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In Newton's Cannonball Experiment, If The Velocity Is Equal The Orbital Velocity
The Cannon BallwillO—a statement that encapsulates the fundamental principles of
orbital mechanics and Newtonian physics. This thought experiment, originally proposed by
Sir Isaac Newton, offers profound insights into how objects behave when launched with
various velocities from a high mountain or a hypothetical cannon atop a tall tower. It helps
us understand the delicate balance between gravity and velocity that dictates the motion of
celestial bodies and artificial satellites alike. In this article, we delve deep into the
mechanics behind Newton's Cannonball, explaining what happens when a projectile
reaches the orbital velocity and exploring the implications of this phenomenon in modern
physics and space exploration.

Understanding Newton's Cannonball Experiment

Historical Context and Conceptual Foundations
Newton's Cannonball experiment is a thought experiment that illustrates the concept of
gravity and orbital motion. Newton imagined a cannon placed atop a high mountain, firing
projectiles at varying speeds. At low velocities, the cannonball would fall back to Earth,
following a curved trajectory. As the velocity increases, the trajectory becomes more
extended, eventually forming a circle or an ellipse around the planet. When the initial
velocity equals what we now call the orbital velocity, the projectile would continuously fall
around the Earth, effectively becoming a satellite in orbit.

This thought experiment was pivotal in shifting the understanding of gravity from a force
acting at a distance to a fundamental property governing motion. Newton envisioned that if
the cannonball's velocity was high enough, it would not hit the ground but instead circle the
Earth indefinitely—an early conceptualization of what we now know as orbital motion.

Defining Orbital Velocity

What is Orbital Velocity?
Orbital velocity is the minimum velocity an object must have to maintain a stable, circular
orbit around a celestial body without falling back to the surface or escaping into space. It
depends on the mass of the planet or star, the radius of the orbit, and the gravitational
constant.



Mathematically, the orbital velocity \( v_o \) for a circular orbit is given by:

\[
v_o = \sqrt{\frac{GM}{r}}
\]

where:
- \( G \) is the gravitational constant,
- \( M \) is the mass of the planet or celestial body,
- \( r \) is the radius of the orbit (distance from the center of the planet to the object).

This velocity ensures that the centripetal force required for circular motion equals the
gravitational pull acting on the object.

Significance of Achieving Orbital Velocity
Achieving orbital velocity implies that the projectile (or satellite) is moving fast enough so
that its path curves along with the surface of the Earth, resulting in a continuous free-fall
around the planet. It is the threshold velocity for stable, circular orbit, and is crucial for
satellite deployment, space station positioning, and space exploration missions.

What Happens When the Cannonball Reaches
Orbital Velocity?

Orbit Formation and Stability
When the cannonball is fired with a velocity exactly equal to the orbital velocity, it enters
into what is called a circular orbit. In this state:
- The projectile is in a continuous free fall, but because of its high horizontal velocity, it
keeps missing the ground.
- The gravitational pull provides the necessary centripetal force to keep the projectile
moving in a circle.
- The motion is stable, provided no external forces act upon it, such as atmospheric drag or
gravitational perturbations from other bodies.

This idealized scenario assumes a vacuum and no atmospheric resistance, which is only
approximately true in space.

Real-World Implications and Challenges
In practice, achieving perfect orbital velocity involves overcoming various technical
challenges:
- Precise velocity control during launch.
- Accounting for atmospheric drag at lower altitudes.
- Correcting for gravitational influences from other celestial bodies.



- Ensuring the launch vehicle provides the necessary energy without overshooting or
undershooting the target velocity.

Moreover, in the Earth's atmosphere, reaching the orbital velocity requires overcoming drag
and air resistance, which necessitates multi-stage rockets and complex engineering.

Consequences of Exactly Achieving Orbital
Velocity

Stable Circular Orbit
If the projectile attains exactly the orbital velocity:
- It will continue to circle the Earth in a stable, circular path.
- It will not fall back to Earth nor escape into space, assuming ideal conditions.
- The orbit remains consistent unless acted upon by external forces or energy losses.

