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Modeling of Inflation Rates and Mechanical Creation of Reflective Sphere to Harness
Solar Radiation Pressure for Medium Earth Orbit Satellites

by Tara J. ELDRIDGE

This study proposes a dynamic model for the trajectory of a non-functional satellite with
an inflatable spherical solar sail that acts as a de-orbiting device by harnessing Solar Ra-
diation Pressure (SRP) and varying area-to-mass ratios. The model mimics real-world
behaviors by using equations of motion that feature natural perturbations and SRP cal-
culations using the cannonball model and shadow function. The time needed for the
proposed balloon to push medium Earth orbit space debris back into the atmosphere is
calculated for various binary and linear inflation methods. The results indicate that for
satellites in near-circular orbits with an initial semi-major axis of 22,000 km, the solar sail
can be deployed to push them into atmospheric re-entry within about 34.96 or 50.14 years
for initial orbital inclinations of 0.001 or 56.06 degrees, respectively. For a GPS satellite
with a semi-major axis of 26,560 km and inclination of 55 degrees, de-orbiting occurs
within 61.3602 years. There is a potential for the improvement of these times by using a
larger balloon or more reflective material. Alternative materials and compressor specifi-
cations are explored, though future advancements in these technologies are required to
prove the feasibility of a mechanical model.
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Chapter 1

Introduction

1.1 Space Debris

When the Soviet Union first launched the Sputnik I satellite into orbit in October 1957,
the space around the Earth was entirely untouched by artificial devices. However, in
the decades since, it has become increasingly challenging for missions launching new
spacecraft into orbit to avoid crashing into existing satellite fleets, spent rocket stages,
and other devices. While functional satellites could be directed out of a collision path in
the worst-case scenario, the same cannot be said for space debris, which are defined by the
Inter-Agency Space Debris Coordination Committee (IADC) as "all human made objects
including fragments and elements thereof, in Earth orbit or re-entering the atmosphere,
that are non-functional"1. These non-steerable objects are left to the whims of nature,
slowly being pushed out of their controlled orbits by natural perturbations due to gravity
and radiation pressure.

According to a report by the European Space Agency, an estimated 54,000 space de-
bris objects larger than 10 cm and about 1.2 million space debris objects larger than 1
cm were orbiting the Earth as of August 20242. While the size of these particles may
seem small, each of them could be traveling with a relative velocity to other spacecraft of
30,000 km/hour, resulting in potentially severe damage should a collision occur (Mark &
Kamath, 2019). As stated by the Kessler syndrome, proposed in 1978, the probability of
collisions between space debris is continuously increasing, as broken pieces from these

1IADC Space Debris Mitigation Guidelines, Rev 4 (2025), last accessed: 29 March 2025
2European Space Agency Annual Space Environment Report (2025), last accessed: 18 April 2025

https://www.iadc-home.org/documents_public/view/id/318##u
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf


Chapter 1. Introduction 2

accidents take on uncontrollable trajectories that may lead to more accidents (Kessler &
Cour-Palais, 1978).

Unfortunately, even with the growing risks, as with many aspects of space exploration,
the development of international regulations on space debris has been relatively slow in
comparison to the advancements in the industry. It has been widely noted that a signif-
icant portion of laws regarding space arise from non-binding agreements that generally
transition into customary laws after long periods of time (Jankowitsch, 2015). Rules for
managing non-functional devices were not included in the United Nations’ (UN) "Outer
Space Treaty" of 1967, though there was a strong emphasis on collaboration to protect
the global ability to safely conduct space exploration3. Stricter guidelines concerning the
registration of and liability for objects launched into space were not implemented by the
UN until the 1970’s4. While the UN has continued to put out policies to protect the space
environment, the adoption of these guidelines varies internationally, as some countries
either do not belong to the organization or have not ratified the aforementioned treaties
into law.

That being said, the IADC recognizes two protected regions in the guidelines for its
members to mitigate their space debris impact: low Earth orbits (LEO) of under 2000 km
in altitude and the geostationary orbit (GEO) region between 33,786 km and 37,786 km
of altitude5. Notably, satellites in medium Earth orbit (MEO) are excluded from these
protections, some of which belong to Global Navigation Satellite Systems (GNSS). For
the Global Positioning System (GPS), Global’naya Navigatsionnaya Sputnikovaya Sis-
tema (GLONASS), BeiDou, and Galileo constellations, MEO space is invaluable, as their
specialized orbits allow them to provide global navigation capabilities to their respective
users (Teunissen & Montenbruck, 2017).

The method of disposal for defunct satellites in each of these regions varies, with de-
orbiting procedures being a popular option for LEO devices. De-orbiting is a process
where the device’s velocity is slowed enough to lower its orbit into the Earth’s atmosphere
until it eventually burns up.

3Outer Space Treaty of 1967, last accessed: 29 March 2025
4United Nations Space Law Treaties and Principles, last accessed: 29 March 2025
5See footnote 1

https://www.unoosa.org/oosa/en/ourwork/spacelaw/treaties/outerspacetreaty.html
https://www.unoosa.org/oosa/en/ourwork/spacelaw/treaties.html
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For MEO, GEO, and other high-altitude satellites, however, de-orbiting can be too ex-
pensive and time-consuming. In these cases, the use of so-called graveyard orbits to dis-
pose of dead or broken spacecraft is the more appealing option, as it consists of transfer-
ring the device to an orbit of higher or lower altitude such that the natural perturbations
on the debris will take an extended period of time to push it back. Many GEO satellites
are placed into graveyard orbits of even higher altitudes in an end-of-life procedure so as
not to interfere with the geostationary transfer orbits, a process adopted by the European
Space Agency in 1989 (Flury, 1991). MEO GNSS satellites, on the other hand, have semi-
major axis values ranging between 25,510 km for the GLONASS and 29,600 km for the
Galileo constellations, respectively (Teunissen & Montenbruck, 2017). These satellites are
thus either sent into graveyard orbits with higher or lower altitudes of around 500 km,
depending on their initial positions.

However, there are concerns over the environmental and economic costs of using fuel
as a propellant to conduct orbital transfers to graveyard orbits and de-orbiting proce-
dures. Furthermore, as will be discussed in detail in Section 2.3.2, certain resonance effects
in the GNSS orbital space have the potential to cause collisions between non-functional
and functional satellites. As it turns out, capitalizing on the natural perturbations that
disturb uncontrollable space debris may be the solution to the space pollution problem.

1.2 Solar Radiation Pressure and Solar Sails

Objects orbiting the Earth experience several non-conservative perturbations, and for
those with altitudes exceeding 800 km, radiation pressure from the Sun becomes the
driving non-conservative force (Vokrouhlicky et al., 1993). Although the photons radi-
ally emitted from the Sun are massless, they have energy and momentum. When these
massless particles are absorbed or reflected on an object’s surface, their impulse is trans-
ferred to the object (Montenbruck & Gill, 2000). The force exerted onto the object’s surface
due to this momentum exchange is commonly known as Solar Radiation Pressure (SRP),
a phenomenon which has been the subject of scientific theory since 1619, when Johannes
Kepler hypothesized that pressure from sunlight was responsible for pushing comet tails
outwards from the Sun (McInnes, 1999). It wasn’t until 1900, however, that radiation
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pressure was experimentally proven to exist and measured by Pyotr Lebedev (Masalov,
2019).

While some scientists such as Konstantin Tsiolkovsky and Carl Wiley presented early
theories on how to harness this natural perturbation to propel or even control spacecraft
in the decades that followed its discovery (McInnes, 1999), widespread interest in the re-
lationship between SRP and the behavior of artificial satellites didn’t take hold until the
1960’s. During this time, many preliminary studies were conducted, including the first
measurement of solar pressure by a spacecraft, which was taken by the National Aero-
nautics and Space Administration’s (NASA) Echo I balloon (Bryant, 1961; Muhleman et
al., 1960; Johnson et al., 2012). One such study included derivations that, upon exam-
ination, indicated that over one period where the satellite does not travel through an
eclipse, the long-term perturbations in the semi-major axis will average out, though this
will not occur if the spacecraft passes through a shadowed region (Kozai, 1963; Vokrouh-
licky et al., 1993). In essence, if a spherical satellite experiences an eclipse during part
of its orbit, there will eventually be changes in the semi-major axis values that cannot
be attributed to atmospheric drag or gravitational perturbations. Furthermore, as the ac-
celeration due to SRP is directly proportional to an object’s area-to-mass ratio, its effect
on larger, lightweight spacecraft will be more pronounced, whereas it can be considered
negligible for smaller objects with comparatively larger mass values (Junshou et al., 2014).
The optical parameters of the surface on which the photons impinge are also a considera-
tion, as higher momentum transfers occur when the photons bounce off of highly reflec-
tive objects.

The principle of leveraging high area-to-mass ratios and surface reflectivity to harness
SRP as a propellant soon gave way to the development of the traditional solar sail. So-
lar sails, in their most basic form, are extremely thin, highly reflective membranes that
maximize the area-to-mass ratio of a spacecraft to continuously accelerate using SRP
rather than fuel. The membrane is often held taut using booms, or deployable arm-like
structures. The first successful deployment of a solar sail for interplanetary travel was
conducted by the Japan Aerospace Exploration Agency in 2010, when the Interplanetary
Kite-craft Accelerated by Radiation Of the Sun (IKAROS) probe performed a successful
fly-by of Venus using photon propulsion (Mori et al., 2014).
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Following the success of this invention, the industry surrounding solar sails has ex-
panded. The emergence of the CubeSat- small cubic satellites with edges in units of 10 cm
(1U) or more that typically consists of commercial off-the-shelf components- as a compet-
itive solution for low-cost satellite missions has branded it as a viable bus for many solar
sail technologies (Villela et al., 2019; Lantoine et al., 2024; Lappas et al., 2011; Johnson
et al., 2012). As fuel-less, continuous sources of small thrust in an environment with no
air resistance, solar sails have been the focus of many ideas for accelerating long-term
and interplanetary probes (Nassiri et al., 2005; Mori et al., 2014). While this has long been
one of the most prominent ideas associated with solar sails (McInnes, 1999), there have
also been significant developments in research targeted toward using SRP to clean up the
orbits around Earth (Arshad et al., 2025).

