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EFFECTS OF THE ATMOSPHERIC DRAG IN CLOSE APPROACHES FOR A CLOUD OF PARTICLES
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The goal of this research is to study close approaches between a planet, which is assumed to have an atmosphere,
and a cloud of particles. This cloud of particles is formed during the passage of a spacecraft by the atmosphere, due
to its explosion. The complete system is formed by two main bodies (the Sun and the planet), that are assumed to
stay in circular orbits around their center of mass, and the spacecraft, that is then transformed in a cloud of particles.
This spacecraft is moving under the gravitational attractions of the two main bodies when it makes a close approach
with the planet in such a position that it passes inside the atmosphere of the planet and then is transformed in a cloud
of particles. The motion is assumed to be planar for the spacecraft and all the particles and the dynamics is given by
the well-known planar restricted circular three-body problem plus atmospheric drag. For the simulations shown here
the planet Jupiter is used as the body for the close approach, but the method works well for any planet. The initial
conditions for the spacecraft and the particles of the cloud are specified at the periapsis, because it is assumed that

the fragmentation of the spacecraft occurs at this point.

L. INTRODUCTION

The Swing-By maneuver is a very important topic in
astrodynamics. A large number of spacecrafts used this
technique to save fuel to complete their missions. The
Voyager mission, that has just completed 35 years of
success, visited the outer Solar System using successive
Swing-Bys to gain energy [1]. Several other important
applications exist for this maneuver, like: the use of
Swing-Bys with the inner planets to travel to the outer
Solar System [2][3][4][5]; the use of Venus to perform a
swing-by to make a return visit to Mars [6][7][8]; the
use of a non-planar close approach with Jupiter to obtain
a plane change to send the spacecraft to an orbital plane
perpendicular to the ecliptic to collect data from the
poles of the Sun [9]; the use of the Moon to help a
spacecraft to escape from the Earth [10]; the use of
sucessive Swing-Bys to obtain trajectories linking the
primaries of the system and the Lagrangian points
[11],[12]; the use of the Moon to keep a desired
trajectory for the spacecraft in the Earth-Moon system
[13]; the use of multiple Swing-Bys to optimize space
trajectories [14],[15]; etc. A more detailed description of
this maneuver can be found in references [16] and [17]
for the basic maneuver, while reference [18] explains the
powered version of the maneuver, reference [19]
considers a model that takes into account the
eccentricity of the primaries, reference [20] makes a
comparison of the "patched-conics" approximation with
the restricted problem of three bodies, reference [21]
shows for applications of Swing-Bys using the planet
Jupiter and reference [22] shows similar applications
using the Moon. Regarding similar studies considering a
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cloud of particles, but without the effects of drag, there
are also several studies available in the literature, as
shown by references [23] to [26].

The Swing-By is known by the astronomers for more
than 150 years. Laplace was one of the first to
understand its mechanism. After him, some more
researchers obtained analytical equations and/or
numerical results for this maneuver, in particular
considering the problem of capture and escape of comets
by Jupiter (see references [16] for more historical
information).

In the present paper, the effects of a planetary
atmosphere during a close approach between a cloud of
particles and a planet is studied. Only planar motion is
considered. The mathematical model is based in the
restricted planar circular three-body problem, with the
extra forces that come from the atmospheric drag. This
cloud of particles is assumed to be formed by the
explosion of a spacecraft during the passage by the
periapsis. This assumption is based in the idea that this
is the instant that the spacecraft has the strongest effect
of the atmosphere, since the density of the atmosphere
has its largest value.

For each single particle generated by the explosion
of the spacecraft, we integrate numerically the equations
of motion forward in time, until the particle is at a
distance that we can consider it far enough from the
planet, such that we can neglect the planet's effect and
consider the system formed by the Sun and the particle
as a two-body system. At this point we can use the two-
body celestial mechanics to compute velocity, energy
and angular momentum after the close approach for each
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particle. From those values, the semi-major axis and the
eccentricity of each particle is obtained. Then, the orbit
of the spacecraft is integrated backwards in time, as a
single body, since it is assumed that the explosion
occurred at the periapsis of the trajectory. So, this
problem is similar to the standard Swing-By maneuver,
where a spacecraft comes from a long distance, passes
close to a planet and then leaves it again. The planet is
supposed to be in a circular orbit around a central body
and any type of orbit is assumed for the spacecraft
(elliptic, circular or hyperbolic). At the points A and B
the spacecraft (or the particles resulted from the
explosion) can be assumed to be far enough from the
planet and the system can be modeled as a two-body
problem (the spacecraft or one of the particle and the
central body). The difference from the standard Swing-
By maneuver is that the planet is assumed to have an
atmosphere and it generates a drag force in the
spacecraft that causes the explosion and also changes the
trajectories of the particles. The equations of motion for
the spacecraft and the particles are the ones valid for the
restricted circular planar three-body problem [27] with
the inclusion of the atmospheric drag, similar to what
was done for a single particle in reference [28]. The drag
force is modeled by the standard form proportional to
the square of the velocity and the density of the
atmosphere is supposed to vary exponentially with the
altitude.

