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FRONTISPIECE

An accessible regions comparison of the

Saturn 1B-Space Cruiser (low thrust) vehicle
with ballistic launch vehicles for a 500 1b
experimental and communications payload and

a maximum trip time of 1100 days.

(1)

(2)

(3)

Space Cruiser Parameters:

Initial weight in Earth orbit 20,000 lbs

- Power rating 500 kwe
Power plant specific weight 20 1b/kw
+ Specific impulse 12,000 sec

- Estimated weight of structure 3500 1b
tankage and G&C

Launch Vehicle A is a theoretical 4 stage

vehicle with the first stage fueled with

02/H2 and the upper 3 stages fueled with

0,/Hy/Be. [Initial weight is about

1l million 1lbs.

For the ballistic spacecraft, the total
weight assumed is 1300 1lbs including shroud
and adapter. Of this weight, 700 lbs are
allocated to structure, power and G&C.
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SUMMARY

The accessible regions method provides a simple and
graphic means of delineating generalized trajectory energy
requirements for solar system exploration, and, by relating
these requirements to specific vehicle systems, also provides
a convenient graphic assessment of payload capabilities. This
report applies the accessible regions method to low-thrust fly-
by missions throughout the solar system. By analogy to the
familiar "AV" associated with ballistic flight, the quantity
"J'" (defined as the time integral of thrust acceleration squared)
is used herein to link trajectory energy requirements and vehicle
system characteristics for low-thrust flight.

The principal idea of this concept of data presentation
lies in showing the maximum region in the solar system which
can be reached with a given value of J. This is accomplished
by assuming that a mission can always be launched when Earth is
in the proper longitudinal position to minimize the J required
to reach a given target position in a given time of flight.

The elimination of the Earth's position from the computation

1T RESEARCH INSTITUTE
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effectively reduces the three dimensional solar system to a
two-dimensional model. Basic results are presented in the
form of J contours plotted on a two-dimensional spatial back-
ground of the solar system. Every potential target position
has a corresponding point in this plane given by its helio-
centric distance and latitude.

J contours for 100, 300 and 1000 day flight times and
for both variable thrust and constant thrust modes of propulsion
are presented. The variable thrust contours may be considered
a "reference solution' which gives the theoretical upper per-
formance bound for power-limited vehicles. The performance
degradation due to the more realistic constant thrust mode of
operation is then indicated by comparison. 1In addition to the
J contours, this report illustrates the accessible regions
method in terms of the payload capability of a conceptual
nuclear-electric Space Cruiser®.

The accessible regions method of data presentation may
be used to compare the exploration capability of ballistic and
thrusted vehicles. The frontispiece is such a comparison
between a Saturn 1B-Space Cruiser and several ballistic launch
vehicles. Each contour shown represents the region accessible
with a 500 1b. experimental and communications payload in a
maximum trip time of 1100 days. For the Space Cruiser, the

"useful" payload figure is the gross payload delivered to the

* The Space Cruiser is a JPL design concegt haviné an initial
weil hg in Earth orbit of 20,000 1lbs. and a 500 kwe nuclear

turboelectric power plant.
I'T RESEARCH INSTITUTE
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target less 13,500 lbs allocated to the power plant, structure,
tankage, and guidance and control. For the ballistic spacecraft,
"ugseful' payload was arrived at by subtracting an estimated

700 1bs of structure, power, and guidance and control from the
spacecraft weight at injection.

The Space Cruiser is able to deliver the 500 1lb payload
to the region in the ecliptic plane extending from the Sun out
to Uranus (19.5 AU), and to all angles out of the ecliptic in-
cluding an '"over-the-Sun'" flight at a distance of 7.5 AU. For
the trip time limitation of 1100 days, the region accessible to
the Saturn V-Centaur launch vehicle extends from the near
vicinity of the Sun to a point, just short of Uranus (only
direct ballistic trajectories are considered here). Out-of-
the ecliptic flights are limited to about 46° latitude and
3.1 AU vertical displacement. The high energy launch vehicle A
(theoretical) can extend this region somewhat, but still does
not match the performance of the electric Space Cruiser for
outvof-the ecliptic missions. The more rounded shape of the
Space Cruiser contour reflects the relative ease of achieving
plane changes with continuous thrusting vehicles. It should
be mentioned that the performance advantage of the thrusted
upper stage is mainly characteristic of very high-energy
missions and long flight times. For less ambitious missions
(e.g., fly-bys of the nearer planets), this potential advantage

would decrease and may even disappear. Also, it is noted that

1T RESEARCH INSTITUTE
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the use of planetary bodies for gravity assist would tend to
fill in the performance gaps between the direct ballistic and

thrusted modes of flight.
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Report No. T-14

