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Table G6 Ceodetic parameters for four giant planets

A A
Planet Mass (M)  a* (km) Rotation period (h) (107%)
Jupiter 317.82840 71 492 9.92492 14 697 —584
Saturn 95.16114 60 330 10.6650 16 298 -915
Uranus 14.53571 25 559 17.24 35132 =319
Neptune 17.14774 25225 16.11 3411 -35

* Equatorial radius at an atmospheric pressure of 1 bar (10° N m™).

® Coefficients of the first two zonal gravity harmonics stimulated by planetary rotation. Other
harmonics, complete through degree and order four, have never been detected for the outer
planets. A value for Jupiter's zonal harmonic Jg is available from the Pioneer 11 fiyby

(Js x 10° = 31 % 20)
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GRAVITY-ASSIST NAVIGATION

By means of a close flyby of a planet, it is possible to increase a
spacecraft’s orbital velocity far beyond the capability of its propulsion
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Figure G27 Vector diagram for gravity-assist flybys. The heliocentric velocity of the planet is V and the spacecraft velocities are V; and V,
before and after the flyby. The effect on the planet-centered flyby is shown in (b) and (d), including the geometry of the bending angle 8.
The energy-increasing flvby is illustrated (b) for a flyby behind the planet and (d) the energy-decreasing flyby for a flyby in front of the

planet.

system. Although this may seem like getting something for nothing,
in fact the spacecraft is taking some orbital encrgy from the planet -
but only a tiny fraction. Except for minuscule dissipative forces on
the spacecraft and planet, including effects of gravitational radiation,
the total energy and angular momentum of the solar svstem are
conserved during the gravity assist.

The earliest studies of the gravitv-assist problem considered the
orbital perturbations of comets making close approaches to Jupiter.
In the 1890s F. Tisserand pointed out that the orbital elements of a
comet could be radically different before and after the close
approach. However, using an integral discovered by Carl Gustav
Jacob Jacobi (1804-1851), he also showed that a combination of the
semimajor axis a, the eccentricity ¢, and the inchnatuon [ to Jupiter’s
orbital plane are approximately conserved. Jacobi's integral says that
neither the orbital energy nor the orbital angular momentum of the
comet are conserved, but instead a combination of the two yields
Tissarand’s criterion,

§+ atl — &*))fcos I =C (G18)

where Cis a constant, and the semimajor axis 1» measured in units of
the mean distance between the Sun and Jupiter. Equation (G1§)
allows different values of a, and therefore different values of orbital
velocity, before and after the Jupiter fiyby. Among several possibilities,
a single flyby of Jupiter can alter the comet’s trajectory from a
parabola to an eccentric ellipse.

Some early attempts to analyze spaceflight flvbys were based on the
three-body problem studied in the last century. For example, with a
close lunar flyby, Jacobi's integral showed that fuel expenditure could
be minimized when escaping trom the Earth-Moon system. Such an
option was included in mission planning for the Pioneer 10 and 11
trajectories to Jupiter, but unavoidable launch delays prevented it. In
1963 two aeronautical engineers - P.A. Lagerstrom and J. Kevorkian

at the California Institute of Technology — published a theory for
uniformly valid asymptotic approximations to a spacecratt trajectory
originating near a massive primary body and passing close to a less-
massive secondary body. They assumed circular motion of the
secondary mass about the primary, an assumption particularly valid
for the Sun and Jupiter but also applicable in the Earth-Moon
system. But by far the most powerful analysis tool for gravity-assist
navigation was Walter Hohmann's 1925 method of patched conics.
At JPL the gravity-assist problem was initially assigned to a 1961
summer student, Michael A. Minovitch, who later carried out
extensive trajectory calculations on an IBM 7090 computer, both at
JPL and at the University of California at Los Angeles (UCLA). He
published the conclusions of his study in a JPL Technical Report
dated 31 October 1963.

