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When ¥ TRANSPORTATION NET WORKS *
" the :
- . Michael Minovitchk* :
3 This paper concerns a proposal for an Interplanetary
5 Transportation Network which could provide an eco-
s nomical means of transferring large numbers of
people from one planet to another, It could be used
i ; an indefinite number of times and would have no
RpeL : theoretical limit to its useful life expectancy. The
.rona.utics_z network would involve several dozen vehicles all
SRtEet moving simultaneously on different planetary fly-by
| trajectories, Each trajectory profile can be repre-
“atory, sented by a series Py - Py - P, - ... - P, where P
. Systems is the launch planet ( i.e., the Earth ) and where Pj
is the i'th planet encountered along the trajectory
(i=1, 2, . . ., n). The integer n can be arbitrarily
large. The energy required to change each leg of the
profile at Pj so t_hgtlthe vehicle _wil} encounter P.i +1
1s obtained t)y' utilizing the gravitational interaction

between the vehicle and each successive planet, There~
fore, after its initial injection from P(Q, each vehicle

—

remains essentially in a free-fall state and requires

no additional on-board rocket propulsion., Hence, by
choosing a very low energy initial transfer with a pos-
sible gravitational assist from the moon, it is theor-
etically possible to send massive vehicles on long-
lasting interplanetary journeys which would take them
past every planet in the Solar System an arbitrary num-

- ber of times,

The purpose of this paper is to focus attention on such
a network and to describe its practical potentialities,
A thorough treatment requires a detailed numerical 3
study far beyond what is presented here since there is E
a large number of potentially useful profile possibili- :
ties. I have included a list of references which may : t
offer interesting reading,

*Based on preprint AAS 67-198

*%Senior Research Engineer, California Institute of Technology, Jet
Propulsion Laboratory




INTRODUCTION

Qur technology has advanced to the point where projects considered

In the
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fantastic just a few decades ago will soon become realities,
very near future, man will make his first journey from this planet to

the surface of the moon, Realistic plans are already being made for |

S ISR e

the exploration of other planets, The end result of this effort to ex=-

plore the vast distances of the solar system will be the development of

f: interplanetary transportation networks which will enable ordinary
people to make trips from one celestial body to another on a scale
adequate for colonization, Let us consider some of the basic require-
ments of such a system., First, it will require ships of tremendous
mass, capable of supporting hundreds of people in complete safety and

comfort for many months, These gigantic space liners will be analo-

gous in concept (if not in actual mass) to the largest, most luxurious
ocean liners, They will be so expensive that the system must include

dependable means of vehicle recovery., The networks will have to be | |

highly efficient so that trip costs will be within reach of ordinary
people.

Unfortunately, in our present state of understanding natural physical
laws, we cannot construct transportation networks including all the
planets, However, if one restricts the system to Earth, Venus and

Mars, a network could be designed which would not require technolog-

ical breakthroughs beyond those which can be reasonably predicted at

this time. If flight times on the order of two or three years are ac-

508




et to
e for
ex-
1ent of
5 4

le
juire-
ous
ty and
nalo-
ious
clude

o be

nysical
the

and
nolog-

ed at

+ sl i il S

ceptable, the network could probably be extended to include the moons
of Jupiter and Saturn, although a definite answer to this possibility will
require a more extensive numerical investigation than has been under-
taken at this writing. In this paper, I will envision such an interplane-
tary transportation network and describe the concept of Gravity Thrust
which will make it possible,