LOW-THRUST TRAJECTORY AND PAYLOAD ANALYSIS
FOR_SOLAR SYSTEM EXPLORATION UTILIZING
THE ACCESSIBLE REGIONS METHOD

1. INTRODUCT ION

The application of electric propulsion systems to upper
stage space vehicles is generally thought to offer a high per-
formance potential for carrying out a long-range, comprehensive
-plan of solar system exploration. Considerable effort is now
underway toward the development of lightweight and reliable
advanced propulsion systems which are necessary if this potential
is to be realized. Concurrent with this developmental effort
there has been an increased activity in mission related studies
including analysis of low-thrust trajectories and payload capa-
bilities. These studies have been mainly concerned with missions
to particular target bodies in the solar system such as Venus,
Mars and Jupiter. Although these planets are undoubtedly of
interest for early exploratory missions, there are numerous
other celestial bodies and regions of the solar system which

present interesting targets for future scientific investigations.

I'T RESEARCH INSTITUTE



This report presents results of a trajectory/payload capability
study which adopts this broader view of solar system exploration.

For long=-range mission planning purposes it is useful
to have available a convenient graphic means of determining the
trajectory energy requirements for flights throughout the solar
system. The accessible regions method provides such a means,
and, by relating these requirements to particular vehicle
system characteristics, also provides a graphic assessment of
payload capabilities. The fundamental idea behind the accessible
regions method is to portray the three-dimensional solar system
in a two-dimensional model. This is accomplished by assuming
that a mission can always be launched when Earth is in the
proper longitﬁdinal position to minimize the energy requirement
to reach a given target in a given time of flight. Results are
presented graphically as performance contours (e.g., trajectory
energy requirements or payload) plotted on a two-dimensional
spatial background of the solar system.

The accessible regions method was developed for a study
of ballistic fly-by flights throughout the solar system (Narin
1964). This report extends the method to low=thrust fly=-by

missions.

2. PARAMETERS OF ADVANCED PROPULSION SYSTEMS
In any analysis which attempts to relate trajectory
requirements and vehicle performance in a quantitative manner,

it is necessary to have a suitable '"link'" between the trajectory

1T RESEARCH INSTITUTE
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kinematics and the vehicle propulsion characteristics. In the
case of ballistic interplanetary flight, which is associated
with high-thrust launch vehicles, trajectory energy requirements
are usually expressed in terms of an impulsive velocity incre-
ment - the familiar "AV'". Here, AV is strictly a trajectory-
dependent parameter and provides the necessary link between
kinematics and propulsion. 1In the case of thrusted interplanetary
flight, which is associated with low-thrust upper stage vehicles,
AV no longer serves as a useful linking parameter. Thrust
acceleration cannot be considered impulsive, but rather, takes
place over a significant portion of the trajectory. Furthermore,
the two classes of vehicle propulsion do not necessarily operate
under the same constraints.

The kinematic performance parameter now in common usage
for low-thrust trajectory analysis is designated by the symbol
J (Melbourne 1961). This is defined as

Te )
3 =f aZ(t) dt (1)
o

where T. is the specified time of flight and a(t) is the thrust
acceleration associated with the mission trajectory. The above
integral is somewhat analogous to AV in that it provides the
necessary link between trajectory energy requirements and
vehicle performance.

Unlike chemical propulsion systems, wherein performance

is limited in part by the energy content of the propellant,

IIT RESEARCH INSTITUTE



electric propulsion systems are power-limited, i.e., limited

in performance by the characteristics of the separate power
plant needed to generate kinetic energy of the propellant.
These characteristics include the electric power rating, weight,
and conversion efficiency of the power plant. It is generally
assumed that the power plant will be operated at its maximum
power rating during periods of electric thrustor operation.

This constant power constraint reflects upon the necessary
regulation of propellant flow rate (ﬁ) and jet velocity (Vj);
or, alternatively, thrust (F) and specific impulse (ISP). The

quantitative relations are {(in the MKS system of units)

¢ 2
2P, = 2y¥P =MV, 2
f NP, f (2)

2Py = FV; = (F Igp) g, (3)

where Pj is the kinetic power in the exhaust jet, Pe is the
electric power rating, and % is a factor combining power con-
version efficiency and power utilization. Since a = F/M,
equations (1), (2) and (3) combine, after integration, to yield
the characteristic mass equation for power-limited flight (con-

stant 7 is assumed)

1 _ 1 J
M(TL) ~ Moy © TyF, (4)

The significance of J now becomes clear as does its
ralogy to AV. For a given initial mass and power rating of
the vehicle, it is seen that the value of J required to accom-

plish a given mission determines the final mass of the vehicle.