Several experiments have been performed to explore the use of SRP to guide LEO
satellites into atmospheric re-entry. In 2011, the Nanosail-D2 3U CubeSat mission suc-
cessfully deployed and used a 10 m2 sail in LEO conditions to perform a de-orbiting
maneuver using atmospheric drag (Zhao et al., 2023), demonstrating the viability of this
technology through the end of the disposal process. Furthermore, the ability to control
a satellite’s trajectory and increase the rate of orbital decay while in orbit around Earth
using pressure from the sunlight has been proven by the LightSail-2 solar sail, which
operated in a near-polar orbit for several years (Spencer et al., 2021).

Other studies geared toward increasing the sustainability of space focus on sending
GEO satellites into graveyard orbits through the use of solar sails (Carvalho et al., 2023;
Silva Neto et al., 2017). Graveyard orbits, however, are essentially a non-renewable re-
source, as once they become over-polluted with debris, there may not be a way to clear
them. As a result, it becomes increasingly more important to identify and develop new
disposal methods for space debris and non-functional satellites in MEO.

1.3 Spherical Solar Sails

While traditional solar sails offer a clean energy solution, the process can be challenging,
as it can be hard to achieve and maintain the target attitude. The orientation of flat solar
sails is extremely important, as the angle between the radiation pressure and the sail
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membrane dictates the magnitude and orientation of the resulting acceleration due to
SRP (Zhang et al., 2022).

One of the most notable advantages of using a spherical solar sail as a de-orbit device
is the elimination of attitude adjustments to keep the sail properly oriented, as the resul-
tant force vector from the SRP on the sphere will always follow the Sun-satellite line. This
is due to the symmetry of the sail, as all of the tangential components of acceleration can-
cel each other out, which also results in no generation of solar pressure torques, as seen
with the Echo II balloon in 19646.

For the purposes of this study, it is assumed that the balloon and satellite bus are
together one perfectly spherical shape of uniform reflectivity, meaning the acceleration
due to SRP is not dependent on the orientation of the spacecraft. Under this assumption,
the spin of the device in orbit is negligible. The magnitude of the perturbative force
will instead be controlled by inflating and deflating the balloon to alter its area-to-mass
ratio as needed. This idea of altering the area-to-mass ratio of an artificial balloon to
dictate the satellite’s trajectory has been explored by previous studies with varying model
complexity (Deienno et al., 2016; Guerman and Smirnov, 2012; Krivov and Getino, 1997).
Furthermore, inflatable mechanisms are popular for in-space use due to their relatively
light weight and small initial volume, which cut launch costs by reducing the level of fuel
and space needed to launch them into orbit (Zhao et al., 2023).

In the proposed model, the balloon’s size will be systematically increased and de-
creased until the satellite is pushed it into lower altitudes, where it will eventually burn
up in the Earth’s atmosphere upon re-entry. An exaggerated version of the resulting orbit
from this process is shown in Figure 1.1. When approaching the Sun, and thus, traveling
against the SRP, the balloon should be fully inflated, maximizing the satellite’s area-to-
mass ratio. As the solar perturbation acts against the satellite’s motion, it will experience
a slight decrease in its velocity, increasing the eccentricity and causing a general decrease
in the semi-major axis of the orbit over time. In Figure 1.1, an exaggeration of this loss
is visibly shown on the right side of the plot, as the satellite does not have the energy
required to loop back to its initial position. While traveling away from the Sun, the bal-
loon should be fully deflated to minimize the pushing effect of the SRP perturbations.
Otherwise, any energy and velocity lost while the device travels against the flow of SRP

6Solar Sail Model Validation from Echo Trajectories, last accessed: 3 April 2025

https://ntrs.nasa.gov/citations/20070013742
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FIGURE 1.1: Exaggerated example of the energy loss due to the deployment
of a balloon with an adjustable area-to-mass ratio experiencing acceleration
due to SRP. The satellite’s counter-clockwise trajectory around the Earth is

displayed.
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would be regained during this time, and the satellite would return much closer to its
initial position.

While the proposed inflatable, reflective sphere could be installed onto new satellites
and deployed during the end-of-life mission phase, there is also the potential to create a
space tug specifically designed to capture and de-orbit existing space debris. The process
outlined in Figure 1.1 could theoretically be reversed, should the balloon be inflated when
traveling in the direction of the SRP, and deflated when flying against it. Thus, a cycle of
capturing space debris, harnessing SRP to slow its velocity until it can be deposited at the
point atmospheric drag takes effect, and reversing the inflation and deflation processes to
re-enter the graveyard orbits for more debris can be initiated.

The goal of this research is, therefore, to model the orbit of a device that harnesses SRP
as a de-orbiting method to mimic real-world behaviors. The feasibility of the proposed
inflatable, spherical solar sail to push MEO satellites back into the Earth’s atmosphere is
gauged. Both instantaneous and linear inflation and deflation processes are described and
tested for various inclinations and other initial conditions. Another goal of this study is to
identify the best-case scenario within the constraints of the model to conduct the re-entry
process based on inflation and deflation rates, orbital inclinations, and other parameters.

1.4 Thesis Overview

This research document is organized as follows:

• Chapter 2: A description of the dynamical model is given. Equations of motion and
relevant perturbations for each major body are defined. Calculation methods for
perturbations due to third bodies, Earth’s spherical harmonics, atmospheric drag,
and SRP are also provided. The cannonball and shadow models used in SRP cal-
culations are explained, and justifications for selected values of the reflectivity coef-
ficient, area-to-mass ratios, inclination, and other initial orbital elements are listed.
The behaviors of the fully deflated and inflated balloon are analyzed.

• Chapter 3: The numerical setup of the model is outlined, including the selection of
specialized Python packages, ordinary differential equation solvers, and sources of
imported parameters for major bodies.
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• Chapter 4: The methodology behind tracking the satellite’s trajectory with respect to
the SRP is defined. Then, the binary inflation and deflation processes are explained,
and the impact of reflectivity on the system is explored. The processes of linear
inflation and deflation are then outlined, and the ideal time frame for each of these
procedures is identified.

• Chapter 5: The best-case scenarios for realistic de-orbit processes are modeled and
discussed. A case study using GPS satellite orbit conditions is then performed.
Potential materials for the balloon and parameters for a gas compressor are estab-
lished.

• Chapter 6: A summary of the research is presented, and recommendations for future
analysis and development of the model are given.

• Chapter 7: A link to the GitHub page containing all files used to run the model is
provided.
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Chapter 2

Dynamic Model

The model utilized in this research tracks the effects of SRP on an Earth-orbiting satel-
lite outfitted with an inflatable, spherical solar sail. The model consists of an Earth-Sun-
Moon-satellite system, with the approximated center of Earth acting as the origin, and an
epoch of January 1st, 2025. Parameters for major bodies such as rotational speed, mean
and equatorial radius, mass, standard gravitational parameter, and obliquity of the eclip-
tic were pulled from the Jet Propulsion Laboratory (JPL) Horizons database1, the 2024
Astronomical Almanac, and NASA’s National Space Science Data Center2 (Office et al.,
2023).

2.1 Equations of Motion

The satellite, Moon, and Sun require equations of motion (EOMs) to calculate the changes
in their orbits with respect to the Earth, which is the origin of the system. These equa-
tions consider several perturbations when appropriate, including third-body perturba-
tions, effects of the Earth’s spherical harmonics and oblateness, acceleration due to SRP,
and atmospheric drag.

2.1.1 Sun Equation of Motion

The Sun’s EOM was found by considering the Sun as part of a three-body problem with
the Earth and the satellite. The motion of the Sun, ⊙, relative to the Earth, ⊕, can thus be

1JPL Horizons database, last accessed: 25 March 2025
2NASA Planetary fact sheets, last accessed: 22 March 2025

https://ssd.jpl.nasa.gov/horizons/
https://nssdc.gsfc.nasa.gov/planetary/planetfact.html
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expressed as:

r̈⊙ =
d2r⊙
dt2 =

−(µ⊙ + µ⊕)r⊙
r3
⊙

(2.1)

where r⊙ is the position vector of the Sun and µ⊙ and µ⊕ are the standard gravitational
parameters of the Sun and Earth, respectively.

2.1.2 Moon Equation of Motion

The EOM for the Moon, $, included several additional perturbations due to the Earth’s
spherical harmonics and the Sun’s presence in the system:

r̈$ =
d2r$
dt2 =

−(µ$ + µ⊕)r$
r3
$

+ aJ2 + a3B⊙ (2.2)

where r$ is the position vector of the Moon, µ$ is the standard gravitational parameter
of the Moon, aJ2 is the acceleration due to spherical harmonic perturbations, and a3B⊙ is
the third-body acceleration due to the Sun.

Due to the Moon’s distance from the Earth, the only perturbation from the Earth’s
spherical harmonics of note will be the planet’s oblateness. Thus, only the second zonal
harmonic of Earth, J2, was used to account for the planet’s spherical harmonics:

aJ2 =
1.5J2µ⊕Rer$

r2
$

[(
5r2
$,z

r2
$

− 1

)
î +

(
5r2
$,z

r2
$

− 1

)
ĵ +

(
5r2
$,z

r2
$

− 3

)
k̂

]
(2.3)

where R⊕ is the mean equatorial radius of Earth.