Potential for Escape Velocity
It is important to distinguish between orbital velocity and escape velocity:
- Orbital velocity is the minimum velocity for a stable orbit.
- Escape velocity is the velocity needed to break free from Earth's gravitational influence
entirely, without additional propulsion.
- For Earth, escape velocity at the surface is approximately 11.2 km/s, which is higher than
the orbital velocity (~7.9 km/s).

Reaching orbital velocity keeps the projectile bound in orbit but does not allow it to escape
Earth's gravity.

Effects of Slight Deviations from Orbital Velocity

Sub-Orbital Velocities
If the initial velocity is less than the orbital velocity:
- The projectile will ascend to a certain height before gravity pulls it back down.
- It follows a parabolic or elliptical trajectory and eventually falls back to Earth.

Super-Orbital Velocities
If the initial velocity exceeds the orbital velocity but remains below escape velocity:
- The projectile enters an elliptical orbit with a larger perihelion and aphelion.
- It remains gravitationally bound but may experience orbital decay over time due to
atmospheric drag or other perturbations.



Escape Velocity and Beyond
When the velocity exceeds escape velocity:
- The projectile will leave Earth's gravitational influence.
- It will follow a hyperbolic trajectory and travel into space indefinitely.

Applications and Modern Relevance of Newton's
Cannonball Concept

Satellite Deployment and Space Missions
Understanding the relationship between initial velocity and orbit is fundamental in:
- Launching artificial satellites.
- Designing space missions.
- Planning interplanetary travel.

Engineers carefully calculate the required velocity and trajectory to achieve desired orbits,
whether circular, elliptical, or transfer orbits.

Understanding Celestial Mechanics
Newton's Cannonball experiment underpins much of modern astrophysics:
- Explains planetary orbits.
- Aids in understanding the motion of moons, planets, and stars.
- Supports the development of models for gravitational interactions.

Limitations and Assumptions
While Newton's model offers valuable insights, real-world scenarios involve:
- Non-uniform gravitational fields.
- Atmospheric effects.
- Relativistic effects at very high velocities.

Modern physics extends these ideas with Einstein's theory of General Relativity, especially
in high-gravity or high-velocity regimes.

Conclusion

In summary, Newton's Cannonball experiment vividly illustrates the core principles of
orbital motion. When a projectile is fired with a velocity equal to the orbital velocity, it
enters a stable, circular orbit, perpetually falling around the Earth without ever hitting the
surface. This concept is fundamental in space science, satellite technology, and
understanding the mechanics governing celestial bodies. Achieving this velocity requires



precise calculations and engineering but opens the door to a range of applications that
have revolutionized our exploration and understanding of space. The thought experiment
remains a powerful pedagogical tool, emphasizing the elegance and simplicity of Newtonian
physics in explaining the complex dance of planets, moons, and man-made satellites in the
vast expanse of space.

Frequently Asked Questions

What happens to the cannonball in Newton's
Cannonball Experiment if its initial velocity equals the
orbital velocity?
If the initial velocity of the cannonball equals the orbital velocity, the cannonball will
continue to move around the Earth in a circular orbit, effectively orbiting the planet instead
of falling back to the ground.

Why does the cannonball not fall back to Earth when its
velocity is equal to the orbital velocity?
Because at that speed, the cannonball's horizontal motion balances the gravitational pull,
causing it to fall around the Earth rather than straight down, resulting in a continuous orbit.

What is the significance of the orbital velocity in
Newton's Cannonball Experiment?
Orbital velocity is the minimum speed needed for an object to stay in orbit around the Earth
without falling back, illustrating the balance between gravity and inertia.

How does Newton's Cannonball Experiment
demonstrate the concept of orbiting objects?
It shows that if an object is given sufficient horizontal velocity (equal to orbital velocity), it
will continually fall towards Earth but also move forward fast enough that it keeps missing
the ground, creating an orbit.

What factors determine the orbital velocity of a
satellite or object around Earth?
Orbital velocity depends on the mass of the Earth and the radius of the orbit; specifically, it
increases with greater planetary mass and decreases with larger orbital radius.

