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Newton's Law of Universal Gravitation is a foundational principle in physics
that describes the attractive force between two masses. It states that every
point mass attracts every other point mass in the universe with a force that
is directly proportional to the product of their masses and inversely
proportional to the square of the distance between them. This law not only
explains the motion of planets and stars but also provides a critical
framework for understanding artificial satellites orbiting Earth. By applying
Newton's law, scientists and engineers can predict satellite trajectories,
design stable orbits, and understand the forces acting upon satellites in
space.

Understanding Newton's Law of Universal
Gravitation

The Law's Mathematical Expression

Newton's Law of Universal Gravitation is mathematically expressed as:

2

o F =G (m m,) / r

Where:

- F is the magnitude of the gravitational force between two objects,

- G is the gravitational constant (approximately 6.674 x 10-11 N: (m/kg)2),
- ml and m2 are the masses of the two objects,

— r is the distance between the centers of the two masses.

This formula encapsulates the core of gravitational interactions, emphasizing
how the force diminishes with increasing separation and increases with larger
masses.

Application to Celestial and Artificial Bodies

Historically, Newton's law explained the motions of planets, moons, and
comets. In the context of satellites, the law facilitates understanding how
artificial objects stay in orbit and what influences their paths.



Explaining Satellite Movement Using Newton's
Law

Gravity as the Centripetal Force

A satellite in orbit around Earth remains in a continuous free-fall towards
the planet. However, because of its tangential velocity, it keeps missing
Earth, resulting in a stable orbit. From Newton's perspective:

e The Earth's gravitational pull acts as the centripetal force necessary
to keep the satellite in circular or elliptical motion.

e The satellite's velocity and the Earth's mass determine the nature of
its orbit.

Mathematically, for a satellite in a circular orbit:
- Fgravity = Fcentripetal

which gives:
- G (Mem) / r2 =mv2 / r

where:

- Me is Earth's mass,

- m is the satellite's mass,

- r 1s the radius of the orbit,
- v is the orbital velocity.

From this, the orbital velocity v can be derived as:
- v =4V[G Me / r]

This equation demonstrates how the gravitational force directly determines
the satellite's orbital speed for a given altitude.

Determining Satellite Orbits

Using Newton's law, engineers can calculate and predict various types of
satellite orbits:

1. Low Earth Orbit (LEO): Typically at altitudes of 160-2,000 km, where
gravitational forces are strong, and satellites move quickly.

2. Geostationary Orbit (GEO): At approximately 35,786 km altitude, where
satellites orbit at a velocity matching Earth's rotation, appearing
stationary relative to a point on Earth's surface.

3. Polar Orbit: Passing over Earth's poles, useful for Earth observation
satellites.

In each case, Newton's law helps determine the required velocity, orbital
radius, and the influence of Earth's gravity on satellite motion.



Factors Affecting Satellite Movement Explained
by Newton's Law

Orbital Velocity and Altitude

According to Newton's law, the higher the satellite's altitude, the weaker
the gravitational pull, leading to a lower orbital velocity. Conversely,
satellites closer to Earth experience a stronger gravitational force and thus
require higher velocities to maintain stable orbits.

Orbital Eccentricity and Shape

Newton's law accounts for elliptical orbits where the distance r varies over
time. The gravitational force changes with r, affecting the satellite's speed
at different points in its orbit:

e At periapsis (closest point), gravity is stronger, and the satellite
moves faster.

e At apoapsis (farthest point), gravity weakens, and the satellite slows
down.

This variation is consistent with Kepler's laws but fundamentally explained
through Newton's inverse-square law.

Effects of External Forces and Perturbations

While gravity is the primary force, other factors influence satellite
movement :
e Atmospheric drag at lower altitudes causes gradual orbital decay.

e Gravitational influences from the Moon, Sun, and other planets cause
small perturbations.

e Farth's oblateness leads to precession of orbital planes.

Newton's law provides the baseline understanding of gravitational

interactions, upon which these perturbations are analyzed and compensated for
in satellite navigation.

Calculating Satellite Trajectories and Orbits



Using Newton's Law for Predicting Satellite Paths

To predict a satellite's future position, scientists use Newton's law to set
up equations of motion:

e Newton's second law (F = m a) combined with the gravitational force
gives:

a=GgGDMe / r2

which can be integrated over time to simulate the satellite's trajectory.

Orbital Parameters and Data Analysis

By measuring the satellite's position and velocity at specific times,
engineers can:

1. Calculate the orbit's shape and size.
2. Predict future positions.

3. Adjust the satellite's trajectory using thrusters to maintain desired
orbit parameters.

All these calculations rely fundamentally on Newton's law of universal
gravitation.