Third-Body Perturbations

The Moon’s EOM also includes a third-body perturbation from the Sun. Third-body per-
turbations describe the acceleration due to the attractive gravitational force of additional
objects in the system, and are generally calculated using:

a3Bd = µd

(
rs,d

r3
s,d

− rd

r3
d

)
(2.4)
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where the acceleration due to this perturbation is a3Bd , the disturbing body is d, which has
a standard gravitational parameter of µd, the disturbed object is s, and the perturbation is
acting along the vector pointing from the disturbed object to the disturbing body:

rs,d = rd − rs (2.5)

where rd and rs are the position vectors of the disturbing body and disturbed object,
respectively. This perturbation in the Moon’s EOM was calculated by setting the Sun as
the disturbing body and the Moon as the disturbed object.

2.1.3 Satellite Equations of Motion

The EOM for the satellite was defined in the model as:

r̈sat =
d2rsat

dt2 =
−µ⊕rsat

r3
sat

+ a3B⊙ + a3B$ + aEGM + aatm + aSRP (2.6)

where rsat is the position vector of the satellite, and the first term describes the acceleration
due to gravity between the Earth and the satellite. This equation also includes the third-
body perturbations from the Sun, a3B⊙ , and the Moon, a3B$ , on the satellite. The last
three terms, aEGM, aatm, and aSRP, are the perturbations due to the Earth Gravitational
Model, atmospheric drag, and SRP, respectively.

Earth’s Spherical Harmonics

For the Earth-orbiting satellite, there will be an acceleration due to the gravity field of
the Earth that depends on the planet’s spherical harmonics, given by aEGM. The model
is equipped to calculate this perturbation using the standard forward column method
found in (Holmes & Featherstone, 2002) and normalized spherical harmonics coefficients
up to degree and order 2,198, found in the 2008 Earth Gravitational Model database 3. For
the purposes of this research, the model was set to consider an order of zero and a degree
of two.

3National Geospatial-Intelligence Agency Office of Geomatics EGM2008, last accessed: 18 March 2025

https://earth-info.nga.mil/
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Atmospheric Drag

The model takes the acceleration due to atmospheric drag on the satellite, aatm, into ac-
count when its radius is less than of equal to 900 km, and employs a constant drag coef-
ficient value of 2.2 for simplicity, as is common for many LEO satellite models(X. Wang
et al., 2024). The atmospheric density model was pulled from the 1976 U.S. Standard At-
mosphere model4. The dynamic model also referenced other sources to develop the ex-
ponential variation of the atmosphere (King-Hele, 1987), the static model (Jacchia, 1977),
and the calculation of velocity components with respect to the atmosphere (Vallado &
McClain, 2007). Although atmospheric drag is an active perturbation for altitudes up to
1000 km (Curtis, 2021), it has been shown that the acceleration due to atmospheric drag
at altitudes of 900 km, while still present in the system, is about five times smaller than
that of direct solar radiation pressure (Krzysztof, 2015). However, at altitudes of 800 km
or less, this drastically changes, with atmospheric drag taking on a much larger role in
the satellite’s EOM (Krzysztof, 2015; Vokrouhlicky et al., 1993). While these values were
calculated for satellites with smaller area-to-mass ratios than the fully inflated satellite,
the accelerations due to SRP and drag are both proportional to this ratio, meaning the
comparison can be reasonably applied to satellites with higher or smaller area-to-mass
values. It should thus be emphasized that the behavior of the satellite harnessing SRP at
altitudes under 900 km is not within the scope of this research, as it would be difficult to
separate the effects due to SRP from the perturbations due to drag.

2.2 Solar Radiation Pressure Calculations

In order to most accurately calculate the perturbation due to SRP on the satellite, aSRP,
the dynamic model uses the traditional cannonball model from (Curtis, 2021), assuming
the satellite to be a perfect sphere of radius Rsc. This yields an apparent area of:

Asc = πR2
sc (2.7)

4U.S. Standard Atmosphere, 1976, last accessed: 27 March 2025

https://www.ngdc.noaa.gov/stp/space-weather/online-publications/miscellaneous/us-standard-atmosphere-1976/us-standard-atmosphere_st76-1562_noaa.pdf
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The solar radiation pressure PSR, also known as the momentum flux, was found by di-
viding the solar constant S, also known as the radiation intensity, by the speed of light,
c:

PSR =
S
c

(2.8)

While the cannonball model uses the position vector from the Sun to the Earth to cal-
culate the acceleration due to SRP on Earth-orbiting spacecraft, as one auxiliary unit is
significantly larger than the radius of the orbiting satellite, the model does not. Instead,
to increase precision, the position vector pointing from the satellite toward the Sun was
used:

rsat,⊙ = r⊙ − rsat (2.9)

while the magnitude of this vector was found to calculate the value of the radiation in-
tensity at the satellite:

S = S0

(
R0

rsat,⊙

)2

(2.10)

where S0 is the radiated power intensity at the visible surface of the Sun, known as the
photosphere, and R0 is the radius of the photosphere. A negative sign was used to re-
verse the direction of the r̂sat,⊙ unit vector to calculate the perturbing acceleration on the
satellite:

aSRP = −νPSRCR Asc

msc
r̂sat,⊙ (2.11)

where ν is the shadow function, msc is the mass of the satellite, and CR is the reflectivity
coefficient. This value was calculated using the solar sail material’s reflectivity, ε:

CR = 1 + ε (2.12)

and ranges between 1 and 2, with a coefficient of 1 indicating a blackbody (Montenbruck
& Gill, 2000). Conversely, a coefficient of 2 will yield double the force on the spacecraft,
as it indicates the total reflection of incident radiation (Curtis, 2021). The magnitude of
the perturbation is therefore directly proportional to the reflectivity coefficient of the sail
material and the area-to-mass ratio of the satellite. It is assumed that the entirety of the
theoretical cannonball is composed of the sail material.
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2.2.1 Shadow Model

The shadow function in the model determines whether or not the satellite is in a total
or partial eclipse on the night side of the Earth, and was based off the conical shadow
model found in (Montenbruck & Gill, 2000), as shown in Figure 2.1. This shadow model

FIGURE 2.1: Conical shadow model demonstrating regions of total and par-
tial eclipse

neglects the oblateness of the occulting body, which was Earth in this case, and designates
the umbral shadow region as a total eclipse region, while the shadow function value in
the penumbral cone varies. The Sun and Earth were treated as circular disks to calculate
the degree of the Sun’s occulation, as shown in Figure 2.2. The occulted area of the solar
disk was calculated as:

Aocc = r2
app,⊙cos−1

(
x

rapp,⊙

)
+ r2

app,⊕cos−1
(

dapp − x
rapp,⊕

)
− dappy (2.13)
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FIGURE 2.2: Occulation of the Sun by the Earth using apparent radii and
distance
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where the x and y values are the distances AB and BC in Figure 2.2. The apparent radius
of the Sun, rapp,⊙, was given by:

rapp,⊙ = sin−1
(

R⊙
rsat,⊙

)
(2.14)

where R⊙ represents the Sun’s volumetric mean radius. The apparent radius of the Earth
was similarly calculated as:

rapp,⊕ = sin−1
(

R⊕
rsat

)
(2.15)

where R⊕ represents the Earth’s volumetric mean radius and the apparent separation
between the centers of the disks, dapp, was found using:

dapp = cos−1
(
−(rsat · rsat,⊙)

rsatrsat,⊙

)
(2.16)

Finally, the shadow function value, ν, which ranges from 0 to 1 for total eclipse to total
sunlight values, respectively, was calculated:

ν = 1.0 − Aocc

πrapp,⊙
(2.17)

2.2.2 Reflectivity Coefficient

As mentioned previously, the reflectivity coefficient of the solar sail material is directly
proportional to the acceleration due to SRP experienced by the spacecraft. Thus, the se-
lection of the proper solar sail material will have a large impact on the balloon’s perfor-
mance. For the purposes of this study, it was decided to use aluminum-coated Mylar
as the balloon material. Mylar laminates are a popular material for solar sail construc-
tion and have been used with aluminum foil to create inflatable spherical spacecraft, as
seen with Echo II in 19645. In the research conducted for NASA’s prospective solar sail
mission to Halley’s Comet (McInnes, 1999), it was determined that vapor-deposited alu-
minum coatings would produce a spectral reflectance between 0.88 and 0.91 on a scale

5NASA Space Science Data Coordinated Archive: Echo II, last accessed: 10 March 2025

https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=1964-004A
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from 0 to 1, with 0 indicating a blackbody with total absorption of incident electromag-
netic radiation (Rowe, 1978). A study looking to update the NASA solar sail thrust model
also found that due to aluminum’s “opaque optical thickness,” this range of reflectivity
values may be considered for any sail material with an aluminum coating of at least 100
nm (Heaton & Artusio-Glimpse, 2015). While the optimal solution would be to use a
reflectivity of 0.91 to increase the effects of SRP, in order to align with more recent publi-
cations (Montenbruck & Gill, 2000), a reflectivity coefficient of 1.88 was used in all trials
unless otherwise stated.

2.3 Fully Deflated and Inflated Balloon Behavior

Before conducting trials with inflation and deflation methods, the modeled behavior of
the fully deflated and inflated balloon was analyzed. As previously discussed, the pa-
rameters for this de-orbiting technology model are meant to emulate GNSS satellites in
low-altitude graveyard orbits. Thus, an initial semi-major axis of 22,000 km was used in
all trials unless otherwise stated, yielding an MEO with an initial altitude of 15,621.86 km.
While this semi-major axis value is lower than that of the expected GNSS graveyard or-
bits (Teunissen & Montenbruck, 2017), it was chosen to both avoid resonances that could
overshadow the effects of SRP and to cut computation times. As an initial eccentricity
value of 0 would cause other orbital elements to become undefined when calculated, it
was decided to model a near-circular orbit with an initial eccentricity of 0.05. The initial
values of the argument of the perigee, right ascension of the ascending node, and mean
anomaly were all set to 0 degrees, as they do not present the same resulting errors in
calculation as the eccentricity does.