In the patched-conic technique the spacecraft arrives at the flyby
planet with heliocentric velocity vector V. The planet has velocity V
and the incoming fiyby velocity is just the difference of the two
heliocentric velocities, V,, = V, = V (see Figure G27). The space-
craft’s path will initially be along the incoming asymptote of the
hyperbolic conic flyby, but because of the planetary mass, the flight
path will bend through the angle 8. As a result, although the outgoing
velocity vector Vo will have the same magnitude V. as the incoming
vector, 1t will differ in direction according to

s ) AL :

sin 5 = (1+ GM) (G19)
where r, is the closest approach distance to the planet and M is the
planetary mass. By Figure G27, the resulting heliocentric velocity
after the flyby will be V, = V + V.. In gravity-assist navigation, a
mid-course maneuver can direct the spacecraft to pass either in front
of the planet, with respect to V, or behind the planet. In the former
case the heliocentric orbital energy is decreased, while in the latter,
the energy is increased.
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It is an instructive exercise to show that a ballistic transfer from the
Earth’s orbit to Jupiter can be used to cancel completely the
spacecraft’s heliocentric velocity. The resulting trajectory will fall to
the Sun on an inertial rectilinear path, a useful trajectory for a solar
fiyby mission, Note that a utilization of the Jacobi integral [Equation
(G18)] for this colar-probe trajectory yields less information on
navigation requirements than the patched-conic technique illustrated
by Figure G27. A ballistic trarsfer orbit can be found from equation
(G18) with C = 2, but patched conics and equation (G19) are needed
for the proof of the existence of a practical Jupiter gravity assist.

Gravity-assist navigation has found many applications for inter-
planetary trajectories. The first application occurred in 1973 when the
Mariner Venus-Mercury mission used a flvby behind Venus to
achieve a March 1974 Mercury flyby. Then the Mercury fivby was
used as a gravity assist to place the spacecraft in orbital resonance
with Mercury for more Mercury encounters. Three Mercury fivbys
were successfully accomplished before the spacecraft ran out of
attitude-control fuel. Later in the decade the Voyvager Mission relied
on gravity assists to visit all four large outer planets within 12 years
between 1977 and 1989. Between 1982 and 1985 the Intcrnational
Sun-Earth Explorer 3 (ISEE-3) was sent on a multiple gravity-assist
trajectory to the comet Giacobini-Zinner. The renamed spacecraft -
International Cometary Explorer (ICE) - -ade two close Earth
flybys and five lunar flybys before embarkin, .n its final trajectory to
the comet. More recently the Galileo spacecraft. launched in October
1989, first made one Venus flvby and then two Earth flybys before
entering its final transfer trajectory to Jupiter on 8 December 1992.

Starting in December 1993, the Galileo mission is scheduled to use -

close flybys of Jupiter's large satellites to explore the entire Jupiter
system. including the planet’s atmosphere. the large satellites and the
Jovian magnetosphere. Because of gravity assists, the entire mission
at Jupiter can be flown with only 100 m s™' of mid-course fuel
capability, about 60 times less than required without gravity assists,
Similarly, by using gravity assists from Titan, the Cassini mission is
planning a tour of the Saturn system starung in 2002, Still in early
planning stages, a Venus gravity assist during a return from Mars
could shorten a manned mission to less than 2 vears, while the stav at
Mars could be shortened from the Hohmann transfer’s 460 days to
just a few weeks

John D. Anderson
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GRAVITY FIELDS OF THE TERRESTRIAL PLANETS

Une of the important forces operating in the solar system is gravity
the force of mutual attraction between masses such as plancts and
satellites or the mutual attraction between small mass elements of
planct. Newrton's law of gravitauon, "two particles auract each other
with a central force in proportion to the product of their masses and
inversely in proportion to the square of the distance between them .
has been found to be largely adequate to explain most gravitaton
phenomena in the solar system. whether it is orbital motions or the
mass distributions within plancts. The proportionality constant of
Newton's law G is 6.670 x 107" N m” kg™, An cquivalent expression
of Newton's law is in terms of the gravitational potential @, as the
dceelerstion of gravity a. imparted by gravity on a test particle
according to

a=-% ¢ (G1Y)y

where V is the gradient operator. For a body of volume V the
potential at a point P outside of V'is