1T RESEARCH INSTITUTE
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Furthermore, it is observed that minimizing J is equivalent to
maximizing the final mass (or minimizing the propellant require-
ment). It can readily be shown that this conclusion is also
true for maximizing payload.

Following current practice, we assume that the vehicle
mass is simply allocated into propellant (Mp), power plant (Mpp),

and net payload (Mpl), i.e.,

M(t) = Mp(t) M

+ Mg (5)
If the initial propellant load is assumed to be just that amount
needed to accomplish the mission (propellant depletion at t = Tf),

then the final vehicle mass is

M(Tg) = Mo+ Mg = M) - M (o) (6)

p

In clarification of the above definitions, M(Tf) could be thought
of as the gross payload delivered to the target. For nuclear-
electric power plants, Mbp would consist of the entire propulsion
system less tankage and propellant, e.g., nuclear reactor

system, radiation protection shield, heat rejection radiators,
turbo-electric generating system, power conditioning, and electric
thrustors. Net payload, Mpl’ might typically be broken down

into structure, tankage, guidance and control equipment, and
scientific experiments including communication equipment.

Now, defining the specific mass of the power plant as

a=§§R (7)

11T RESEARCH INSTITUTE



equation (4) may be rewritten in terms of the net payload

M M
pl_ pp| 1L (8)
Mo Mo

M aJ
This expression clearly shows the desirability for having low
values of both a and J. The allocation of power plant mass
also has an effect on the maximum payload that can be obtained.
This, however, is a question of vehicle design which is beyond

the scope of this study. The point to be wmade here is that,

for a given vehicle system (real or hypothetical) and values of

J corresponding to particular missions of interest, equation (8)

provides a convenient means of estimating payload capability.
Figure 1 illustrates a payload vs J curve for a con-

ceptual design of a nuclear-electric '

'space Cruiser' developed
in a JPL study (Beale et al. 1963). The 3pace Cruiser concept,
considered to be feasible within the near future state of the
art, would be capable of probing a significant portion of the

solar system with reasonable mission times. System parameters

chosen for this example are

M_ = 20,000 1b.
= 500 kw

e

7 = 0.8

a = 20 1lb/kw

Figure 1 shows the characteristic decrease of net payload as
the mission difficulty increases, i.e., increasing values of J.

1T RESEARCH INSTITUTE



10,000
SPACE CRUISER PARAMETERS:
INITIAL WEIGHT, Mg = 20,000 Ibs
8000 POWER RATING, Pg = 500 kw
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FIGURE | PAYLOAD VS J CURVE FOR ELECTRIC SPACE CRUISER



It is observed that payload vanishes altogether for J require-
ments greater than 88 mz/sec3. However, if one wishes to assess
the "useful' payload capability of the Upace Cruiser, the
practical limitation placed on J is about 40 mz/sec3. This

limit is arrived at by subtracting from the net payload an
estimated weight of 3500 1b. allocated to structure, tankage,

and guidance and control equipment. Thus, for example, a mission
that can be accomplished with a J requirement of 34 mz/sec3
would allow about 1000 1lbs. for scientific and communications
equipment.

It is to be emphasized that the above example was pre-
sented mainly to illustrate the meaning of J in relation to
payload. Although this example has practical significance, it
is realized that other vehicle system configurations would
change the particular numbers given above.

am o we Lamw b.. +~ d

~n mmt =T T3 A | P
cCll I—dLJ.L-J.)’ J.I.l.llJ LALCT

that J depen
only upon the specified trajectory conditions (target coordinates
and flight time), this is not generally true. Unlike ballistic
flight, wherein AV is strictly trajectory-dependent, the J
requirements for thrusted flight are related to the mode of
propulsion system operation. Two different modes of electric
thrustor operation that are usually considered are

1. Variable thrust

2. Constant thrust

In the variable thrust mode it is assumed that any thrust level

and specific impulse can be obtainecd consistent with the constant

11T RESEARCH INSTITUTE




power constraint, i.e., F and ISP may be varied arbitrarily
provided their product remains constant. Accordingly, in ob-
taining trajectory solutions for the variable thrust mode, a(t)
is varied in an optimum manner in order to minimize the J require-
ment. In this case, J is not a function of the propulsion
system parameters but rather depends only upon the specified
trajectory conditions. Variable thrust, then, is the least
restrictive mode of propulsion and, hence, yields the best
possible performance in a theoretical sense.