Conclusion

Newton's Law of Universal Gravitation is instrumental in understanding and
predicting satellite movement. By quantifying the gravitational force between
Earth and a satellite, this law explains why satellites stay in orbit, how
their velocities vary with altitude, and how they respond to perturbations.
It provides the mathematical framework necessary for designing satellite
missions, maintaining stable orbits, and ensuring accurate navigation and
communication systems. Without Newton's law, the precise control and
understanding of satellite motion would be exceedingly difficult,
underscoring its enduring importance in space science and engineering.

Frequently Asked Questions

How does Newton's Law of Universal Gravitation
explain the orbit of a satellite around Earth?
Newton's Law states that every two objects attract each other with a force

proportional to their masses and inversely proportional to the square of the
distance between them. This gravitational force provides the centripetal



force necessary for a satellite to stay in orbit, balancing its inertia and
keeping it in continuous free fall around Earth.

What role does the gravitational force play in
maintaining a satellite's constant speed in orbit?

The gravitational force acts as the centripetal force that constantly pulls
the satellite toward Earth, allowing it to move in a curved path at a
constant speed, according to Newton's Law. This balance ensures the satellite
remains in stable orbit without spiraling inward or drifting away.

How can variations in a satellite's altitude be
explained using Newton's Law of Universal
Gravitation®?

As a satellite's altitude increases, the distance between it and Earth grows,
which according to Newton's Law reduces the gravitational force. This
decrease in force results in a lower orbital speed, explaining why satellites
at higher altitudes move more slowly and have larger orbits.

In what way does Newton's Law help in calculating the
orbital velocity of a satellite?

Newton's Law provides the relationship between gravitational force and
orbital velocity. By equating the gravitational force to the required
centripetal force, we can derive the formula for orbital velocity, which
depends on the mass of Earth, the satellite's orbital radius, and
gravitational constant.

How does Newton's Law of Universal Gravitation
explain the stability of satellite orbits?

The law explains that the gravitational force acts as a central force,
continuously pulling the satellite towards Earth. When the satellite's
tangential velocity is just right, this force results in a stable, circular
or elliptical orbit, preventing the satellite from crashing into Earth or
escaping into space.

Can Newton's Law of Universal Gravitation be used to
predict satellite motion in other planetary systems?

Yes, Newton's Law applies universally, so it can be used to analyze and
predict the motion of satellites around other planets, moons, or celestial
bodies, provided their masses and distances are known, allowing for
calculations of orbits and trajectories.

How does understanding Newton's Law of Universal
Gravitation assist in satellite mission planning?

It helps engineers calculate necessary launch velocities, determine stable
orbital parameters, and predict satellite behavior under gravitational
influences, ensuring successful deployment and operation of satellites in
desired orbits.



Additional Resources

Newton's Law of Universal Gravitation has stood as a cornerstone of classical
physics since Sir Isaac Newton first formulated it in the 17th century. Its
profound influence extends beyond theoretical physics into practical
applications such as space exploration, satellite technology, and
understanding celestial mechanics. At its core, the law provides a
mathematical framework to describe the gravitational attraction between two
masses, which is fundamental to explaining the movement of satellites
orbiting Earth and other celestial bodies. This article delves into how
Newton's Law of Universal Gravitation can be employed to analyze and predict
satellite motion, illuminating the principles, equations, and practical
considerations involved.

Understanding Newton’s Law of Universal
Gravitation

Fundamental Principles

Newton's Law of Universal Gravitation states that every point mass attracts
every other point mass in the universe with a force that is directly
proportional to the product of their masses and inversely proportional to the
square of the distance between their centers. Formally, the law is expressed
as:

\[ F = G \frac{m_ 1 m 2} {r*2} \]
Where:

- \( F \) is the magnitude of the gravitational force between the two masses,
- \( G \) is the gravitational constant (\(6.674 \times 10~{-11} \,
\mathrm{Nm"2/kg~2}\)),

- \(m_1\) and \( m_2 \) are the masses of the two objects,

- \( r \) is the distance between the centers of the two masses.

This law implies a universal attractive force, acting along the line
connecting the two masses, that governs the motion of bodies ranging from
planets and stars to satellites orbiting Earth.

Implications for Orbital Motion

In the context of satellites orbiting Earth, Newton’s law indicates that the
satellite experiences a continuous gravitational pull toward the planet’s
center. This force provides the necessary centripetal force to keep the
satellite in a stable orbit, balancing the tendency of the satellite to move
in a straight line due to inertia.