=G| (o, %) av (G20)

where J is the distance of P from the volume element dV of density p.
For a rapidly rotating planet such as Earth or Mars, gravity on its
surface is the sum of this self-attraction and the centrifugal force f,
which acts in a direction perpendicular to the planet’s rotation axis.
This force is at a maximum at the equator and acts in a direction
opposite to the direction of attraction from mass elements within the
body. At the poles the centrifugal force vanishes. The sum of the two
forces is usually referred to as the gravity vector although in many
problems one is only concerned with its magnitude or simply gravity
£. The corresponding potential will then include the potential & of
the gravitational force and the potential of the centrifugal force f.. On
Earth, gravity at the equator is about 9.78 m s™2.

If a rapidly rotating planet responded to the force of gravity as if it
were a fluid, its form under the combination of self-attraction and the
centrifugal force would be an ellipsoid of revolution with its major
axis in the plane of the equator. The observed flattening of the Earth
is close to that expected for such fluid behaviour, with the semimajor
axis exceeding the semiminor axis by about 21 km. This ellipsoid of
revolution provides a very satisfactory first-order description of the
shape of the Earth and the best-fitting ellipsoid to a planet’s shape
constitutes a reference figure with respect to which departures in
shape or figure are measured. A more precise description of the
shape necessitates the introduction of the term geoid (g.v.).

Gravity on a planet’s surface varies from place to place not only
because of the centrifugal force but also because of the variation in
distance of the surface from the planet’s centre of mass and because
of the asymmetrical density distribution within the planet, It is this
last cause that is of importance for geological and geophysical studies
and it is convenient to correct any observation of gravity made at its
surface for the other factors. These corrections constitute the free-air
and Bouguer correction, in which, in a first approximation, the
gravity measurement on the surface is reduced to what it would be if
projected onto the geoid with the intervening topographic mass
removed: the free-air correction allows for the distance of the point
of measurement above or below the geoid and the Bouguer correc-
tion allows for the attraction of the topographic mass between this
point and the geoid. The difference between the ‘corrected’ gravity
measurement and a theoretical value for the reference figure is
referred to as the gravity anomaly (see Geoid). For the terrestrial
planets this anomaly is typically of the order of 107 m s~2.

On Earth. gravity is measured on the surface either as an absolute
measurement using pendulum of ‘free-fall’ instruments, or it is
measured as a relative quantity using spring-balance instruments or
gravimeters that are calibrated against the absolute measurements.
The relative measurements can be readily made with a precision of
107" m s~ and are widely uscd in exploration surveys of the structure
of the crust where the objective is to detect small density anomalies
that may be associated with mineral or hydrocarbon deposits.
Becuuse gravity varies with distance from the centre of the mass of
the Earth, by 3 x 107 m 577 per meter change in elevation, the
heights of the gravity measurement sites must be known with high
precision. and this has often proven to be more difficult to achieve
then the gravity measurement itself. Gravity measurements can be
made ul sea from moving ships or in the air from aircraft provided that
any acceleratons of the moving platforms can be independently
meusured. Large parts of the Earth’s surface have been covered with
gravity measurements of variable accuracy and a variable density of
sites. but substantial areas remain inadequately mapped. Figure G28
illustrates gravity over the Australian continent as derived from surface
measurements. Most of the spatial variability noted reflects the
anumalous density structure of the continental crust and uppermost
mantle and is related (0 WClonic structures such as ancient arogenic
zones and sedimentary basins.