2.3.1 Area-to-Mass Ratio

For the purposes of this study, the model was set to consider area-to-mass ratios of 0.04
m2/kg for a fully deflated balloon and 1.0 m2/kg for a fully inflated balloon. These val-
ues are well within the range of acceptable area-to-mass ratios for a spherical solar sail,
as NASA’s Echo 1, Echo 2, and Pageos balloons- each a reflective, thin-walled communi-
cations satellite- were deployed with area-to-mass ratios on the order of 10 m2/kg back
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in the 1960s (Curtis, 2021). Furthermore, the IKAROS probe had an area-to-mass ratio of
0.638 m2/kg, which is within the range of selected values (Mori et al., 2014). The selected
mass of the satellite was 100.0 kg, which should be sufficient to account for the balloon,
compressor, compressed inflation gas, and other equipment.

2.3.2 Inclination

Four notable inclination values were used to represent the full range of possible orbit in-
clinations. For example, GEO satellites, such as those used for telecommunications, have
orbits in the equatorial plane (Spaelti et al., 1989). Although GEO satellites are not the
focus of this study, an inclination of 0.001 degrees was used to model the behavior of
satellites in equatorial orbits at smaller altitudes. Conversely, an inclination of exactly 0
degrees, while more accurate, would present computational errors in the model. Other
notable inclinations modeled were 23.44 degrees, or the inclination of the Earth’s eclip-
tic plane6, and 90 degrees to model polar orbits. Spacecraft with retrograde orbits can
also be modeled; however, as their trajectories are mirror images of prograde orbits, no
retrograde orbits are included in the analysis.

The final inclination to be modeled allows us to estimate the effectiveness of the spher-
ical sail in GNSS orbits where a special resonance occurs. Both GPS and Galileo constel-
lations operate at inclinations of 56 degrees, while BeiDou uses a 55-degree inclination
and GLONASS orbits at approximately 64.8 degrees (Teunissen & Montenbruck, 2017).
In cases where the effects of oblateness become dominant, such as for objects orbiting
close to the Earth, the following resonance is present at an inclination of 56.06 degrees:

2ω̇ + Ω̇ ≈ 0 (2.18)

where ω̇ and Ω̇ are the first time derivatives of the argument of perigee and the longitude
of the ascending node (Sanchez et al., 2009). When the Sun is considered a third-body
disturber in the system, this resonance causes a sharp increase in the satellite’s eccentricity
over time (Sanchez et al., 2009; Alessi et al., 2017). This resonance is a particular problem
when considering the debris and non-functional satellites in the GNSS graveyards, as it

6NASA Earth fact sheet, last accessed: 22 March 2025

https://earth-info.nga.mil/
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can slowly alter their trajectories until they cross back into the operating orbits, potentially
causing collisions with the current systems.

The behavior of the fully deflated balloon’s eccentricity at each of these inclinations
was thus explored, as shown in Figure 2.3.

FIGURE 2.3: Eccentricity over 10 years of a fully deflated balloon with initial
inclination values of 0.001 (top left), 23.44 (top right), 56.06 (bottom left), and

90.0 degrees (bottom right) and initial value of 0.05 for eccentricity.

Although the eccentricity reaches a higher maximum value in the 56.06-degree test
than in the other trials, it should be noted that the eccentricity for near-circular orbits at
this inclination will follow a bell-curve shape due to the aforementioned resonance, with
a peak value occurring after around 600 years (Sanchez et al., 2009). As the time frame
for the trials in Figure 2.3 is only 10 years, the dominance of this resonance will actually
keep the eccentricity at relatively low values.

Out of all of the trials, the near-equatorial inclination of 0.001 degrees presents the
most homogeneous trend of oscillation, as the 23.44-degree trial shows a sharp dip in
the maximum eccentricity at around 4.4 years, and the polar orbit presented both small
and large periodic sinusoidal trends. The changes in the semi-major axis values of the



Chapter 2. Dynamic Model 21

balloon for each inclination value are shown in Figure 2.4. As seen in Figure 2.4, the semi-

FIGURE 2.4: Behavior and trend lines of the semi-major axis in km over 10
years for a fully deflated balloon with initial inclination values of 0.001 (top
left), 23.44 (top right), 56.06 (bottom left), and 90.0 degrees (bottom right) and

initial semi-major axis of 22,000 km.

major axis value slightly fluctuates for all inclinations tested. This expected behavior
is caused by the presence of perturbations in the EOMs, which were described in the
previous section. A closer look at the semi-major axis behavior for the fully deflated
balloon at an inclination of 0.001 degrees is shown in Figure 2.5.

While the semi-major axis in Figure 2.5 experiences a drop of 0.6 km each period, it
rises back to a slightly higher point than its initial value of 22,000 km. As shown in Figure
2.4, this trend of a slightly increasing semi-major axis value at the start of the 0.001-degree
orbit eventually transitions into a long-term decline in the range of semi-major axis values
according to the trend line. This long-term behavior is mimicked for all inclinations in
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FIGURE 2.5: Change in semi-major axis values in km of a fully deflated bal-
loon over 36 hours.

Figure 2.4, though their short-term periodic behaviors vary. Interestingly, the closer each
orbit is to being polar, the smoother the short-term periodic changes become.

2.3.3 Fully Inflated Balloon Behavior

Another point of interest that should be addressed is how the satellite’s behavior changes
when the balloon is fully inflated for long periods of time. Thus, the semi-major axis
values for a fully deflated and inflated balloon over 10 years with initial inclinations of
0.001 degrees were plotted against each other in Figure 2.6. While the semi-major axis
values fluctuate and generally decrease for the fully deflated balloon, the range of values
remains generally homogeneous over the 10-year period. Conversely, the fully inflated
balloon experiences periods of increasing and decreasing semi-major axis values. This
stark difference in appearance between the graphs is likely due to the dominance of the
SRP perturbation in the inflated balloon’s EOM. Because the deflated balloon has a min-
imal area-to-mass ratio, it will mostly be affected by perturbations due to gravity and
spherical harmonics.
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FIGURE 2.6: Change in semi-major axis in km over 10 years for a fully de-
flated (top) and fully inflated (bottom) balloon.

FIGURE 2.7: Eccentricity over 10 years for a fully deflated (top) and fully
inflated (bottom) balloon.
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The eccentricity values for the fully deflated and inflated balloons are also compared
in Figure 2.7. As is expected, the peaks and troughs of the semi-major axis and eccentricity
plots are out of phase with one another. Both plots display what appears to be a sinusoidal
trend; however, the value of the eccentricity for the deflated balloon seems to fluctuate
in small amounts along the orbit, while the amplitude of the eccentricity wave for the
inflated balloon is much larger. These results are promising as they indicate that the SRP
has a noticeable effect on the balloon and its orbital elements.
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Chapter 3

Numerical Setup

The model was created in Python and uses geocentric arrays for the state vectors of the
Sun, Moon, and satellite with respect to the Earth. Initial state vector information for each
of the major bodies was extracted from the 2013 version of the JPL Horizons database1.
To automatically pull the orbital elements for the selected epoch, the model imports Hori-
zons from the astroquery.jplhorizons package2.

The ordinary differential equations (ODEs) for each major body are then repeatedly
solved to generate their updated positions and trajectories. To solve these ODEs, the
solve_ivp function was imported from the scipy.integrate subpackage3. Then, a wrap-
per to the ODEPACK Fortran solver known as LSODA was selected as the integration
method, as it automatically switches between the stiff backward differentiation formula
and nonstiff Adams methods as needed (Hindmarsh, 1983; Petzold, 1983). This process
allows for significantly shorter computation times and smoother results when compared
to DOP853, an algorithm originally written for Fortran that is also compatible with the
integrator (Hairer et al., 1993). The calculated area-to-mass ratios of the satellite using
DOP853 and LSODA for the linear inflation and deflation of the balloon (which will be
described in detail in Chapter 4) over a single period are compared in Figure 3.1. The
advantages of using LSODA for the computations are clearly demonstrated in Figure 3.1,
as there is a significant amount of noise during the inflation and deflation periods in the
DOP853 trial.

1JPL Horizons database, last accessed: 25 March 2025
2JPL Horizons Queries, last accessed: 28 March 2025
3SciPy solve_ivp manual, last accessed: 28 March 2025

https://ssd.jpl.nasa.gov/horizons/
https://astroquery.readthedocs.io/en/latest/jplhorizons/jplhorizons.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.solve_ivp.html
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FIGURE 3.1: Area-to-mass ratio of the satellite over one period (about 9.0207
hours) using linear inflation and deflation for the DOP853 (left) and LSODA

(right) integration methods.
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Chapter 4

Methods of Harnessing Solar Radiation
Pressure

4.1 Tracking the Satellite for Inflation and Deflation

While the model can derive the position of the satellite with respect to both the Earth and
the Sun, as well as whether the device is within the Earth’s shadow, predicting its trajec-
tory presents a slightly more complicated problem. The solution chosen was to use the
dot product between the direction of the SRP and the satellite’s velocity, vsat, to determine
if the device is approaching or going away from the Sun. Derived from the dot product
equation, the cosine of the angle θ between these two vectors provides the model with an
understanding of the satellite’s trajectory:

cos(θ) =
r⊙,sat · vsat

vsatr⊙,sat
(4.1)

Although the magnitude of the acceleration due to SRP on the satellite will be 0 when the
satellite enters the Earth’s shadow as per Equations 2.11 and 2.17, the cosine equation is
not dependent on this value, and is thus able to track the satellite’s position regardless of
the shadow. As shown in Figure 4.1, the cosine value ranges from -1 at point B, when the
satellite is traveling exactly opposite the SRP, to 1 at point D, when the satellite is traveling
exactly along the Sun-satellite line. When the cosine is equal to 0 at points A and C, vsat

is perpendicular to the SRP.
For clarity, while the direction of SRP is notated as having a constant direction in Fig-

ure 4.1, the position vector from the Sun to the satellite is used for all cosine calculations
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FIGURE 4.1: Cosine of theta values for the angle between various satellite
trajectories and the SRP.

and may vary slightly in its angle.