The main objective is to understand the change of
the orbit of this cloud of particles after the close
approach with the planet. It is assumed that all the
particles that belong to the cloud come from a single
body that existed before the close approach with the
planet. It is desired to known the orbital parameters of
the particles after the close approach. Then, the effects
are compared with a similar maneuver performed
assuming that the atmosphere is not present.

2. DEFINITION OF THE PROBLEM AND
MATHEMATICAL MODEL

It is assumed that a spacecraft comes from a long
distance, enters the atmosphere of the planet, explodes
and the particles that were formed by this explosion
leaves the planet. The planet is in a circular orbit around
the Sun and the spacecraft can be in an elliptic, circular
or hyperbolic orbit. Fig. 1 shows this situation. At the
point A the spacecraft is assumed to be far from the
planet, such that the system can be considered a two-
body problem (spacecraft and the Sun). The planet is
assumed to have an atmosphere that generates a drag
force. This force changes the orbit of the spacecraft and
causes its explosion at the periapsis. From this point, a
cloud of particles is formed and the atmosphere changes
the form of the cloud. The equations of motion for the
spacecraft (and the particles) are the ones used in the
restricted planar circular three-body problem plus the

atmospheric drag. For the drag force, the standard form
that assumes a dependency with the square of the
velocity multiplied by the density of the atmosphere is
used. The density of the atmosphere is assumed to vary
exponentially with the altitude. So, the equations of
motion are:
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where Cp is the drag coefficient (that depends on the
form of the spacecraft or the particle), A is the area of

the cross section of the spacecraft, V is the velocity of
the spacecraft with respect to the atmosphere, m is the
mass of the spacecraft, pg is the density of the
atmosphere at an altitude hg, h is the altitude of the

spacecraft, H is a constant that specifies the velocity of
the decay of the density with the altitude.
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Fig. 1: Geometry of the close encounter.

Another result used in the present paper is the
"Jacobian Integral", that is a constant of motion in the
restricted three-body problem. It is given by:
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where E is energy, C is angular momentum, ry is the
distance between the Sun and the spacecraft, rp is the

distance between Jupiter and the spacecraft; o is the
angular velocity of the Sun-Jupiter system. The energy
and angular momentum are given by:
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where x, y and its time derivatives are the coordinates of
the spacecraft measured in the rotating system.

1. PARAMETERS TO SPECIFY ONE
TRAJECTORY

Several choices can be made to specify each
trajectory. In the present paper the following ones are
used [16]:

a) y, the angle of approach;

b) J, the Jacobian constant;

¢) hp, the periapsis altitude of the trajectory around
Jupiter.

It is necessary to take into account that J is not
constant when the drag is included and also that y and
hp are difficult to define precisely. So, the method used
to compare those trajectories (with and without drag) is:

i) For the trajectory without drag, the numerical
integration of the trajectory starts at periapsis and is
performed backward in time until the point A (Fig. 1) is
reached. Then, the calculations before the close
approach in made at this point for the spacecraft. For the
part of the trajectory after the passage by the periapsis, a
cloud of particles are mounted by applying small
changes to the variables y and hp that belongs to the

cloud. It means that all the particles will have the values
13y and hp+dh, for those two variables. The Jacobian

constant is assumed to be the same for all the particles.
Then the same procedure is used and numerical
integrations are performed in forward time for each
particle;

ii) The maneuver including drag is similar. The
numerical integration starts at periapsis, keeping the
same three parameters (J, y, hp) of the maneuver
without drag. The trajectory is them integrated backward
in time for the spacecraft including the drag force in the
dynamics, until the point A is reached. For the particles,
the numerical integration is performed forward in time

for each particle with the drag force active until the
point B is reached.