The other important method of establishing the gravity field is
through the analysis of trajectories of satellites about a planet. If the
planet 1s a radially symmetric body, an artificial satellite would move
about 1t in an clliptical orbit according to Kepler's laws of motion.
The effect of the oblateness of a rotating planet is that the equatorial
bulge exerts a gravitational torque on the satellite and causes the
orbital plane to precess about the equator. This is similar to the
precession and nutation of the Earth as a result of the lunar and solar
torques exerted on it (see Precession and nutation). Typically, the
orientation in space of the orbit of a close satellite changes by a few




Critique of Anderson’s Erroneous 1997 Article “Gravity-Assist Navigation”

Published in The Encyclopedia of Planetary Sciences Claiming that Hohmann

Designed Gravity-Assist Trajectories in 1925 and that JPL Hired Minovitch
to Work on Them in 1961

by
Michael A. Minovitch
Summary

In 1997, Dr. John D. Anderson who, at that time, was a prominent astrodynamicist from JPL who
managed a group doing advanced research in astrodynamics, wrote a technical paper on the history
of the invention of gravity-assist trajectories entitled, “Gravity-Assist Navigation.” He was a part
of JPL management specializing in the field of astrodynamics. The article is important because of
the author’s professional stature, and because it was published in a prestigious technical
encyclopedia entitled, The Encyclopedia of Planetary Sciences. It was intended to be read and
believed by professional scientists and researchers all over the world specializing in the fields of
celestial mechanics, astrodynamics, astronautics, astrophysics, and space science. This critique will
present documentary evidence from the professional archival literature showing that almost
everything that Anderson published in his article is either untrue or grossly misleading. For
grammatical purposes the critique is written in the third person.

1. Mathematical Background
The classical “Restricted Three-Body Problem” and the “Gravity-Assist Problem”

In order to better understand why Anderson’s article is false and misleading, it will be helpful to
understand the technical (i.e., the mathematical) difference between the famous unsolved classical
“Restricted Three-Body Problem of celestial mechanics which first appeared in the 18" century, and
the problem of calculating gravity-assist multiplanetary trajectories for gravity propelled space travel
which is a much more difficult problem that was first formulated in 1961.

To understand this difference, it is important to understand what a gravity-assist trajectory is (i.e.,
how it works and how it is designed), and what it represented. A gravity-assist trajectory is a free-
fall multiplanetary trajectory that can be expressed by the sequence P, — P, —P; — ¢ ¢ ¢« — P, where
P, represents the launch planet, P represents the last flyby planet, and (P, i =2, 3, ..., N-1)
represent N-2 intermediate gravity propulsion flyby planets such that the gravitational perturbations
from each preceding intermediate planet P, are used to change the trajectory and catapult the
spacecraft to the next planet P, usually with great changes in the trajectory’s orbital energy. It
represented a fundamentally new propulsion concept of propelling a spacecraft indefinitely around
the solar system without using reaction propulsion from a rocket engine that was independent of the
spacecraft’s mass by changing the usual direct-transfer trajectory from a launch planet to a target

1




planet that was taken for granted, with an indirect trajectory to the target planet that passes one or
more gravity propulsion intermediate planets. But it could only be used in an actual mission or
accurately studied if the difficult mathematical problem of determining the precise approach
trajectory at each flyby planet such that the gravitational field of the planet, acting together with the
sun’s gravitational field, would catapult the spacecraft to the next flyby planet in the encounter
sequence which is continuously moving on its own orbit many millions of kilometers away. This
is the mathematical problem that Anderson calls, “The Gravity Assist Problem.”

With this mathematical understanding it is now easy to see that Minovitch’s invention of gravity
propelled interplanetary space travel was a mathematical method for achieving unlimited
interplanetary space travel throughout the entire solar system without using any reaction propulsion
that was distinctly different from the classical method of space travel based on the theory of reaction
propulsion which was an engineering method of space travel that required a great deal of propellant.
However, this mathematical method of space travel could never be used in any actual mission (or
meaningful numerical investigation) if it were not possible to accurately compute the required
planetary approach trajectories at each planetary encounter such that the planet’s gravitational field,
superimposed on the gravitational field of the sun acting continuously and simultaneously, would
catapult the free fall spacecraft from one planet to another without using any rocket propulsion.