4.2 Binary Inflation and Deflation

For binary inflation and deflation, the area-to-mass ratio flips between its minimum and
maximum values depending on the sign of cos(θ). When cos(θ) ≤ 0, the satellite is gen-
erally moving toward the Sun, so the area-to-mass ratio is set to its maximum value,
indicating a fully inflated balloon. Conversely, when cos(θ) > 0, the balloon is set to be
fully deflated, and the area-to-mass ratio switches to its minimum value.

As mentioned in Section 2.3.1, the ratio values used in this study were 0.04 m2/kg
and 1.0 m2/kg. The area-to-mass ratio values over time for a balloon experiencing binary
inflation and deflation over 36 hours are shown in Figure 4.2, while the cosine values for
this balloon are displayed in Figure 4.3.

As shown in Figures 4.2 and 4.3, the balloon’s area-to-mass ratio automatically switches
between its minimum and maximum values as the sign of the line of the cosine values
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FIGURE 4.2: Area-to-mass ratio in m2/kg for a balloon deploying binary in-
flation and deflation over 36 hours.

FIGURE 4.3: Cosine of theta values for a balloon deploying binary inflation
and deflation over 36 hours.
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crosses the x-axis, indicating a shift in direction of the balloon with respect to the SRP vec-
tor. Furthermore, the times when the balloon is deflated correspond with positive cosine
values, while the times when the balloon is inflated line up with negative cosine values.

The change in the semi-major axis values over this 36-hour period for the satellite
deploying a binary inflation and deflation process compared to that of a fully deflated
balloon is shown in Figure 4.4.

FIGURE 4.4: Comparison of the change in the semi-major axis in km over 36
hours for a balloon using binary inflation and deflation and a fully deflated

balloon.

The semi-major axis values for the balloon using binary inflation and deflation show
a significant deviation in behavior from those modeled using a fully deflated balloon,
which is pulled from the same data set used in Figure 2.5. The effect of the inflated bal-
loon is clearly visible, as the semi-major axis experiences a significant decrease during
deployment, while the periods correlated to a deflated balloon match the baseline behav-
ior observed in Figure 2.5. These alterations to the natural deviations of the semi-major
axis indicate that the model for deploying the balloon is working correctly.
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4.2.1 Inclination Trends

As previously discussed in Section 2.3.2, inclinations of 0.001, 23.44, 56.06, and 90 degrees
were considered for balloon tests. The calculated values for the cosine over 10 years at
each of these inclinations for a fully deflated balloon with a reflectivity coefficient of 1.88
are shown in Figure 4.5. As the inflation and deflation model relies on the identification

FIGURE 4.5: Cosine of theta over 10 years for a fully deflated balloon with
initial inclination values of 0.001 (top left), 23.44 (top right), 56.06 (bottom

left), and 90.0 degrees (bottom right).

of the cosine around values of 0, the graphs in Figure 4.5 offer promising results. For all
inclinations tested, the region along the x-axis where the sign change of the cosine occurs
displays a uniform behavior with no unexpected gaps in the data.

Conversely, there is a clear difference in the range of calculated cosine values over time
between each of the initial inclinations. The initial 0.001-degree inclination produced the
most uniform results, with a minimal sinusoidal change in the maximum and minimum
cosine values. For the 90.0-degree inclination trial, there is a similarly homogeneous sinu-
soidal trend with a nearly identical wavelength. However, the amplitude of the troughs
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is much lower than that in the 0.001-degree trial, which could be an indication that the
polar orbit periodically shifts so that the satellite is traveling nearly perpendicular to the
SRP, yielding less acceleration due to the perturbation.

The 23.44 and 56.06-degree trials introduce longer periodic sinusoidal trends on top
of the shorter sinusoidal waves. Interestingly, the 23.44-degree trial experienced times
where the amplitude of these waves remained close to 1, including from the start of the
trial until about 0.6 years, and again between around 7.5 and 8.75 years. These periods of
time are likely when the orbit is nearly parallel to the ecliptic plane before its inclination
begins to deviate. The large, sinusoidal decrease in the trough amplitude of the 56.06-
degree graph may be attributed to the resonance associated with that inclination.

4.2.2 Reflectivity

To better explore the relationship between the solar sail’s material properties and the bal-
loon’s orbital behavior, the model was used to track the effect of various reflectivity coef-
ficient values on the semi-major axis for binary inflation and deflation. Trials were con-
ducted using an initial near-equatorial inclination of 0.001 degrees, a 5-year time frame,
and an initial semi-major axis of 22,000 km. The coefficient values started at 1.0 and in-
creased in increments of 0.1 until the maximum possible reflectivity coefficient of 2.0 was
reached, as shown in Figure 4.6.

FIGURE 4.6: Minimum (left) and average (right) semi-major axis values after
5 years for a balloon deploying binary inflation and deflation.
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According to Figure 4.6, there is a linear correlation between the reflectivity coefficient
and both the minimum and average semi-major axis values after one year. As the reflec-
tivity coefficient of the material increases, the force due to SRP proportionally increases,
explaining the lower minimum and average semi-major axis values for the higher coef-
ficient trials. Thus, in an ideal scenario, the balloon should have the highest reflectivity
value possible to maximize the effect of SRP, a relationship indicated in Equation 2.11.

It should also be noted that a binary inflation and deflation trial with the same param-
eters as the reflectivity tests and a coefficient of 1.88 yielded a minimum semi-major axis
of 18445.2462 km and an average of 20141.9789 km, which are extremely close to their
respective values of 18439.5836 km and 20139.9676 km predicted by the linear trend line
equations in Figure 4.6. The deviation in these values from the predicted number can
be explained by the value of R2 for each trend line, as they are nearly, but not perfectly,
linear.

Thus, these relations can be used to estimate the minimum and average semi-major
axis values for any reflectivity coefficient with the same test parameters. It is also im-
portant to recall that the chosen reflectivity value is assumed constant across the entire
apparent area of the satellite, as the device is assumed to be a uniform sphere for the
cannonball model calculations from Chapter 2.

4.2.3 Binary Process Re-Entry Results

When identifying the best-case initial conditions for the simulation, all four trial inclina-
tions were first tested over a 50-year period to track their long-term behavior using binary
inflation and deflation. This time limit was put in place due to the extended period of
time required to run each test. The resulting plots of the semi-major axis and eccentricity
values over time are shown in Figures 4.7 and 4.8.

As shown in Figure 4.7, the satellite was able to complete the re-entry process using
binary inflation and deflation in about 35.72 years when starting with a 0.001-degree in-
clination and about 42.86 years when orbiting with an initial inclination of 23.44 degrees.
While the satellite in the 56.06-degree orbit managed to reach the outer limits of the at-
mosphere, as shown by the quick decrease in its semi-major axis at the end of the plot, it
was unable to complete the de-orbiting process with the 50-year time frame, though it is
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FIGURE 4.7: Semi-major axis values in km over 50 years (or until atmospheric
re-entry) for a satellite deploying the balloon with binary inflation and defla-

tion at inclinations of 0.001, 23.44, 56.06, and 90 degrees.
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likely that total re-entry would occur between 50 and 52 years based on the trends of the
two successful trial curves. The satellite in the polar orbit was unable to breach the upper
limits of the atmosphere during this test.

Regardless of inclination, the overall trends for the semi-major axis values displayed
in Figure 4.7 are very similar. If the first 5 years of these orbits were to be plotted, they
would display a decrease in their semi-major axis values that appears remarkably linear.
However, as this value continues to decrease, the slope of these curves starts to flatten
out, meaning that the orbit is shrinking at a slower rate than before, and the spherical sail
becomes less efficient. This is likely due to a combination of two reasons.

First, while the satellite orbits at higher altitudes, the perturbations due to SRP are
dominant in the system, making the de-orbiting process extremely efficient. As the satel-
lite gets closer to the Earth, however, the perturbations due to the planet’s oblateness and
gravity begin to limit the prominence of the acceleration due to SRP in the satellite’s EOM.

The second reason is that as the balloon gets closer to the Earth, the size of the planet’s
shadow gets larger and larger, resulting in less exposure to sunlight and, consequently,
radiation pressure with every period. The sharp decline in the semi-major axis at the
end of these trials is a clear sign that the satellite has encountered severe drag from the
atmosphere. The trends in eccentricity for these 50-year trials, as shown in Figure 4.8, are
less uniform. First, the sharp increase in eccentricity shown in the 0.001 and 23.44-degree
tests is a clear sign that the satellite encountered a resonance of some kind. It is beyond the
scope of this analysis to determine the cause of these resonances, as they can arise from
numerous combinations of orbital elements and perturbations. However, a connection
between these rising eccentricities and the faster re-entry times can be drawn.