For the constant thrust mode of operation, specific
impulse is held constant and acceleration must obey the relation-
ship

a

a(t) = 2 (9)

a
l - ———%~— t constant thrust
8o ‘sp

Furthermore, the initial acceleration, a: is constrained by

the parameters of the vehicle system design, e.g.,

7 P Ul M
%o ” gOZISP ° F’i— "% ?]—:SP - ﬁgB (10)
As a result of the above constraints, J =a§a2 dt must be
functionally dependent upon the vehicle system parameters in
addition to the specified trajectory conditions. For a partic-
ular mission, however, it is possible to minimize this dependence

by an appropriate choice of specific impulse and by inserting

a coast period in the trajectory design. When this is done, J

1iT RESEARCH INSTITUTE



can be reduced to a value which approaches the optimum variable
thrust solution (about 15-20 percent higher).

Because of the additional parameters to be considered,
trajectory and payload analysis is much more difficult for the
constant thrust mode. However, from a practical standpoint, it
-is necessary to treat this case since constant level thrustors
are more representative of realistic electric propulsion
systems. The accessible regions method will be illustrated for
both the variable and constant thrust modes of propulsion.

3. ACCESSIBLE REGIONS METHOD

The basic idea of the accessible regions method has
been discussed in the introductory remarks. A more detailed
description of this method as it applies to thrusted trajectory
analysis will now be given.

Consider some arbitrary target point in the solar
ystem as specified by its heliocentric distance (R), latitude
(B), and longitude (A). Suppose, now, that we specify a time
of flight for an Earth-launched space vehicle to intercept the
target. As the Earth moves around the Sun, there is some longi-
tudinal position from which the specified flight may be launched
such that the trajectory energy requirement is a minimum, i.e.,
a minimum value of J. Suppose we choose to launch the flight
from this optimum longitude in order to achieve maximum per-
formance. Hence, the target longitude may be eliminated from
consideration, and the three-dimensional solar system is

effectively reduced to a two-dimensional model. Of course,
I'T RESEARCH INSTITUTE
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information regarding the date of launch is not directly
available from this method. However, for long-range planning
purposes the exact date of launch is not of immediate impor-
tance since every position of Earth in its orbit is attained
once per year.

The accessible regions method of data presentation in-
volves plotting contours of equal-valued performance parameters
(e.g., J or payload) on a fictitious plane Py» normal to the
ecliptic plane. PN intersects the ecliptic plane at the Sun
and is free to rotate about the Sun (this is essentially a
side view of the solar system). Each contour represents the
f th

. _
n cessible to a s

.
Aol 2 Y6l
L\.«s.LU.l.l. A w2 ace

vehicle having a particular performance parameter and a
specified flight time.
Figure 2 is a perspective drawing of the plane PN’

| S 1. | P B S N 1.

snowing the pathn which ti net Mars would tr

& planet Mars woul
plane were to move (in longitude) with Mars as the planet re-
volves about the Sun. Figure 3 is a diagram of the plane on a
5 AU scale. The horizontal width of the planetary orbital
projections is a measure of the orbital eccentricity, while
the vertical height is a measure of the orbital inclination.
Every potential target position has a corresponding point in
this plane as represented by the radial distance from the Sun
(R) and the latitude measured from the ecliptic plane (B). A

typical J contour is shown.

T RESEARCH INSTITUTE
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The method used to construct the J contours may be
explained with reference to the basic geometry shown in
Figure 3. Along a given B direction, a series of R values are
selected, and the minimum J values required to reach these
points from an arbitrary Earth position in a given flight time
are computed. (Earth is assumed to have a circular orbit in
the ecliptic plane for the purpose of this calculation.) Note
that computed flight paths are fly-by or intercept trajectories -
no constraint on terminal velocity is specified. From the J
values so obtained, a graphical plot such as Figure 4 is con-
structed; In plotting a contour for a given value of J, the
corresponding (R, B) coordinates are graphically ascertaine
Interpolation is usually necessary to obtain a sufficient number
of points to accurately define the contour. This is accomplished
by making up plots of J versus B for constant parameter R.