INTERPLANETARY TRANSPORTATION NET WORKS

The Initial Mass Problem

Many branches of modern technology deplend upon a few key mathemat-
ical equations, One important equation in the field of rocketry and
space flight is called the '"mass ratio equation' (1) or "'rocket equation',

m1/mo= exp (-AV /c) (1)
In this equation mj and mq refer to a rocket's total mass before and

after burning its engine to achieve a velocity increment of magnitude
AV. The rocket's exhaust velocity is denoted by c. When ¢ becomes
greater than some sufficiently large number depending on AV, further

increases will cause the mass ratio my /mg to approach unity very

rapidly. This, of course, results in greater rocket efficiency. For
this reason, it is important to design rocket engines which will generate
the highest possible exhaust velocities, There are, however, certain
upper limits for ¢ which cannot be exceeded at present without basic
engineering breakthroughs. For example, it is thermodynamically
impossible to construct an ordinary chemical rocket engine which will

generate an exhaust velocity greater than 4,4 km/sec. By employing
»
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nuclear propulsion, this figure can be doubled, but any substantial in-

crease beyond this will be exceedingly difficult to achieve, Although it

is theoretically possible to develop advanged nuclear propulsion engines -

which would have exhaust velocities greater than 10 km/sec, basic
problems in fields such as metallurgy will have to be solved first. It
is difficult, therefore, to speculate when these powerful engines will
become available.

In view of the above facts, the implications of the mass ratio equation
are quite striking and clearly demonstrate the great technological
challenges which lie ahead. For example, some studies have shown
that in order to carry out a modest, one year, round trip, five-man
landing expedition to Mars using presently envisioned nuclear rocket
propulsion, it would be necessary to begin the mission with two

450, 000 kgm vehicles already in orbit.. The cost and difficulty involved
in placing this tremendous mass in orbit will be enormous. If more
massive payloads are contemplated, the problems become staggering
due to the multiplying effects of additional fuel requirements,

Although the development of more powerful rocket engines will always
play a leading role in our space prlogra.m, I do not believe such engines
can be a final solution to the initial mass problem. Most of the 900, 000
kgm of required initial orbital mass in the above example is fuel. This
indicates that the crux of the problem is the rocket engine itself. Since

all rocket engines operate on the reaction principle, they derive their
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thrust by expelling mass. But with definite limits imposed on exhaust
velocities, one is forced to carry greater fuel loads if greater payloads
are required. Hence the cost and difficulty of a mission requiring both
massive payloads and high AV's will be enormous. To obtain a more
vivid picture of the tremendous launch vehicles and initial orbital
masses required on various interplanetary missions using rocket pro-
pulsion, the interested reader should refer to reference 2. A more
technical study involving interplanetary trajectories can be found in
reference 3. This reference also con.tains excellent examples illus-

trating the process of calculating required initial masses.

Gravity Thrust

In 1961 I proposed a method? for designing free-fall interplanetary
trajectories which, after extensive numerical calculations, has proved
to be a partial solution to the initial mass problem. This design tech-
nique treats planetary gravitational fields as powerful vehicle thrust
sources whichl can be utilized in almost the same way as the thrust of

an on-board rocket engine. These forces are controlled by very precise
guidance of the vehicle's planetary approach trajectory. The most im-
portant advantage of this technique is that unlike the thrust provided by
any on;board rocket engine, these thrust forces increase automatically
with vehicle mass as described by the equivalence principle, This con-

cept of vehicle propulsion, which I call "Gravity Thrust, ' combines

the basic advantages of both the ion engine and nuclear engine in that it
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burns very little fuel (in fact, none at all) and can provide very high
thrust forces. The Gravity Thrgst acting on a relatively low mass

10, 000 kgm vehicle as it passes within 10, 000 km of_ the earth's surface
will be tens of thousands of times more powerful than the largest ion

engine ever constructed, and can maintain these high thrust levels

(almost comparable to those of a high thrust nuclear engine) for several

hours,

Since these Gravity Thrust forces are controlled by guiding the vehicle's

approach trajectory, the ''gravity engine'' can be thought of as a small,

accurate planetary approach guidance system, It s total mass can be

about 2 to 5% of the vehicle's total mass and, depending upon it's ac-

curacy, it can be designed for many successive planetary encounters,

To illustrate how the concept of Gravity Thrust may be applied to tra-

jectory design, I will consider a simple hypothetical problem. Suppose

a mission calls for a certain payload to be sent from planet A to some

destination B, and that the time it arrives at B is not specified. (We

shall not consider any possible thrusting maneuvers which may be re-

quired at B), Since Gravity Thrust is the result of an interaction

between the vehicle and the gravitational field from some mass body,

it s application will almost always involve re-routing the direct flight
trajectory A-B to one which passes various intermediate planets before

