparation
which makes the front portion an independent airplane, provides protection
primarily against failures in the power plant scction {B). However, in this section
the probability of failure is inherently larges(, hecause it involves the greatest
number of parts in operation during powercd ascent. A scrious structural failure
in the front portion — during powered ascent or during the descent - would
almost cer La1n13 result in death of the pilot and passcugers. Complete safety is
impossible in sach a mission and utterly incompatible with the low-weight
requirements dictated by our present energy sources. .But then, it mnust again be
emphasized that the smaller the vehicle, the less likely is a failure in the front
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sectional structure or snrface construction. Thus safety considerations furnish
another important argument in favor of smadll size of the orbital passenger vehicle.
This condition can principally not be satisfied il the passenger carrying vehicle
must, at the sawe time carry a substantial payload of carge into the satellite
orbit, Separation of cargo and passenger transport, therefore, is not only reqnired
from the viewpoint of carge transport elficicney and economy, but also from the
viewpoinl of passenger transpost safety and reliability.

Another important design covsideration is the pressnre distribution over the
upper surlace of the glider. Strong, and above all, sudden, changes in static
pressure are liable to produce violent creossflow, contaminating the boundary
layer and producing prematnre transition from laminar to turbulent flow. The
configuration Iig. 20 viclds higher pressure over the wings thav over the body.
Inspection of the side view indicates that contamination of the body houndary
layer is most likely to originate from the region where the leading edge of the
wing is close to the body. In order to minimize the suddenness of the transition
this portion has been smoothed out by a curved contour,

More details will be presented in a subscquent paper. I'or the present dis-
cussion a qnalitative analysis may suffice.

3. Ilight Path

TFundamentally, the powered ascent of the passenger vehicle is the saine as
that of the automatic supply ship. A certain increasc in trajectory deflection is
permissible within limits, becausc more lifting area is available to prevent
excessive gravity deflection. The limits are given by the condition that the angle
of attack thus required during powered ascent must not exceed a certain critical
value, defined by the maximum permissible wing load ol the passenger stage.
In order to increase this angle as far as the complete velicle is concerned, the
third stage is assumed to he mounted at a negative angle with respeet to the
vehicle axis (Fig. 17).

Aside from this, ne aerodynamic requircments exist lor the winged stage
dnring the powered ascent. TFor all practical purposes, in this period stage 3 is a
rocket rather than a glider plane. This is emphasized by the [act that the vehicle
has cleared the atmosphere before separation from stage 2 occurs.  Althongh
absence of a techmically perceptible dynamnic pressure is not as necessary a
condition for separation as in the case of the large supply ship, it nevertheless
simplifies the separation process of two parallel stages.

The passenger stage provides gnidance and control for all stages during the
ascent. These operations, as well as guidance and control ol stage 3 proper
(including attitude control in space) mnst be [ully antomatic. Thercfore, only
one pilot is needed who manages the supervision and moenitorng of the serve
systerm and maintains connection with surface station and space station. As to
the return flight, the pilot will take over in the final portion of the descent when
low supcrsonic speeds are reached. [t then will require all the skill of a good
pilot to bring the airplane safely to the gronnd, becanse he must accomplish a
dead-stick landing with an airplane ol poor low-speed qualitics due to unavoidable
compromises with hypersonic snperaerodynamics.

Fig. 21 shows the velocity-altitude and velocity-teimnperature relation for a
typical range of lift parameters 0.003 = Cr{(W[5) = 0.05 ft3/1b.

The velocity altitude correlation is obtained casily from the generally valid
glide parameter — defined in Eq. (15) and plotted in TFig. i3 — and from a
density-altitnde table, in the present case [13].
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The corrclation between velocity aud skin equilibrium temperature follows
directly from the equalily of heat influx and radiation.
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Yig. 21. Range in variation of altitude and equilibrium temperature of descending glider.
Lift parameter: 0,003, oo 0015, - — o —— 0,05,

where A i3 the convective heat transfer coefliclent {Btu/fi?sec "R), T is the
iusulated wall {or boundary layer) temperature (°R}, 7 is the aclual wall
temperature {*R), o is the SrTErPHAN-BOLTZMANK constant (0.173 Ditu/[tZhr
(Rj100)4), eis the emissivity of the wall (here taken as 0.9), and 7, is the ambient
temperature. Ol these quantities, A, is computed from