The quantities calculated to measure the influence of
the atmosphere are the energy, angular momentum,
semi-major axis, eccentricity and Jacobian constant
before and after the Swing-By. This is done with and
without the drag force, so it is possible to identify its
influence. The results are presented in plots showing the
semi-major axis and eccentricity of the cloud of particles
after the passage by the atmosphere and the same values
for the spacecraft before the passage.

IV. RESULTS

The results are presented in plots showing the semi-
major axis and eccentricity of the cloud of particles after
the passage by the atmosphere and the same values for
the spacecraft before the passage. Two different values
were used for the Jacobian constant J: 0 and 1. This is
equivalent of using two values for the velocity at the
periapsis. Eight values were used for the angle of
approach y: 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°.
Figure 2 shows the results. Blue represents that particles
for the maneuver where the drag is included and black
represents the situation where drag is not included.
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Fig. 2 - Semi major axis and eccentricity for the
particles after the close approach (cont.).
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Jac 0 / psi 180

0.9998 —
0.9996 —|
209991 —|
o
T i
@
Q
(3}
g 9992 —
0.999 —
09988 . ‘ . I I ‘ T |
4 45 5 55 6 65
Semi major axis
Jac 1/ psi 180
144 —
1136 —|
2 1132 -
K]
£ J
[
(3]
©
w4128 —
1124 —
112 I I I S |
16 156 152 148 1M 14 136
Semi major axis
Jac 0/ psi 225
21 —
2.08

Eccentricity
N
2

204

202 T T T T T T T T T

044 0435 0.43 0425 042 0415
Semi major axis

Fig. 2 - Semi major axis and eccentricity for the
particles after the close approach (cont.).
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Fig. 2 - Semi major axis and eccentricity for the
particles after the close approach (cont.).

There are several observations that can be made
from those results. First of all it is clear that the presence
of the atmospheric drag causes a larger dispersion of the
particles in all the situations simulated. A figure (in
black) close to a straight line becomes something near a
parallelogram (in blue). Considering now every specific
case, it is noticed that the maneuvers for the case where
v = 0° is a situation where the Swing-By itself does not
change the energy. The orbits of the spacecraft and the
particles are all hyperbolic. The inclusion of the
atmospheric drag causes an extra loss of energy, as
expected. It also shows that, when the Jacobian constant
increases (and so the velocity) the changes in the orbit of
the spacecraft decreases. This can be explained by the
fact that the spacecraft and the particles remains more
time inside the atmosphere if the velocity is smaller. For
the case where y = 45°, it is a maneuver where the
Swing-By reduces the energy of the particle. The orbits

of the spacecraft and the particles are also hyperbolics.
The effects in the orbits are smaller when the velocity is
higher, as explained before. The situation y = 90°
represents the maneuver where the Swing-By produces
the maximum loss of the energy of the particle. The
orbits with Jacobian constant equal to zero represents
capture trajectories, because the particle has a
hyperbolic orbit before the close approach and an
elliptical orbit after that. For the case where the Jacobian
constant is unity, all the orbits are hyperbolic. The next
situation is where y = 135°. It also represents Swing-
Bys that produces loss of the energy of the particle. Both
values of the Jacobian constant represent capture
trajectories. The situation where y = 180° again
represents a situation where the Swing-By itself does not
change the orbit of the particle, as well as in the case
= 0° Then comes the situation where y = 225° It
represents Swing-Bys that produces gain in the energy
of the particle. Both values of the Jacobian constant
represent escape trajectories, where the particles go from
a closed trajectory to an open trajectory. The situation
= 270° represents the maneuvers that produces the
maximum gain in the energy of the particle. The last
simulations considered y = 315° that also represents the
maneuvers with gains in the energy of the particle. All
the trajectories in this case are hyperbolic orbits.

V. CONCLUSIONS

A numerical algorithm to calculate the effects of the
atmosphere in a Swing-By maneuver with Jupiter is
developed. It allows us to quantify expected results due
to the inclusion of the drag and to make predictions for
other situations. Then this algorithm was applied to a
spacecraft that exploded when passing by the periapsis
of its orbit around the planet. The results show several
conclusions about the behavior of the particles,
indicating the regions where captures and escapes
occurs, as well as the effects of the atmospheric drag in
the motion of the particles.
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