Although this problem may appear to be an example of the famous classical “Restricted Three-Body
Problem™ of celestial mechanics because the spacecraft is moving under the influence of two
different gravitational fields, this is definitely not the case. For example, in the classical Restricted
Three-Body Problem, all of the bodies are assumed to be moving “point masses” with given mass
and zero radii. In the gravity — assist problem, one of the most important parameters is the radii of
the perturbing planet because the space vehicle (moving on a free-fall trajectory) must have a
distance of closest approach to its center greater than the planet’s radius, to avoid crashing into its
surface. But the most important difference was the fact that the classical Three Body Problem was
only concerned with determining the equations of motion that would give the position coordinates
of the bodies at any future time if the position and velocity of each body were known at some initial
time. A detailed examination of the classical literature shows that the Restricted Three-Body
Problem was never formulated with the aim of determining the trajectory of one body such that after
receiving gravitational perturbations from another body, it proceeds on a new trajectory to intercept
a third, pre-determined body, moving simultaneously on its own trajectory. This is a much more
difficult problem that is, in fact, an order of magnitude more difficult. Therefore, the contention that
any person working on the classical Three-Body Problem in the 1890s had to have been working on
the “gravity — assist problem” is not true.

It is also important to point out and emphasize that it can be shown that the differential equations
of motion of three or more bodies moving under their mutual gravitational ficlds with respect to a
given inertial reference frame implies that the total orbital energy of all the bodies in the system
remains constant, but the energy of each individual body is constantly changing. This result is
known in mathematics as the “energy integral” of the Three Body Problem and was known for a very
long time. It was not discovered by Tisserand during the 1890's as it was known to mathematicians




studying the Three-Body Problem, and described in the mathematical literature in the early 1800's.
But it was never regarded as an important discovery. It was just an interesting mathematical fact that
was inherent in the differential equations of motion. Since the fact that the orbital energy of a comet
changes after passing close to a planet is an example of a fact implicit in the equations of motion that
was known since the early 1800's, it could not have been “discovered” in the 1890's. Thus, to infer
that this discovery was new in the 1890s, and that the discoverer immediately recognized that it
could be used to achieve interplanetary space travel without rocket propulsion, is not true.

It should also be pointed out that this characteristic of changing orbital energy was a highly
specialized abstruse mathematical fact of the equations of motion inherent in the Three-Body
Problem not commonly known, even among mathematicians. It was known to very few
mathematicians, fewer astronomers, and almost no one who was studying the possibility of space
travel at that time (during the 1890's).

2. A Detailed Examination of Anderson’s Article

With the above technical information, it will now be possible to provide a more accurate and
penetrating analysis of Anderson’s article (Ref. A-1). Four major errors will be pointed out and
discussed.

1. Anderson begins his article (Ref. A-1) by asserting that the “gravity-assist problem” was very old
and studied in the 1890s by Tisserand. Anderson states:

“The earliest studies of the gravity — assist problem considered the
orbital perturbations of comets making close approaches to Jupiter.
In the 1890s F. Tisserand pointed out that the orbital elements of a
comet could be radically different before and after the close approach.
However, using an integral discovered by Carl Gustav Jacob Jacobi
(1804 —1851), he also showed that a combination of the semimajor
axis a, the eccentricity e, and inclination / to Jupiter’s orbital plane
are approximately conserved.”

The following are the facts.

(A) The claim that the “earliest studies of the gravity-assist problem considered the orbital
perturbations of comets making close approaches to Jupiter” is an absurd statement, far from the true
situation. It only appears to be true to those who are not mathematically familiar with the problem
and the history of celestial mechanics, and in particular, with problems in astrodynamics. It is like
claiming that a new concept in celestial mechanics was actually known for a very long time by
researchers working with the equation /' = ma . As described above, the “gravity-assist problem”
is a very specific mathematical problem in celestial mechanics pertaining to interplanetary space
travel with a specific mathematical formulation far different from the much simpler equations