How is the concept of orbital velocity in Newton's



experiment related to real-world satellite orbits?
The concept explains why satellites need to reach a specific speed to maintain a stable
orbit around Earth, which is calculated based on Earth's gravitational pull and the satellite's
altitude.

What would happen if the initial velocity of the
cannonball exceeds the orbital velocity?
If the velocity exceeds the orbital velocity, the cannonball will move into a higher, elliptical
orbit or escape Earth's gravitational influence altogether, depending on how much the
velocity exceeds the orbital speed.

Additional Resources
Newton's Cannonball Experiment: Unlocking the Mysteries of Orbital Motion

In the realm of classical physics, few thought experiments have had as profound an impact
on our understanding of gravity and motion as Sir Isaac Newton's conceptualization of the
cannonball launched from a mountain. This illustrative scenario not only elucidated the
nature of planetary orbits but also laid the groundwork for modern orbital mechanics.
Today, we explore this fundamental concept with a detailed analysis, especially focusing on
what happens when the initial velocity of the projectile equals the orbital velocity—an
insight that continues to influence space exploration, satellite deployment, and our
comprehension of celestial mechanics.

---

Understanding Newton's Cannonball Experiment

Newton’s thought experiment, often referred to as the “Newton’s Cannon,” is a conceptual
model designed to demonstrate how gravity governs the motion of objects in Earth's
vicinity and beyond. It visualizes a cannon atop a high mountain, firing a projectile
horizontally with increasing velocity.

Historical Context and Significance

In the 17th century, Newton proposed this experiment during his seminal work, Philosophiæ
Naturalis Principia Mathematica. The idea was revolutionary: it suggested that if a projectile
could be fired with sufficient horizontal velocity, it would fall around the Earth rather than
straight down, effectively orbiting the planet. This model was pivotal in shifting the
scientific paradigm from viewing celestial bodies as separate from terrestrial physics to
understanding them under universal laws of gravity and motion.

---



Fundamental Principles Underpinning the
Experiment

Before delving into the specific scenario where the projectile's velocity equals the orbital
velocity, it’s essential to understand the core principles involved:

Gravity as a Central Force

Gravity acts as a centripetal force that pulls objects toward the center of mass—in this
case, Earth’s center. The strength of this force diminishes with distance, following Newton’s
Law of Universal Gravitation:

\[
F = G \frac{m_1 m_2}{r^2}
\]

where:
- \(F\) is the gravitational force,
- \(G\) is the gravitational constant,
- \(m_1\) and \(m_2\) are the masses involved,
- \(r\) is the distance between their centers.

Orbital Velocity

Orbital velocity is the minimum velocity an object must have to maintain a stable orbit
around a celestial body without falling back or escaping. It depends on the mass of the
planet and the altitude of the orbit:

\[
v_{orb} = \sqrt{\frac{GM}{r}}
\]

where:
- \(v_{orb}\) is the orbital velocity,
- \(G\) is the gravitational constant,
- \(M\) is the mass of the Earth,
- \(r\) is the distance from Earth's center to the projectile.

This velocity ensures that the centripetal force required for circular motion equals the
gravitational pull.

---



The Scenario: Velocity Equal to Orbital Velocity

In the context of Newton’s Cannonball, setting the initial velocity of the projectile to
precisely match the orbital velocity leads to a fascinating outcome: the projectile will enter
a stable, circular orbit around the Earth.

Defining the Conditions

When the projectile is fired with:
- Initial velocity \(v = v_{orb}\)
- Negligible atmospheric drag
- Purely horizontal launch

then, the path of the projectile becomes a continuous free-fall around Earth, effectively an
orbit.

Implications of Equal Velocity

- Stable Circular Orbit: The projectile maintains a constant altitude, circling the Earth
indefinitely in the absence of other forces.
- Balance of Forces: The gravitational attraction exactly provides the necessary centripetal
force to sustain the motion at that radius.
- No Net Vertical Displacement: While gravity pulls the projectile downward, its tangential
velocity ensures it keeps missing the ground, resulting in a continuous fall around the
planet.

---

Analyzing the Physics: What Happens When the
Cannonball Has Orbital Velocity?