Applying Newton’s Law to Satellite Motion

Deriving Orbital Mechanics

The fundamental step in understanding satellite movement through Newton's law
involves equating the gravitational force to the required centripetal force
for circular motion. For a satellite of mass \( m \) orbiting Earth of mass
\( M \), at a radius \( r \) from Earth's center, the forces are:

\[ F_{gravity} = G \frac{M m}{r"2} \]

\[ F_{centripetal} = \frac{m v*2}{r} \]

Where:

- \( v \) is the orbital velocity of the satellite.

Setting these equal (since gravity provides the centripetal force):

\[ G \frac{M m}{r*2} = \frac{m v*2}{r} \]

Simplifying:

\[ v*2 = G \frac{M}{r} \]

N[ v = \sgrt{G \frac{M}{r}} \]

This expression reveals that the orbital velocity depends solely on the mass
of Earth and the radius of the orbit, a direct consequence of Newton's law.

Determining Orbital Parameters

Orbital Velocity: As shown, the satellite must travel at:
N[ v = \sqgrt{G \frac{M}{r}} \]
to maintain a stable circular orbit.

Orbital Period: The time \( T \) it takes for one complete orbit can be
derived from the circumference:

\[ T = \frac{2 \pi r}{v} = 2 \pi r \sgrt{\frac{r}{G M}} \]

Orbital Energy: The total mechanical energy \( E \) of a satellite in orbit
combines kinetic and potential energy:

\[ E = KE + PE = \frac{1}{2} m v*2 - G \frac{M m}{r} \]

Since \( v*2 =G M/ r \):

\[ E = \frac{1}{2} m \left( G \frac{M}{r} \right) - G \frac{M m}{r}
\frac{1}{2} G \frac{M m}{r} \]

This negative energy indicates a bound, stable orbit.



Practical Applications and Considerations in
Satellite Movement

Predicting Satellite Trajectories

Using Newton's law, engineers and scientists can accurately predict the
trajectory of satellites. By inputting known variables such as Earth's mass,
satellite mass, and initial position and velocity, they can determine whether
the satellite will enter a stable orbit, escape Earth's gravity, or fall
back.

Steps in trajectory prediction:

— Calculate initial velocity needed for the desired orbit using the derived
formulas.

- Model the gravitational force at various points along the trajectory.

— Use numerical methods to simulate the satellite's path over time,
accounting for perturbations.

Accounting for Perturbations and Real-World Factors

While Newton's law provides foundational insights, real-world satellite
movement involves additional complexities:

— Atmospheric Drag: Especially in low Earth orbit (LEO), atmospheric
particles exert drag, gradually decreasing orbital speed and altitude.

— Earth's Oblateness: The Earth is not a perfect sphere; its equatorial bulge
causes variations in gravitational pull, affecting satellite orbits.

— Gravitational Influences from Other Bodies: The Moon, Sun, and other
planets exert additional gravitational forces, leading to orbital
perturbations.

— Solar Radiation Pressure: Photons from the Sun exert small but cumulative
forces on satellites.

Engineers incorporate these factors into their models through perturbation

analysis, often employing Newton’s law as a starting point and adding
correction terms.

Limitations of Newton’s Law and the Need for
Relativity

While Newton's law is remarkably effective for most satellite calculations,
its limitations become evident in certain regimes:

— High-velocity scenarios: When satellites approach a significant fraction of



the speed of light, relativistic effects become non-negligible.

- Strong gravitational fields: Near massive bodies like black holes,
Newtonian physics fails to accurately describe motion, and General Relativity
must be used.

For Earth-orbiting satellites, however, Newton's law remains highly accurate,
with relativistic corrections applied primarily in GPS satellite systems to
maintain precision.

Conclusion: The Power and Precision of
Newtonian Gravitation

The application of Newton's Law of Universal Gravitation to satellite
movement exemplifies the power of classical physics in explaining and
predicting complex phenomena. From calculating the necessary orbital velocity
to understanding the effects of perturbations, Newton's law remains a
fundamental tool in space science. Its simplicity and accuracy have made it
indispensable in designing satellite missions, ensuring communication
networks, weather forecasting, navigation, and scientific exploration.
Although modern physics extends beyond Newtonian mechanics, especially in
extreme environments, the law continues to serve as an essential foundation
for understanding the dance of satellites around our planet and beyond.

In summary, Newton's law provides a clear, quantitative framework for
understanding how satellites move under Earth's gravitational influence. By
analyzing the forces at play and deriving key parameters such as orbital
velocity and period, scientists and engineers can design, predict, and
optimize satellite trajectories, ensuring their stability and functionality
in the vast expanse of space.
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