reaching B. The new profile can be expressed as A-P7-P3-...-B,_1-B

where P2, P3, ..., Pp_.1 are n-2 intermediate planets or mass fields
The manner in which

which will provide the necessary Gravity Thrust.
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these intermediate planets are selected and inserted into the sequence

is very important. The purpose, of course, is to enable the vehicle to
reach B by using less energy than would be required for a direct trans-
fer A-B., After the initial AV is imparted to the vehicle to send it to P2,
all other thrust forces are supplied 'free-of-charge' by gravity, Con-
sequently, it will not matter if, after injection, the vehicle's mass is
100 kgm or 100 million kgm. Of course in some cases more energy
may be required to reach B via intermediate planets than to reach B

directly. In this case the Pi's can be thought of as possible moons

moving in the vicinity of A. In thee&ent there are no such moons or

that utilizing their mass fields imposes too many trajectory constraints
compared with total benefits, the mission may proceed on a direct
flight profile,

When I first proposed that interplanetary trajectory design should be
based upon the vehicle's gravitational interaction with intermediate
planets, there was skepticism as to whether the technique would be
practicable, given the planetary orbital and mass characteristics of our
particular solar system. This doubt was removed when preliminary
calculations at JPL showed that even a relatively low mass planet like
Venus possessed the gravitational capability of radically changing a free-
fall trajectory about the Sun after a sufficiently close encounter, A full
scale numerical investigation began in February 1962 at the UCLA com-
puting facility 5 with the aid of a large IBM 7090 digital computer. The

results of this early research at UCLA and, later, at JPL, clearly
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pointed to the potential importance of the Grawity Thrust concept for all

types of interplanetary missions, both manned and unmanned.

Since it is not my purpose to report on specific missions affected by
Gravity Thrust, I refer the reader to references 6 through 14 for this
information. But in order not to leave the reader totally dependent upon
references, I shall present a few numerical examples illustrating the
practical applications of Gravity Thrust. In these examples the follow-
ing notation will be used:

&V= magnitude of velocity increase required for in-

jection from Earth parking orbit (km/sec). The

Earth parking orbit is assumed to be circular and

200 km high,

HEV= hyperbolic excess velocity (km /sec)

T= flight time between encounters (days)

©= heliocentric transfer angle swept out about the
sun between encounters (degrees)

a= semi-major axis of interplanetary transfer tra-
jectory between encounters (A, U,)

e= eccentricity of interplanetary transfer trajec-
tory between encounters

DOCA= distance of closest approach to a planet's
surface during an encounter (km)

TISI= time in gravitational sphere of influencel?2
(days)

DA= deflection angle of vehicle !'s: velocity vector
relative to the encountered mass body due to Grav-
ity Thrust.

TDA= total deflection angle of vehicle's velocity
vector relative to the Sun due to Gravity Thrust
from an intermediate mass body.
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IMPV= magnitude of vehicle's velocity change due to
Gravity Thrust.

The three examples below will demonstrate how Gravity Thrust can en-
able a vehicle to leave the Earth and encounter the planet Jupiter with
extremely low injection energies, To compare these Gravity Thrust
trajectories with ordinary direct flight transfers, let us recall for a
moment some characteristics of ordinary Earth-Jupiter trajectories,
The so called Hohmann or minimum energy direct flight trajectories to
Jupiter require injection AV's of about 6,62 km/sec (HEV= 9,30 km/
sec), The flight times are about 2.5 years., By increasing AV to 7.78
km /sec (HEV= 11,00 km/sec) this flight time can be reduced to about
1.4 years., The most powerful oxygen-hydrogen chemical rocket engine
having an exhaust velocity of 4.2 km/sec will require vehicle mass
ratios of .21 and. 16 for the above injection velocities, This means

that in order to send a 4, 500 kgm payload to Jupiter, an initial mass of
at least 21, 500 kgm will be required,