1. Equilibrium of Forces and Motion

At the core of this scenario lies Newton’s second law and the equilibrium between
gravitational pull and centripetal force:

\[
\text{Centripetal Force} = \text{Gravitational Force}
\]

Expressed mathematically:

\[



\frac{mv^2}{r} = G\frac{mM}{r^2}
\]

Simplifying:

\[
v^2 = \frac{GM}{r}
\]

which is precisely the formula for orbital velocity. When the projectile's velocity equals this
value, the net acceleration toward Earth is exactly what is needed to keep it in a circular
path.

2. Trajectory and Path

- With \(v < v_{orb}\): The projectile would follow a sub-orbital trajectory, eventually falling
back to Earth.
- With \(v = v_{orb}\): The path becomes a perfect circle, with the projectile continuously
circling Earth.
- With \(v > v_{orb}\): The projectile enters an elliptical or hyperbolic trajectory, potentially
escaping Earth's gravity if velocity exceeds escape velocity.

3. The Role of Earth's Atmosphere

In a real-world scenario, atmospheric drag would gradually decrease the projectile’s
velocity, causing it to spiral inward and eventually fall. However, in the idealized Newtonian
thought experiment, the absence of air simplifies the analysis, allowing the focus on
gravitational dynamics.

---

Practical Applications and Modern Relevance

Understanding the concept of orbital velocity and how it relates to Newton's Cannonball
experiment is not just academic; it underpins the entire field of orbital mechanics and
space travel.

Satellite Deployment and Space Missions

- Designing Stable Satellites: Engineers calculate the precise orbital velocities needed for
satellites to maintain stable orbits at given altitudes.
- Launching Vehicles: Rocket launches are planned to impart the necessary velocity to
achieve desired orbits, balancing fuel efficiency with mission objectives.
- Orbital Insertion: Spacecraft must reach or exceed the orbital velocity to enter orbit, with
precise calculations ensuring they don't fall back or escape.



Understanding Escape Velocity

- The velocity at which an object can escape Earth's gravitational influence is higher than
orbital velocity.
- For Earth, escape velocity at the surface is approximately 11.2 km/s, which is about 1.414
times the orbital velocity at that altitude.

Implications for Space Exploration

- The principles derived from Newton's Cannon are foundational in plotting interplanetary
missions.
- Satellite constellations rely on stable orbits to function correctly, with velocity calculations
ensuring longevity and efficiency.

---

Limitations and Considerations in Real-World
Scenarios

While Newton's Cannonball provides a clear conceptual framework, real-world applications
involve complexities:

- Atmospheric Drag: Causes gradual orbital decay, necessitating periodic altitude
adjustments.
- Earth's Oblateness: Slight deviations from a perfect sphere influence orbital paths.
- Gravitational Perturbations: The gravitational influences of the Moon, Sun, and other
bodies can affect orbital stability.
- Velocity Precision: Achieving the exact orbital velocity is challenging; slight deviations can
lead to elliptical or escape trajectories.

---

Summary and Key Takeaways

- Newton's Cannonball experiment elegantly demonstrates how gravity and initial velocity
determine an object's trajectory.
- When launched with velocity equal to the orbital velocity, the projectile will enter a stable
circular orbit around Earth.
- This phenomenon is fundamental to understanding satellite motion, space station
maintenance, and interplanetary travel.
- The idealized model assumes no atmospheric drag or other perturbing forces, serving as a
theoretical foundation for real-world space mechanics.



---

Conclusion: From Thought Experiment to Space
Age

Newton’s conceptualization of the cannonball remains a cornerstone of physics education
and space science. By understanding that a projectile fired at the correct velocity becomes
an orbiting body, we grasp the elegance with which gravity governs celestial and terrestrial
motion alike. Modern space endeavors continue to rely on these fundamental principles,
illustrating that Newton's insights, conceived centuries ago, continue to propel humanity
into new frontiers.

In essence, when the velocity of the projectile equals the orbital velocity, the cannonball
will perpetually circle the Earth, embodying the very principles that enable satellites, space
stations, and future explorations beyond our planet.
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