o P, Sy
LIIC acliccoolLulLe

1. o~ A g - P SR . S -~
1LOUL CoulldLLucCuLLulLl U

The basic data
regions contours were obtained from numerical integration
solutions of optimum (minimum J) trajectories. These solutions
were implemented by the JPL Low-Thrust Trajectory Optimization
Code (Richardson 1963). This computer program, written in FAP
language, is based on a variational calculus approach to the
optimization problem. It should be noted that the computer
program was utilized only to obtain solutions of the heliocentric
portion of the flight, that is, beginning at the Earth-escape

condition. Hence, the basic J contours to be presented represent

this portion of flight only. The Earth-escape phase of the
IIT RESEARCH INSTITUTE
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mission may be treated as a separate problem since the J require-
ments for this phase are independent of the specified target
coordinates. Inclusion of the Earth-escape phase of flight

will be considered in a later section on payload contours.

4, J_CONTOURS

4.1 Variable Thrust Mode

Figures 5 through 7 are accessible regions contours for
minimum J flights of 100, 300, and 1000 days, respectively.
Regions of the solar system out to 50 AU are covered. These
contours are for the variable thrust mode of propulsion, and,
hence, may be considered a "reference solution" which gives the
theoretical upper performance bound for power-limited vehicles.
As previously discussed, a practical limitation imposed upon J
by the present state of the art of advanced propulsion tech-
nology is about 40-50 mZ/sec>. It would be well to keep this
limitation in mind in reading the accessible regions plots;
however, to be complete, J values out to 200 mz/sec3 are shown.

Several types of information are readily obtained from
these graphs. The minimum value of J required to reach a given
point in the solar system in a given time of flight may be
quickly estimated by visual interpolation. Conversely, the
maximum spatial region accessible to a vehicle having a given J
capability is immediately indicated.

Consider, for example, the 300 day contours shown in

Figure 6. With a J of 20 mz/sec3 all regions in the ecliptic

plane from the near vicinity of the Sun out to 4 AU way be

11T RESEARCH INSTITUTE
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explored. For this same value of J, the maximum attainable
height above the ecliptic plane is about 1.1 AU, and the maximum
latitude is about ¢1°. Increasing J to 50 mz/sec3 allows an
"over~-the-Sun' flight at a distance of 0.8 AU, and in-plane
flights slightly beyond the orbit of Jupiter.

Since the projections of the planetary orbits are
included in the figure, one can determine the range of J
required to intercept a given planet in each synodic period.
For fast flights of 100 days, a J capability of 9.5-30 m2/seco
is needed to intercept Mars at any point in its orbit, while
Mercury flights can be made with J ranging from about 15 to
30 mz/sec3. Venus can always be reached for a J as small as
5 m?/sec>. TFor a rather long flight of 1000 days, fly-by
missions to Saturn may be made with a capability of 8-9 mz/sec3.
However, Pluto can never be reached in this flight time unless
J is greater than about 70 mz/sec3.

One of the most significant characteristics of the per-
formance contours for thrusted flight is their steep slope at
the ecliptic plane for flights beyond Earth. 1In cbntrast, AV
contours for ballistic flight exhibit a rather shallow slope.
This characteristic reflects the relative ease of achieving
plane changes with continuous thrusting vehicles which is not
afforded ballistic vehicles.

Returning to the point of practical limits placed on J

values, it is seen from the accessible regions contours that

some of the more ambitious missions, particularly to the outer
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planets, may not be possible within the time of flight assumed.

This underlined qualification is an important point since a trade-
off between J and Ty is always available. Figure 8 illustrates
such a trade-off for ecliptic plane flights to several planetary
distances. In general, the longer the time allowed to reach a
given target, the smaller the J requirement. One notes, however,
that there is a point of diminishing return, that is, the J vs

Ty characteristic exhibits a leveling off beyond some flight

time. This point generally occurs when the heliocentric travel

angle of the trajectory becomes quite large (about 270°). For a

J limitation of 40 mz/sec, it is seen that the minimum flight times

to Jupiter and Saturn are about 300 and 490 days, respectively.

4.2 Constant Thrust Mode

The accessible regions contours for the constant thrust
mode of propulsion are obtained by an approximation method
which is both simple and surprisingly accurate. Although the
digital computer program employed in this study is perfectly
capable of handling this mode of propulsion in an exact manner,
the desire to minimize solution cost led to the consideration
of this method which may be termed ''characteristic length
correlation' (Zola 1964). The approximate J values so derived
were checked against the exact values obtained from computer
solutions. 1In general, the comparison showed agreement to
within several percent. The basis for this method and the
pertinent correlation formulas are presented in Appendix A along

with numerical data validating the accuracy of the method.
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Figures 9 through 1l show accessible regions contours
for constant thrust flights of 100, 300, and 1000 days. To
facilitate a comparison, the variable thrust contours are also
plotted in these figures. For a given flight time, the constant
thrust contours depend upon the propulsion system parameters
a_ and Igp. The following parameter values are chosen for

o
this example.