The first example (see figure 1) illustrates a profile of the form Earth-
Venus-Earth-Jupiter., Some of its important trajectory characteristics
are listed in Table 1. The fact that this trajectory comes closer to the
center of the Earth than the planet's own radius is of no serious concern
in this paper. A surface penetration of 400 km is only about 1/16 of the
Earth's radius, This closer approach distance can be raised by intro-
ducing a slight velocity maneuver on the approach asymptote or by

choosing a slightly different launch date Tjand first planetary encounter
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Orbit of Earth

T, = March I8, 1975
T, = March 1, 1978
Ty = October 20, 1977
Te July 16, 1980

{—OFDIY of Jupiter

Fig. 1 Earth - Venus - Earth - Jupiter
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date T, (although this second alternative will probably require a slightly

higher initial AV), The total flight time is approximately 5.3 years

but the injection velocity AV is only 4,06 km /sec. Consequently, if the
oxygen-hydrogen chemical rocket engine with an exhaust velocity of 4,2
km /sec mentioned above is used, the initial mass ratio increases to . 39,
Hence with the same 21, 500 kgm the payload can be increased to 8,400
kgm -- a payload about 85% greater than the direct flight payload. It
should be noted that both the Earth-Venus and the Venus-Earth legs of
this trajectory are Type 3 (i.e., 360% 945400]_ Thus one should be able
to find profiles of this form with nearly the same geometric aspects but
with at least one of the transfer angles less than 1800 (i.e., Type 1), If
such a value were found for the Earth-Venus leg, the total flight time
would drop to 4,5 years., With such a reduction in the Earth-Venus leg,
the flight time would drop to only 3,9 years -- about as long as the flight
time of the direct flight minimum energy Type 2 trajectories. If both
legs were Type 1, the total flight time would be only 3,2 years. This,
however, would be a rare occurrance. Round trips to Venus generally
have a Type 1 leg and a Type 2 leg, For this more common situation

the total flight time to Jupiter would be about 3.4 years, which compares
favorably with the 2, 5 Hohmann flight time, With these trajectory mod-

ifications, the distances of closest approach may be well above all the

planetary atmospheres.
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The second example (see figure 2) illustrates a profile of the form
Earth-Venus-Mars-Earth-Jupiter. Its trajectory characteristics are
given in Table 2, One notices that in this case the total flight time is
approximately 5.1 years or about twice as long as the Hohmann flight
time, Using the same high energy chemical rocket engine, the mass
ratio becomes ., 38, The distance of closest approach is about 200 km
greater than that in the previous example (although it is still negative).
The last example illustrates a Gravity Thrust trajectory which enables
one space vehicle to fly-by almost all the planets in the Solar System
(with the exception of Mercury and Pluto). The total flight time is

19.5 years, about 10 years less than the Hohmann flight time to Nep-
tune, The trajectory characteristics are shown in Table 3, In this
trajectory all the distances of closest approach are positive, The mass
ratio corresponding to the oxygen-hydrogen engine is approximately
.32, The mass ratio for the direct flight Earth-Neptune minimum
energy trajectory would be .14, By increasing the injection velocity

to about 8,1 km/sec and changing the profile to Earth-Jupiter-Saturn-
Uranus-Neptune, it is possible to reach Neptune in about 8.5 years. 8
However, the mass ratio would be .15, It should be noted that since
the quality of radio transmission over very great distances increases
rapidly with increasing antenna size, missions to Neptune will re-

quire extremely large space-craft antennas. The vehicle's total mass

must therefore be quite high and the mass ratio will have to be kept as
high as possible. A sacrifice of ten years in order to raise the mass
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Orbit of Earth