Similarly, the slower re-entry process of the polar orbit can be tied to the surprising
drop in its eccentricity after about 30 years, which is likely also due to a resonance of
some kind. Another reason behind this slow progress to a lower orbit could be due to
the periodic trend of the satellite to fly nearly perpendicular to the SRP vector, as shown
in Figure 4.5 and previously discussed. Regarding the 56.06-degree trial, the steady rise
in eccentricity aligns with the expected behavior of orbits at this inclination for this time
frame, as was discussed in Section 2.3.2. This test also exhibited a near-instant drop in
eccentricity at the point where the satellite made contact with the atmosphere, which can
also be observed in the 0.001 and 23.44-degree plots. This sudden shift back to a more
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FIGURE 4.8: Eccentricity over 50 years (or until atmospheric re-entry) for a
satellite deploying the balloon with binary inflation and deflation at inclina-
tions of 0.001 (top left), 23.44 (top right), 56.06 (bottom left), and 90 degrees

(bottom right).
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circular orbit is due to the rapidity with which the satellite’s velocity decreases under the
influence of atmospheric drag.

4.3 Linear Inflation and Deflation

Contrary to the process of binary inflation and deflation, where the model determines
the satellite’s area-to-mass ratio based only on the current sign of the cosine value, lin-
ear changes to the balloon’s size are activated by a flip in the sign. To be more specific,
the model is programmed to recognize when the satellite velocity changes direction with
respect to the SRP vector by comparing each cosine of theta value with the value from
the previous iteration. If the product of these two numbers is negative, the satellite has
changed direction. While the possibility for the cosine of theta to equal 0 has been in-
cluded in the logic, it should be noted that this is an extremely rare occurrence due to the
precise nature of the integrator calculations. For simplicity, it was decided to associate
cosine values of 0 with negative cosine values. The logic behind this process is visually
represented in Figure 4.9.

As shown in Figure 4.9, the current and former values of the cosine, cos(θi) and
cos(θi−1), are the primary drivers behind the model’s decision to inflate or deflate the
balloon. If the product between these two values is greater than 0, the satellite is assumed
to be traveling in the same direction as it was before, and will continue either inflating or
deflating the balloon until it reaches its target area-to-mass ratio.

4.3.1 Linear Inflation Process

If the product between them is less than or equal to 0, the satellite’s velocity has changed
direction with respect to the SRP vector. If the former cosine value is greater than 0,
meaning the device was previously traveling with the SRP, and will now be flying against
it, the linear inflation process is activated. First, the instantaneous period of the orbit, Tinst,
is calculated using:

Tinst = 2π

√
a3

µ⊕
(4.2)
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FIGURE 4.9: Logic of linear inflation and deflation depending on the current
and former values of the cosine of theta.
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where a is the semi-major axis at the time the calculation is performed. The total time
for inflation, tin f , is then calculated by adding the time inflation was initiated, tin f ,0, to a
fraction of the period:

tin f = tin f ,0 +
Tinst

Nin f
(4.3)

where Nin f is defined by the user. In essence, once the time tin f has been reached, the
balloon will be fully inflated. This process is conducted using n number of time steps
between tin f ,0 and tin f as signals to inflate the balloon to a certain area-to-mass ratio for
each step. A visual representation of this inflation process compared to an ideal process
is shown in Figure 4.10.

FIGURE 4.10: Ideal and modeled linear inflation process of the area-to-mass
ratio for n time steps.

The area-to-mass ratio value at each step in the inflation process is calculated using:

AM = AMmin + (h∆AM) (4.4)
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where h is a number that indicates the current step, the change in the area-to-mass ratio
∆AM is found by dividing the difference between the maximum and minimum ratio
values, AMmax and AMmin, by the number of steps, n:

∆AM =
AMmax − AMmin

n
(4.5)

and h is a value that ranges from 0 to n depending on the current time step. To maintain
conservatism in the model, the area-to-mass ratio will not increase by ∆AM until after
a new time step is reached. For example, when the current time t falls between tin f ,0 ≤
t < tin f ,1, the value of h will be set to 0, and the area-to-mass ratio will be calculated as
the minimum value, AMmin, using Equation 4.4. Similarly, when the time t is between
tin f ,n−1 ≤ t < tin f , h will take the value of n − 1, and the area-to-mass ratio will be
calculated accordingly. For any time t ≥ tin f while the cosine remains less than or equal
to 0, the area-to-mass ratio will be set equal to its maximum value until a direction change
is detected and the deflation process begins.

4.3.2 Linear Deflation Process

To reiterate, if the product between them is less than or equal to 0, the satellite’s velocity
has changed direction with respect to the SRP vector. If the former cosine value is less than
or equal to 0, meaning the device was previously traveling against the SRP and will now
be flying with it, the linear deflation process is activated. First, the instantaneous period
of the orbit, Tinst, is calculated using Equation 4.2. Next, the total time for deflation, tde f ,
is then calculated by adding the time deflation was initiated, tde f ,0, to a fraction of the
period:

tde f = tde f ,0 +
Tinst

Nde f
(4.6)

where, similarly to the inflation process, Nde f is defined by the user, and the balloon will
be fully deflated once the time tde f has been reached. Similarly to the inflation process,
there are n time steps between tde f ,0 and tde f that indicate the correct area-to-mass ratio.
A visual representation of the deflation process is shown in Figure 4.11.
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FIGURE 4.11: Ideal and modeled linear deflation process of the area-to-mass
ratio for n time steps.
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The area-to-mass ratio value at each step in the deflation process is calculated using:

AM = AMmax − (h∆AM) (4.7)

where h is a number that indicates the current step, the change in the area-to-mass ratio
∆AM is found using Equation 4.5, and the value of h ranges from 0 to n, and correlates
with each time step, as shown in Figure 4.11. Just as with inflation, a level of conser-
vatism was implemented into the linear deflation process, as the area-to-mass ratio will
not decrease by ∆AM until a new time step is reached.

For example, when the current time t falls between tde f ,0 ≤ t < tde f ,1, the value of h
will be 0, and the area-to-mass ratio will be calculated as the maximum value, AMmax,
using Equation 4.7. Furthermore, when the time t is between tde f ,n−1 ≤ t < tde f , h will
be set to n − 1, and the area-to-mass ratio will be calculated accordingly. For any time
t ≥ tde f while the cosine remains greater than 0, the area-to-mass ratio will be set equal to
its minimum value until a direction change is detected and the inflation process begins.

It is important to note that in an effort to maintain linear behavior regardless of the
length of the period or selected inflation and deflation rates, the number of steps, n, was
set to 1000 for all trials using linear processes.

A visual demonstration of the linear inflation and deflation processes is shown in Fig-
ure 4.12, where the satellite is in a counter-clockwise orbit. A visual comparison between
the various inflation and deflation methods is shown in Figure 4.13.

The minimum area-to-mass ratio, which is the only value for the fully deflated balloon
in the top left graph of Figure 4.13, is set to 0.04 m2/kg, while the maximum value is 1.0
m2/kg, as it is for all trials. For visual clarity on the linear processes, the period fraction
values of Nin f and Nde f from Equations 4.3 and 4.6 are both set to 16.

4.3.3 Linear Inflation and Binary Deflation Behavior

The behavior of the balloon for various inflation times was tested by allowing inflation to
occur over increasing percentages of the total period. For each trial, the initial conditions
included a semi-major axis of 22,000 km, an inclination of 0.001 degrees, an eccentricity of
0.05, a reflectivity coefficient of 1.88, and a test length of 1 year. The results of these trials
are shown in Figure 4.14.
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FIGURE 4.12: Visual demonstration of the linear inflation and deflation pro-
cesses.
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FIGURE 4.13: Area-to-mass ratio over one period for a fully inflated and de-
flated balloon, as well as combinations of binary and linear inflation and de-

flation methods.

FIGURE 4.14: Minimum (left) and maximum (right) semi-major axis values
in km after 1 year for linear inflation over percentage intervals of the instan-

taneous period and binary deflation.
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FIGURE 4.15: Minimum (left) and average (right) semi-major axis values in
km after 1 year for linear inflation over small fractions of the period and bi-

nary deflation.

As displayed in Figure 4.14, between the 20 percent and 50 percent intervals, the trend
is nearly linear, with the increase in efficiency dropping off with longer inflation periods
after that. The most efficient inflation method in terms of lowering the semi-major axis
values was the 10 percent interval, as the balloon was fully inflated for a majority of its
time traveling against the SRP.

To identify a realistic fraction of the period for linear inflation to occur, the model was
next used to run trials with linear inflation and binary deflation over various fractions
of the instantaneous period, Tinst, as seen in Equation 4.3. The binary process was hy-
pothesized to be the most efficient method, as the semi-major axis values were lower for
the shorter inflation times. Thus, an emphasis was placed on testing linear inflation over
smaller, yet feasible, fractions of the period. The inflation times were calculated using
Equation 4.3 with the following Nin f values: 16, 24, 32, 40, 48, 56, and 64. The minimum
and average semi-major axis values from each trial were then plotted against the fraction
of the period over which the linear inflation occurred, as shown in Figure 4.15.

As predicted, limiting the required inflation time of the balloon yields better results
in terms of decreasing the semi-major axis. The lowest values for both the minimum
and average semi-major axis result from the trial with the shortest inflation time of one
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sixty-fourth of the period. The fact that the average values display the same trend as
the minimum values is an indication that the individual plots of the semi-major axis will
follow the same general structure as the binary process in Figure 4.7, only with steeper
slopes for shorter inflation times.

The best-case value of Nin f was chosen to be 32 for three reasons. First, the differences
between the results when Nin f is 24, 32, and 64 are minimal, as they are at the base of
what appears to be an exponential trend. Second, there is a decrease in the computation
time for lower values of Nin f , as the model completes the calculations for the inflation
process across fewer time steps. Finally, when considering real-world applications of this
system, less time for inflation means the gas must be pumped into the balloon faster,
which will likely generate more heat within the compressor due to the increased mass
flow rate. Considering that an Nin f value of 24 results in longer computation times and a
value of 64 provides minimal benefits while doubling the required mass flow rate of the
compressor, the decision to use 32 for Nin f is reasonable.