Te,_days a s m/sec’ Isp,_sec
100 3 x 1073 3000
300 1.5 x 1073 6000

1000 0.75 x 1073 12000

It should be noted that an optimum combination of a and ISP
could be found for each mission (Tf, R, B). The choice above
represents a reasonable, but not optimum, set of parameters.

The performance loss due to the constant thrust con-
straint is apparent when one compares the variable and constant
thrust contours. This loss is reflected by the smaller region
accessible to constant thrust vehicles for a given J capability
and flight time. Or, alternatively, the constant thrust vehicle
can explore the éame region only if the J capability is increased
or the flight time extended.

In the case of constant thrust propulsion, there exists
a maximum value of J which depends on Tf, as and ISP (see
equations (1) and (9) ). This theoretical upper limit occurs
when thrust is required continuously throughout the flight

duration - most constant thrust flights include a coast period
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of varying length. For the particular parameters of this
example, the maximum values of J are 646, 171, and 108 mz/sec3
corresponding to flight times of 100, 300, and 1000 days,
respectively. This limitation of J is reflected by the maximum
spatial region accessible to a constant thrust vehicle. Thus,
for example, Figure 10 shows that 300 day flights with the
assumed propulsion parameters cannot reach beyond 6.9 AU. Of
course, increasing a, would increase this limit,

5. PAYLOAD CONTQURS FOR CONCEPTUAL SPACE CRUISER

Section 2 of this report discussed the relationship
between trajectory energy requirements, vehicle system param-
eters, and payload capability. This section will illustrate
the accessible regions method in terms of payload. The con-
ceptual nuclear-electric space cruiser discussed in Section 2
will be considered for the purpose c¢f this illustration To
reiterate, the basic vehicle system parameters are an initial
weight of 20,000 1b. a power plant rating of 500 kw,ta power
conversion and utilization factor of 0.8, and a power plant
weight of 10,000 1lbs. (a = 20 1lb/kw).

It is assumed that the space cruiser begins its mission
from a 200 N. mile circular satellite orbit about
Earth. Hence, the space cruiser may be considered as the
upper stage of a chemical launch vehicle such as the Saturn 1B.
The mission proceeds in two phases: (1) Earth escape phase, and

(2) heliocentric transfer phase. Accordingly, the total mission
1T RESEARCH INSTITUTE
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energy requirement in terms of J is given by

J=Jdz; +3J

E H
The method of obtaining Jj has already been discussed. For
the purpose of this example, values of JE are obtained from
analytical formulas which give excellent agreement with the
values of Jg obtained by numerical integration of the escape
trajectory (Melbourne 1961). A tangential, constant thrust
program is assumed for the escape phase. For the heliocentric
phase of the mission, a constant thrust program with optimum
thrust direction and coast period is assumed. The thrust
acceleration is matched at the boundary of the escape and helio-
centric phases. Each phase is considered a separate ''two-body
problem" with the Earth and Sun as successive central gravita-
tional bodies. |
Two heliocentric flight times are considered, namely,

300 and 1000 days. A different specific impulse was chosen for
each of these flight times, namely, 6000 and 12000 seconds. The
following table lists the initial acceleration, escape time,
and Jp which result.

lH,_ngg Igps_sec a_; m/sec2 IE’—QQIE I, mZZSec3

300 6000 1.5 x 1073 57 11.2

1000 12000 0.75 x 103 107 5.5

Figure 12 shows accessible regidns payload contours for
the 352 day mission. The payload quantity here is the net
y pay q

payload, Mpl’ delivered to the target, exclusive of the weight

IIT RESEARCH INSTITUTE

28




SAVAQ 2S€ 40 IWIL LHOITY TV1IOL V HLIM

O+ 9 GONV 3¥N1ONYLS 30 S| O0SE 9NIANIONI * 1dp

37vOS 0L NMVHQ 'NMOHS S118HO AMVLIINVId Q3IAMIONI

3HL 30 SNOILI3FO¥d IHL HLIM 'INVId 21141703 3HL

Ol IYAHON za 3NVId 3HL S| ONNOUONIVE 3YNOI4 3HL

¥3SINYD 30VdS TIVNLd3ON0D ¥04 SHNOLNOD AVOIAvVd 2! 3¥n9ol4
My /sql 02 = D
8'0 =04
MY 00G = °4
sq| 000‘'02 = On 'SHILIWVYHYL IJIDIHIA
08s 0009 = 957
Numm\E c o1 xg*1 = 9p
" 3A0W L1SNYHL LNVLISNOD :SYILAWVHVL NOISTINJONd
= .
C C
1) el
—_ <
< ~ »
m o)
— T~ P [7,)
} -
/ } “ "
S nve nve
~