Orbat of Mars

Orbit of Jupiter
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Fig. 2 Earth - Venus - Mars - Earth - Jupiter

= December 21, 1971
= December 10, 1972
= December 7,1973
= June 20, 1974
: December 27,1976




TABLE 1

AV= 4,06 km/sec

DATE |HEV T 1= a e DOCA |TISI | DA |TDA [IMPV
3/18/75 | 4.14
349, 6 | 457.1]0.795] 0.252
3/1/76 | 9.06 669.0 | 1.55043.3| 5.8 |0.69
597.7| 472.9]|1.279 | 0,449
10/20/77[13.73 -421,8 | 1.54130.4| 6.9(7.19
999,9 | 139,7] 3.158 | 0.716
T/16/80| 5.73
TABLE 2
AV= 4,10 km/sec
PLANET DATE | HEV T e a e DOCA | TISI| DA |TDA|IMPV
EARTH [12/21/71] 4.25
354,0| 457.8| 0,818 0,214
VENUS [12/10/72] 6.96 264.8 |1.96 | 61.7[ 8.0)7.14
362,.8 | 229.4| 1.227| 0,415
MARS 12/ 7/7311.11 356.6 |1.17 9,7 4.4)1.88
194,21 211,7| 1,290 0,392
EARTH 5/20/74 (10,93 -218.4 (1,96 | 41,2/ 8,7]7.68
921,7| 151.7]| 2,995 0,677
JUPITER |[12/27/76] 5.98
TABLE 3
AV = 4,87 Km /sec
PLANET | DATE [HEV T ] a e DOCA | TISI DA |TDA
EARTH 12/31/71| 6.25
335,3 |433,0 | 0,826 | 0,258
VENUS 11/30/72| 8.68 2241,5 .60 | 39.9 | 5.6 | 5.92
376.7 |247.3 | 1.230 | 0,435
MARS 12/12/73] 11.59 312.1 .13 9.1 4,0 1,83
190,5 |209,9 | 1,312 | 0, 406
EARTH 0/20/74| 11,31 92,9 .89 | 37,9|8,2( 7.35
870,5(|146. 7 2,988 | 0,679
JUPITER 11/7/76 6,02 284632,1 147,67 [130,4 |19,2]10,92
1567.5|130,2 |23, 370 | 0. 800
SATURN 2/21/81 T7.61 121396, 3 (150,96 {130,0 |43,9(11,91
2154, 0| 77.6 | 8,157 | 2,169
URANUS 1/15/87| 11,15 [186180,.0 [107.14| 20,9 |14,1| 4,04
1643, 4] 22,4 | 5,598 | 3, 485
NEPTUNE| 7/16/91| 12.79

=
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5.92

10.92

11.91

ratio from .15 to ., 32 is an unreasonable penalty unless, of course, one
is interested in using this time to monitor the deep space interplanetary

environment,

A detailed analysis of the above examples is beyond the scope of this
paper, However, I feel that these and similar profiles, such as Earth-
Mars-Earth-Jupiter, Earth-Venus-Earth-Mars-Jupiter, etc., are ex-
tremely important because they will enable massive vehicles to reach
Jupiter and hence the entire Solar System12 with injection velocities
just slightly higher than the minimum injection velocities required to
reach Venus, Studies are now being undertaken to determine launch op-
portunities and flight times required for various Gravity Thrust trajec-

tories to the Jovian mass field.

Interplanetary Transportation Networks

In the introduction, it was pointed out that any interplanetary space ship
designed to accommodate several hundred passengers in reasonable com-
fort for several months will have to be very massive. This is because
each passenger will require at least 20 to 50 times his own mass in life
support equipment. This estimate includes living essentials, special
structural design and materials, etc.--in short, the sum total of the mass
which could be eliminated by redesigning the ship for non-human cargo.
The '""brute force' technique of designing a space ship which could trans-
fer great numbers of people from the surface of one planet to the surface
of another would require so much energy that the concept borders on the

realm of science fictions
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