4.3.4 Binary Inflation and Linear Deflation Behavior

The behavior of the balloon was next tested for various deflation times by allowing the
deflation process to occur over increasing percentages of the total period. The model
was set with identical initial conditions as those used in the linear inflation and binary
deflation tests. The results of these trials are shown in Figure 4.16.

Figure 4.16 shows a similar trend to that of Figure 4.14, in that the shorter processing
time for the balloon to change sizes will result in more ideal values for the semi-major
axis. There is also a similar plateau in the efficiency, with minimal changes to the resulting
values.

As done with the inflation trials, the model was next used to run trials with binary
inflation and linear deflation over various fractions of the instantaneous period, Tinst,
as seen in Equation 4.6, to identify an ideal deflation period. The deflation times were
calculated using Equation 4.6, with the following Nde f values: 16, 24, 32, 40, 48, 56, and
64. The minimum and average semi-major axis values from each trial were then plotted
against the fraction of the period in which the linear deflation occurred, as shown in
Figure 4.17.
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FIGURE 4.16: Minimum (left) and maximum (right) semi-major axis values
in km after 1 year for binary inflation and linear deflation over percentage

intervals of the instantaneous period.

FIGURE 4.17: Minimum (left) and average (right) semi-major axis values in
km after 1 year for binary inflation and linear deflation over small fractions

of the period.
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It is abundantly clear from Figure 4.17 that longer deflation periods will yield higher
minimum and average semi-major axis values. Due to the high similarity between the
results of the linear inflation and deflation tests, a final value of 32 for Nde f was selected,
and the reasoning behind this choice remains the same as it was for the linear inflation
trials.

4.4 Long-Term Comparison of Methods

To truly understand the magnitude of the effect this de-orbiting method has on the satel-
lite’s trajectory, the semi-major axis values for a fully deflated balloon and a satellite using
linear inflation and deflation to harness SRP over 10 years at an inclination of 0.001 de-
grees were compared in Figure 4.18.

FIGURE 4.18: Comparison of the semi-major axis over 10 years for a fully
deflated balloon and a satellite using linear inflation and deflation.

The difference between deploying the balloon using linear inflation and leaving the
presumed non-functional satellite is extremely apparent in Figure 4.18. The model demon-
strates how the balloon is capable of decreasing the semi-major axis of the orbit by over
6000 km in just 10 years. When plotting the 10-year binary and linear processes, the two
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lines are nearly indiscernible from one another. For clarity, the semi-major axis values
from only the last year of these trials are compared in Figure 4.19.

FIGURE 4.19: Comparison of semi-major axis values for the binary and linear
processes for the last year of a 10-year trial.

Figure 4.19 shows that while binary inflation and deflation are the ideal processes for
harnessing the SRP to de-orbit, the linear process is extremely efficient, with a mere 31.22
km difference in their final semi-major axis values after 10 years.
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Chapter 5

Real-World Applications

5.1 Best-Case Solutions

In order to determine the best-case solution for the proposed de-orbiting model, it is first
important to reiterate the constraints that each trial adhered to. First, the initial semi-
major axis value was 22,000 km, and a near-circular initial eccentricity of 0.05 was em-
ployed. The chosen reflectivity coefficient value was 1.88, and the initial values for the
argument of the perigee, right ascension of the ascending node, and mean anomaly were
set to 0 degrees. The area-to-mass ratio of the 100 kg satellite ranged from 0.04 to 1.0
m2/kg, and both Nin f and Nde f were set to 32 per the reasoning in Section 4.3.3, meaning
that the inflation and deflation processes occurred over one-thirty-second of the period.

In terms of the ideal set-up to attain the minimum time until re-entry, it is appropriate
to model the 0.001-degree orbit using linear inflation and deflation as a baseline, as this
inclination yielded the fastest re-entry time during the binary trials in Section 4.2.3. Fur-
thermore, as this study is meant to model the de-orbit process for non-functional satellites
in graveyard GNSS orbits, the linear process for a 56.06-degree inclination orbit is also
plotted in Figure 5.1. As shown in Figure 5.1, the time until atmospheric re-entry for a
satellite with an initial inclination of 0.001 degrees is approximately 34.9608 years, which
is surprisingly 0.7594 years (or 9.1128 months) faster than the binary process with the
same initial parameters shown in Figure 4.7. The 56.06-degree trial resulted in a re-entry
time of 50.1407 years. The eccentricity values for these trials are shown in Figure 5.2.

The decrease in the total time for the 0.001-degree de-orbit process could be due to
the conditions present when the satellite began to experience resonance. For example, the
slight deviations in eccentricity, inclination, semi-major axis, or any other orbital element
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FIGURE 5.1: Semi-major axis values in km over time in years until atmo-
spheric re-entry for a satellite deploying the balloon with linear inflation and

deflation at inclinations of 0.001 and 56.06 degrees.
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FIGURE 5.2: Eccentricity over time in years until atmospheric re-entry for a
satellite deploying the balloon with linear inflation and deflation at inclina-

tions of 0.001 and 56.06 degrees.
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due to the linear deployment of the balloon could have caused changes to the EOM that
resulted in this unexpected development. The overall trends of both eccentricity plots
match those seen in the binary tests from Figure 4.8.

5.2 GPS Case Study

The model was then used to conduct a case study using GPS orbit data to estimate the
balloon’s impact on this GNSS satellite constellation. The trial used initial values of 26,560
km for the semi-major axis, 0.001 for eccentricity, and 55 degrees for inclination (Teunissen
& Montenbruck, 2017). All other initial parameters match those of the best-case solution
trials. Figure 5.3 shows how the semi-major axis decreases using these conditions.

FIGURE 5.3: Semi-major axis in km over time until re-entry for the GPS case
study trial using linear inflation and deflation.

As shown in Figure 5.3, when modeling the GPS satellite, re-entry occurs after 61.3602
years. While the initial semi-major axis was 4,560 km larger than all other trials, the trend
of this value remained nearly identical. This indicates that the de-orbit process using
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the spherical solar sail is feasible for orbits with higher altitudes, such as those contain-
ing GNSS satellites. The correlating values of the eccentricity over time are displayed in
Figure 5.4.

FIGURE 5.4: Eccentricity over time until re-entry for the GPS case study trial
using linear inflation and deflation.

While the amplitude of the fluctuating eccentricity values in Figure 5.4 generally de-
creases over time, the values have a longer periodic increase, matching the trends shown
in the 56.06-degree inclination trials, especially later in the process. It should be noted that
as the initial eccentricity value was lowered by 0.04, this is likely a factor in the orbital be-
havior. Furthermore, as the satellite is passing through the 56.06-degree resonance region
rather than starting in it, the effects are less uniform, leading to less predictable behavior
in the eccentricity.
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5.3 Spherical Solar Sail Materials

The ideal material for the outer shell of the inflatable balloon must meet several qual-
ifications. First, its optical properties must maximize the perturbations due to SRP by
prioritizing reflectivity. Reflected photons will impart more momentum onto surfaces
than absorbed photons, thus generating more acceleration. Next, in order to maintain a
high area-to-mass ratio, the sail must be as lightweight as possible. The material must
also be able to withstand the effects of radiation for very long periods of time. Finally, the
balloon must be made of a flexible material with a high enough tensile strength to avoid
tearing when the structure is inflated. The material must also be elastic so as to limit per-
manent deformation during the inflation and deflation processes as much as possible. As
mentioned in Chapter 2, the material chosen for the model was a Mylar sheet with an alu-
minum coating that boasts a reflectivity coefficient of 1.88. Other common materials used
for solar sail membranes include Kapton and Teonex, each of which boasts a reflectivity
value of 0.9 when coated with 100 nm of Aluminum (Zhao et al., 2023; Kang et al., 2021).

Unfortunately, as these traditional materials are not manufactured to withstand re-
peated folding and stretching experienced by this balloon, in order for this technology to
become applicable to real-life missions, significant improvements in the field of advanced
membrane materials must first be made.

5.4 Compressor Specifications

In order for the balloon to alter its area-to-mass ratio, there must be a system in place to
inflate and deflate it. As a conservative measure, it was decided that the balloon should be
able to withstand a maximum pressure difference P of one atmosphere, or approximately
101,325 Pa. Luckily, space is a vacuum, meaning that unlike on Earth, there is no ambient
pressure, which reduces the required amount of gas to generate this difference.

Although Helium has traditionally been used to pressurize rigid fuel tanks in space
and calculations for its pressure and volume at various temperatures have been con-
ducted (Kwon et al., 2012), it is also used for leak tests due to its small molecular size
and quantum tunneling property. Thus, it was decided to use Argon as the inflation gas
for the balloon case study, as it can be used for inflatable devices in space.
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Given the apparent area-to-mass ratio constraints of 0.04 and 1.0 m2/kg, the cross-
sectional area Ac of the fully inflated balloon can be calculated by multiplying these val-
ues by the satellite’s presumed mass msc of 100 kg and taking the difference between
them:

Ac = msc(AMmax − AMmin) (5.1)

This yields a maximum cross-sectional area of approximately 96.0 m2 for the balloon.
Next, the radius of the balloon, rb, can be found using:

rb =

√
Ac

π
(5.2)

which gives a balloon radius of 5.528 m that can be used to calculate the total volume of
the balloon:

Vb =
4
3

πr3
b (5.3)

which comes out to approximately 707.572 m3.
This is an extremely reasonable size for the fully inflated balloon, as NASA’s spherical

Echo I balloon deployed with a 30.48 m diameter1, while Echo II boasted an astounding
41 m diameter2, which is nearly four times the size of the balloon in this study. This
number is also promising for real-world applications, as it has been proven possible to
construct larger inflatable balloons, which could be used to further improve the re-entry
times.