@ Hidyv3

AHNOHIN
NS

L4

29

nvl




of the power plant. This payload figure, then, includes
vehicle structure and tankage, guidance and control, communica-
tions, and scientific experiments. With a 4000 1lb payload, the
region of the solar system that may be explored extends from
0.12 AU to 3.6 AU in the ecliptic plane and to 1 AU normal to
the ecliptic plane. This region includes the planets Mercury,
Venus and Mars. The 6000 lb payload can be delivered to both
Venus and Mars, but just short of Mercury.

Figure 13 illustrates the mission-payload capability
for 1107 day missions. Here, one sees that a 6000 1lb net pay-
load can be delivered beyond Saturn and to about 2 AU 'over-
the-Sun'". 4000 lbs can be delivered to Uranus over about half
of its orbit.

Figures 14 and 15 show the effect of power plant mass
on the region accessible to a Space Cruiser delivering a 4000
1b payload. It is recalled that the nominal specific mass of
the power plant was assumed to be 20 1b/kw. If it were possible
to reduce the specific mass to 15 lb/kw, the Jupiter mission
could be accomplished in 352 days total trip time. A reduction
to 10 1b/kw would extend the 1107 day mission to Neptune and
almost to Pluto. If, however, the specific mass of the power
plant were increased to 25 1L/kw, the regicn cccessible to the
Space fCruiser is significantly reduced.

Although the assumed configuration of the Space Cruiser
is considered to be representative of the present or near future
state of the art, this configuration is not necessarily optimal.
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For example, no attempt was made here to arrive at the best
power level, specific impulse or trip time for any given mission
objective. Hence, the above results, although providing useful
information, should best be considered exemplary of the method
of analysis and graphic presentation which was the prime ob-

jective of this report.
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Appendix A

AN APPROXIMATION METHOD FOR DETERMINING
CONSTANT-THRUST J REQUIREMENTS

The accessible regions contours are obtained from
optimum trajectory solutions covering a wide range of target
positions. Optimum trajectory analysis is characterized by a
mixed two-point boundary value problem in which a set of initial
conditions must be found in order to satisfy a set of specified
terminal conditions. Since the correct initial conditions are
not usually known in advance, numerical iteration procedures
are required in order to find the solution. The addition of an
iteration requirement to an already complex numerical integration
procedure results in a very time-consuming and costly solution
process. This situation is difficult for variable thrust solu-
tions and becomes even worse in the case of constant thrust pro-
pulsion which involves the consideration of additional parameters.
Although the digital computer program employed in this study is
perfectly capable of handling this mode of prépulsion in an

exact manner, the desire to minimize solution cost has led to
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the consideration of a simple and surprisingly accurate method
of approximation.
The use of a simple model to obtain approximate solu-

tions to trajectory problems is certainly not a new idea and,

in fact, has been the subject of numerous investigations reported

in the literature. For the present study, an approximation

method described in a recent paper (Zola 1964) has been adopted.

The basis for this method can also be found in an earlier paper
(Melbourne 1961).

The key idea of this method, which may be termed
"characteristic length correlation', lies in the consideration
of a trajectory length parameter which may be used to relate,
or correlate, the trajectory energy requirements of various

modes of propulsion. The underlying assumption here is that

associated with it a characteristic length which is nearly in-
variant with the particular mode of propulsion employed. For
each propulsion mode of interest, the relationship between the
performance parameter J, the characteristic length L, and the
flight time Tf is derived from a simple trajectory model; a
rectilinear flight path in field-free space. Then, if an exact
solution of J is available for any one propulsive mode, the
values of J for other propulsive modes may be found directly
from the correlation formulas.

In the first reference cited above (Zola 1964), the

author suggests that ballistic trajectory solutions (infinite
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impulsive thrust) may serve as the reference mode of propulsion
from which thrusted trajectory requirements can be derived.