B %
L'\" o

— 0,382 (Re) 2 (Prjiee (17)

where N, is the NusseLT number, % is the heat conductivity of air (Btu/{t?secOR{fL),
Re = pxofu is the REYNoOLDS number with p = density, » — distance from
leading edge, v = velocity outside the boundary layer, g = coefficient of viscosity,
and Pr = puepik is the PRANDIL number, ¢p being the specific heat of the air at
constant pressure. Eq. {17) is strictly corrceet only for incompressible flow, buat
it can be apphed to compressible flow provided the air propertics contained in
Nu, Re, and Pr arc caleulated at a reference temperature which lies between
Tiand Ty and is given in [26] as

Ty :
Tz Fy (0,70 + 0,023 M2 + 0.58 j") (18)
L]
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The insulated wall temperature has been computed as isentropic stagnation
temperature with variable specific heat and a recovery factor of 0,9, but without

considering dissociation,
2
i

. — %
2¢] [c o |z,
where [ == 778.3 ft-1b/Btu, % is the recovery factorand ¢, is the mean specific
heat between T and 7% The cquilibrium temperatures are shown in Fig, 21
for @ = 0 degrees angle of attack and for « — 109, 20° and 30°% In calculating
the latter values, a two-dimensional shock wave has been assumed and variation
of the ratio of specific heats taken into account. In assuming a two-dimensional
shock wave, the conditions outside the boundary layer are identical with those
behind the shock. The temmperature data represent those of an uncooled wall,
1 ft behind the leading edge, being in radiation equilibrinm at the given inclination
with respect to free stream direction, and at the given wvclocity-altitude corre-
lation as specified by the lift parameter on the left side of Fig. 2L, Particularly
at altitudes above 200,000 ft the heating values become inaccurate because they
fail to account for the slip effect. Morcover, it is not known whether the refer-
ence temperature method is reliable at MacH numbers above 10, However, the
temperature eurves show a trend which is probably correct.

It can be seen that a temperature maximum is reached roughly between
16,000 and 22,000 ft at the (L parameters considered, but that this maximnm is
lowered significantly with increasing lift parameter. [t can also be seen that the
skin temperature incrcases, in all cases, significautly with the angle of attitude.
Now if a high angle of attitude is duc not to high angle of attack but to biuntness
of the wedge (high form drag). Fig. 21 shows that high temperature is obtained
without the relief of higher glide altitude. On the other hand, if the high attitude
angle is due to large angle of attack then the same drag may be obtained, not as
form drag, but as drag due to lilt. In this case, due to the higher lift coefficient
inherently connected with a Jarger angle of attack in these flow regions, one obtains
the benefit of higher glide altitude, hence, reduced heat influx in spite of higher
attitude angle. It, therelore, is not irrelevant how the drag is produced (if the
vehicle is the drag producer), and it shonld be understood that form drag is less
desirable than drag due to lift,

Actually, a descending glider would not follow a given lift parameter curve
becausc the hit coefficient Cp varies with altitude, velocity and angle of attack.
It is reasonable to assume, however, that the actual lift parameter curve of the
descending glider will lie between 0.003 and 0.015. Thus, in a small atinospheric
layer, roughly between 250,000 and 150,000 ft, the flight velocity is cut down
from about 20,000 ftisec to 7,000 fifsec, that is, about 13,000 ft/scc within
100,000 ft. Above and below this region, the deceleration is much less. For this
range of lift parameters, therefore, the “critical region of descent’”” can be expected
to coincide with, or lie inside of, the atmospheric layer between 220,000 and
150,000 ft (roughly 70 and 45 km) altitude,

Ti=uy (149}

VII. Concluding Remarks

The concept of orbital systems has been introduced in order to describe the
integrated complex of orbilal establishment and orbital sapply. The orbital
establishment is defined by the pesition and distance of its orbit as well as by
its design and its function. Orbital supply — which may be regarded as a system
in itself — is described by the supply vehicles and their functions.
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Analysis of Orbital Systems

In this paper an overall appraisal of orbital systems has been given, regarding
the aspects of their development, the criteria governing the selection of their
respective orbits, the orbital establishments, and the technique of supply.

Terrestrial and, partly, alse orbital vehicle development is, in all countries
concerned, directly or indirectly governed by military considerations on which
the present accomplishments in aerodynamics and rocket flight are based., In
view of this fact it is important to recognize that progress beyond the level of
military intesest into the realm’ of astronautical endeavors depends decisively
upon confinuity of vehicle development and of level of effort in the field of
orbital and inter-orbital projects. ‘

This report indicates that, by a systematic analysis and by translation of the
resulting conclusions into concepts of functional orbital systems, this required
continuity can be preserved without sacrificing any of the bold aspirations of
lunar and interplanctary research.
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