That being said, the inflation of the entire balloon would be extremely inefficient, es-
pecially considering that it must be fully inflated and deflated each time the satellite com-
pletes an orbit around Earth. As the orbit size decreases, the intensity of the process will
rise, with less time to inflate and deflate, and decreased downtime for the compressor.
Furthermore, should any space debris puncture a hole in the film, all of the gas inside the
balloon would immediately escape, leaving behind another non-functional satellite. In-
stead, the balloon must have an internal structure stable enough to maintain its spherical
shape, yet flexible enough to fold down as much as possible as it deflates.

One option is to line the inner wall of the balloon with closed inflatable film sleeves

1NASA Space Science Data Coordinated Archive: Echo I, last accessed: 3 April 2025
2NASA Space Science Data Coordinated Archive: Echo II, last accessed: 3 April 2025

https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=1960-009A
https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=1964-004A


Chapter 5. Real-World Applications 57

FIGURE 5.5: A section cut of the proposed balloon design. Drawing is not to
scale.

that, when filled with gas, would expand the solar sail into its spherical shape. These
film sleeves could each be attached to a compressor nozzle at the base of the balloon. For
the following calculations, it is assumed that eight equidistantly spaced inflatable film
sleeves are used, and that each is perfectly circular with a 0.1524 m (or 6-inch) diameter.
A section cut of the proposed balloon design is shown in Figure 5.5.

Each sleeve is assumed to reach from the base of the sphere to its opposite point (the
top). While in practice, each sleeve may be sealed off into several different inflatable
compartments to prevent the total loss of gas should a collision with debris occur, these
calculations assume that each sleeve is a continuous volume. If two sleeves on opposite
sides of the balloon are combined and modeled as a single torus inside the sphere with
a minor radius rt of 0.0762 m (or 3 inches), as that is the distance from the shell of the
sphere to the centerline of the torus ring, and a major radius Rt found using:

Rt = rb − rt (5.4)

which yields a value of 5.376 m, then the volume of each of the four tori can be calculated
as:

Vt = 2π2r2
t Rt (5.5)
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This value can then be multiplied by four (when neglecting to subtract out the inter-
secting volumes of the four rings) to find that the total volume of the inflated space is
approximately 13.623 m3.

According to a survey conducted for the NASA Electronic Parts and Packaging Pro-
gram, for orbits with altitudes less than 20,000 km, the unmanaged environmental tem-
peratures felt by the spacecraft hardware can range from -65°C to 125°C3. As the balloon
system has an assumed maximum pressure difference of 1 atm, and the pressure of ideal
gases increases at higher temperatures when constrained to a volume, the maximum al-
lowable number of moles of the Argon gas within the system will be calculated using the
ideal gas law at a temperature of -65°C, or 208.15 K:

PV = nmolRτ (5.6)

where P and V the pressure and volume inside the total ring structure, nmol is the number
of moles of Argon, R is the ideal gas constant, and τ is the absolute temperature. The
resulting number of moles of Argon, or 797.801 moles, can be used to find the mass of
Argon in the balloon using:

m = Mmolnmol (5.7)

where Mmol is the molar mass of Argon. This yields a maximum allowable mass of Argon
of 31.871 kg for the balloon inflation system, given the previous assumptions and parame-
ters. Based on the data collected from the best-case solutions in Section 5.1, the minimum
semi-major axis experienced by the balloon, a, is 6575.53 km from the 56.06-degree trial,
which can be used to calculate its minimum period, Tmin, using:

Tmin = 2π

√
a3

µ⊕
(5.8)

This equation yields a minimum period of 5306.48 seconds (or about 1.47 hours), which
can be used to calculate the maximum mass flow rate, ṁ, the compressor must be capable
of discharging, factoring in the fraction of the period allowed for inflation and deflation,

3Environmental Conditions for Space Flight Hardware: A Survey (2005), last accessed: 31 March 2025

https://ntrs.nasa.gov/citations/20060013394
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N, which is set to 32:

ṁ =
mN
Tmin

(5.9)

The resulting maximum flow rate that the compressor must be able to discharge is there-
fore 0.19219 kg/s over 2.764 minutes, considering the outlined circumstances.

Using this same calculation process, the maximum allowable inflation time for GPS
satellites and the correlated minimum mass flow rate can be found. By inputting the data
from the GPS case study trial, and selecting a temperature of 125°C and semi-major axis
of 26,560 km, a minimum mass flow rate of 0.012377 kg/s over about 22.436 minutes was
calculated.

To power the compressor, the de-orbiting device could include small solar cells, simi-
lar to those employed by Echo I4, or solar panels, such as those used for Echo II5. In either
case, each component of the inflatable device is powered by solar energy. Further analysis
beyond the scope of this study could be conducted to determine a design for the proposed
pump, solar panel placement, and compressed air chamber to fit within the satellite bus.

It should be noted that while current state-of-the-art sleeve designs provide high de-
ployment speeds and small storage volumes, they are less reliable in terms of movement
control and are susceptible to plastic deformation when folded (B. Wang et al., 2024).
Furthermore, the repeated inflation and deflation may introduce fatigue into the balloon,
leading to its eventual failure. While these shortfalls of inflatable devices may be concern-
ing, an investigation into technical solutions is out of the scope of this research.

4NASA Space Science Data Coordinated Archive: Echo I, last accessed: 3 April 2025
5NASA Space Science Data Coordinated Archive: Echo II, last accessed: 3 April 2025

https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=1960-009A
https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=1964-004A
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Chapter 6

Summary and Recommendations

6.1 Summary

The model was successful in accomplishing the main goals of the study. The results in-
dicate that deploying a spherical solar sail using linear inflation and deflation methods is
a feasible de-orbiting method for non-functional GNSS satellites in lower-altitude grave-
yard orbits and other MEO space debris. When compared with the ideal, binary deploy-
ment system, the linear process demonstrated high levels of efficiency. In the best-case
solution for a realistic process, this technique is capable of de-orbiting a non-functional
GNSS device in a near-circular graveyard orbit with an initial semi-major axis of 22,000
km and an inclination of 56.06 degrees in 50.14 years. For inclinations of 0.001 degrees,
the time until re-entry drops to 34.96 years, which is a surprising improvement from the
35.72 years calculated in the binary tests, likely due to the conditions of the satellite’s orbit
when resonance was encountered. Furthermore, for the GPS case study, re-entry occurred
after 61.3602 years.

These times can be cut by increasing the size of the balloon used in the model, as much
larger inflatable reflective spheres have been constructed for in-space use before. As per-
turbations due to atmospheric drag become dominant at altitudes less than 800 km, the
analysis window for LEO satellites using this model would be extremely small, but pos-
sible. While the proposed de-orbiting technology could also be applicable to retired GEO
satellites in graveyard orbits, their high altitudes are not ideal, considering the required
computation times. The results of this study are also promising for the prospect of us-
ing this technology to send probes back into higher orbits by reversing the timing of the
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inflation and deflation processes, resulting in a continuous, fuel-less cycle of de-orbiting
non-functional satellites.

6.2 Recommendations

The proposed technology in this paper is in an exciting phase of development, as there
are many complexities that could be introduced to the model. These recommendations
cover many aspects of the project and may require their own individual studies should
they be pursued.

While the cannonball model is effective for the scope of this research, it presents sev-
eral restrictions when considering a more realistic model of the satellite:

• First, the entire device is considered to have a single reflectivity coefficient. In reality,
it is unlikely that the balloon and the satellite body will be made or coated with the
same material, a consideration that could be implemented into future versions of
this model.

• Second, the satellite is assumed to have a perfectly spherical shape, regardless of the
state of the balloon. Depending on its design, it is possible that the balloon will not
maintain a perfectly spherical shape while inflating or deflating. The impact of de-
creasing symmetry and subsequent generation of SRP torque on the device, as well
as the resulting variation in the direction of the resultant force vector, introduces a
level of complexity that the current model does not address.

• Further, the shape of the satellite bus attached to the balloon is not currently con-
sidered in the model. The impact of the satellite body becoming oriented with the
Sun and lowering the apparent area of the balloon for SRP calculations should be
considered in future analysis.

Another possible improvement for the model is the optimized prediction of the satellite’s
trajectory:

• More specifically, the model could be modified to inflate the balloon preemptively
while the device is in the Earth’s shadow before it begins to travel toward the Sun.
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As it stands, the shadow function value bears no impact on the model’s decision to
inflate or deflate the balloon.

• Furthermore, improvements to the calculation of the trajectory when the satellite
is changing direction with respect to the SRP could be made. Currently, the cosine
value from Equation 4.1 occasionally flips between positive and negative numbers
several times within the integrator when the satellite velocity is nearly perpendic-
ular to the SRP. Each time the sign changes, the inflation or deflation process will
begin, which is not an ideal process for an actual pump to experience, though the
impact of this discrepancy on the overall results is likely minimal due to the ex-
tremely small time steps over which it occurs.

Other aspects of this model that could be developed include the following:

• Future analysis could measure the effects of varying types of inflation and defla-
tion rates, such as exponential inflation, to identify the optimal solution for the de-
orbiting process.

• Another avenue for future research would be the identification and analysis of the
resonances discovered in the long-term binary and best-case solution trials. One
current hypothesis is that changing the order and degree of the spherical harmonics
coefficients used, and thus, factoring in more than just the J2, could alter the impact
of these resonances.

• Finally, the impact of the balloon on satellites in LEOs with atmospheric drag was
also out of the scope of this research, but could be of interest in the future, as it will
be important to know how the balloon’s shape and overall impact on the trajectory
will change when the outside air pressure increases.
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Chapter 7

Model Code Access

All Python software files and descriptions of the program used in the model can be found
on the following public GitHub page: https://github.com/tara-eldridge/SRP-Orbital-
Simulator.git

https://github.com/tara-eldridge/SRP-Orbital-Simulator.git
https://github.com/tara-eldridge/SRP-Orbital-Simulator.git
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