Since ballistic solutions are readily obtained, the computational
reduction afforded by this approach is extremely large. 1In
evaluating this approach for selective Earth-Mars flights, Zola
found the approximation accuracy to be within 5-10 percent.
However, when an attempt was made to apply the ballistic correla-
tion method to the present problem, we quickly found it to be
completely inadequate. This was particularly true for out-of~
the-plane trajectories and for trajectories having a large
heliocentric travel angle. This result was not entirely un-
expected since ballistic trajectories are often far too different
from low-thrust trajectories to be useful as a reference.

It was decided to use variable thrust trajectory solu-
tions as a source of reference values of characteristic length.
The variable thrust J requirements for any particular mission
are obtained by exact numerical solutions using the JPL Low-
Thrust Trajectory Optimization Code (Richardson 1963). The
correlation formulas from which the constant thrust J require-
ments are obtained are given below. Although not discussed in
the text of this report, the constant acceleration mode of
propulsion is included here also.

We assume that the variable thrust J requirement for a
particular fly-by mission of interest has been obtained. This

requirement is denoted as JVT‘ The characteristic length
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associated with this mission is then computed from

L™ = —y (Al)

Now define a, as the initial acceleration (at the initiation of
the heliocentric transfer) and tp as the propulsion time

(tp f.Tf). The correlation formulas for constant thrust and
constant acceleration propulsion are as follows:

1. Constant Thrust

V. a
L=V, (=L-T.) 1n (1 -32¢t )+ V., t A2
VJ (ao f) n ( Vj p) i & (A2)
ao2 t
JCT = __-_Z_R'— (A3)
L - VQ t
j P

The constraint Vj/ao;>tp must apply when determining t,

from (A2).

2. Constant Acceleration

f a_ (A4)

JCA= a t (A5)

where the constraint a_ > 2L

acceleration can be freely ghosen to minimize Jg,, then

must apply. If the initial

o _ 9 L
4 ~ T T 2 (A6)
£
t; = 2/3 Te (A7)
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Jep = 1.125 Iy (A8)

In constructing the accessible regions contours for con-
stant thrust propulsion, formulas (Al) through (A3) are worked
in reverse order. Thus, for chosen values of JCT’ a,s and Vj’
the parameter tP is first computed, then L, and finally JVT“

The contour associated with this value of JVT is then equivalent
to the desired JCT contour.

The numerical data presented in Tables Al and A2 compare

»

results of trajectory solutions predicted by the correlation
formulas with the actual results obtained by the JPL Low-Thrust
Trajectory Optimization Code. Both constant acceleration and
constant thrust modes of propulsion are considered. 1In the
former case, one notes that the predicted values of initial
acceleration and propulsion time do not always agree closely with
the actual values, however, the deviations cowbine in such a
manner that the critical parameter J* is accurate to within
several percent. The accuracy of the correlation formulas is
somewhat less in the case of the constant thrust trajectories
compared - the worst example shows a 13 percent discrepancy.

In general, the approximate and exact results are in close

enough agreement to substantiate the usefulness of the correla-

tion formulas.
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Table A2

ACCURACY VALIDATION OF APPROXIMATE1 SOLUTION
CONSTANT THRUST TRAJECTORIES

T¢ a_ Igp Y4 R J* J
days m/s;c2 sec deg AU mz/sec3 mz/sec
300 2.79 x 1073 6000 0 8 168.1 168.5
300 2.79 x 1072 6000 0 6 85.9 86.5
300 2.79 x 1073 6000 0 4 42.5 40.4
300 1.5 x 1073 6000 0 6 72.1 83.2
300 1.5 x 107> 6000 0 4 27.4 25.7
300 1.5 x 1073 6000 0 2 7.54 7.51
300 1.5 x 1073 6000 30 4 54.6 53.1
300 1.5 x 1073 6000 30 3 37.4 39.0
100 3 x 107 3000 0 1.7 46.8 44.0
100 3 x 107 3000 0 1.4 20.2 19.0

1 Starred variable refers to solution obtained from correlation
formulas,
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Appendix B

NOMENCLATURE

thrust acceleration, m/sec2

Earth surface gravity, 9.806 m/sec2

specific impulse, sec

2 3

integral of a” dt, mz/sec
characteristic length, m
vehicle mass, kg
propellant mass, kg

power plant mass, kg

wci  payload mass, kg
kinetic jet (exhaust) power, watts
electrical power rating, watts
flight time, sec

propulsion time, sec

jet (exhaust) velocity, m/sec

specific mass of power plant, kg/watt

power conversion and utilization factor
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