
vertical circle physics

Understanding Vertical Circle Physics: Forces,
Motion, and Key Concepts

vertical circle physics delves into the fascinating motion of objects moving along a circular path in a vertical
plane. This seemingly simple scenario involves a complex interplay of forces, particularly gravity and
tension or normal force, leading to varying speeds and forces at different points of the trajectory.
Understanding the fundamental principles governing this motion is crucial for comprehending everything
from the swing of a pendulum to the dynamics of roller coasters and the orbital mechanics of satellites.
We'll explore the forces at play, analyze the motion at critical points, and uncover the mathematical
relationships that define this intriguing area of physics.
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Introduction to Vertical Circle Motion

In the realm of classical mechanics, the study of circular motion is fundamental, but when this circular path
is oriented vertically, a new layer of complexity is introduced. vertical circle physics examines scenarios
where an object, like a ball swung on a string or a car on a Ferris wheel, traverses a full circle while
simultaneously being influenced by gravity. Unlike horizontal circular motion, gravity is no longer
perpendicular to the plane of motion, meaning it actively contributes to the changing velocity and forces
experienced by the object. This dynamic interplay necessitates a careful analysis of the net force acting on
the object at every point in its circular path.

The core challenge in understanding vertical circular motion lies in recognizing that the forces acting on
the object are not constant in magnitude or direction relative to the object's instantaneous velocity. This
variability directly impacts the object's acceleration, particularly the centripetal acceleration required to



maintain its circular trajectory. We will systematically break down these forces, examine the conditions at
the highest and lowest points of the circle, and discuss the critical speed required to complete the loop
without falling.

Forces Acting on an Object in Vertical Circular Motion

The key to unraveling vertical circle physics lies in identifying and analyzing all the forces that act upon
the object at any given moment. Typically, two primary forces are at play: the force of gravity and a
constraint force, which could be the tension in a string, the normal force from a track, or the force exerted
by a push rod. Understanding how these forces combine to produce the necessary centripetal force is
paramount.

The Role of Gravity

Gravity, a constant force pulling the object downwards towards the Earth's center, is the differentiating
factor in vertical circular motion compared to its horizontal counterpart. At the top of the circle, gravity acts
in the same direction as the centripetal force, aiding in keeping the object moving in a circle. Conversely,
at the bottom of the circle, gravity acts opposite to the direction required for centripetal acceleration,
meaning the constraint force must be larger to compensate. As the object moves through intermediate
positions, gravity acts at an angle to the instantaneous velocity, and its tangential component contributes to
the change in speed.

The Constraint Force (Tension or Normal Force)

The constraint force is what prevents the object from moving in a straight line (due to inertia) and compels
it to follow a circular path. In the case of an object swung on a string, this force is tension. For a roller
coaster car or a person on a Ferris wheel, it's the normal force exerted by the track or the seats. This force,
along with gravity, combines to provide the net force that results in the centripetal acceleration. It's crucial
to remember that the tension or normal force is not constant; it varies depending on the object's position in
the vertical circle.

Net Force and Centripetal Acceleration

The net force acting on an object undergoing circular motion is always directed towards the center of the
circle, and this force is responsible for producing the centripetal acceleration. Mathematically, this
relationship is expressed as $F_{net} = ma_c$, where $a_c = v^2/r$. In vertical circular motion, the net



force is the vector sum of gravity and the constraint force. By resolving these forces at different points in
the circle, we can determine the acceleration and the required constraint force.

Analyzing Motion at the Top of the Vertical Circle

The top of the vertical circle represents a critical point in the analysis of vertical circle physics. At this apex,
the object is at its highest potential energy and lowest kinetic energy (if considering energy conservation).
Both gravity and the constraint force (tension or normal force) are directed downwards, towards the center
of the circle. This means they add up to provide the total centripetal force needed to keep the object
moving in its circular path.

Forces at the Apex

At the very top of the loop, the force of gravity ($mg$) acts downwards. The constraint force (tension $T$
or normal force $N$) also acts downwards, towards the center of the circle. Therefore, the net force
towards the center is the sum of these two forces: $F_{net, top} = T_{top} + mg$. This net force is equal to
the centripetal force required to maintain the circular motion, so $T_{top} + mg = mv_{top}^2/r$. This
equation highlights that the tension or normal force at the top is at its minimum value compared to other
points in the circle.

Conditions for Completing the Circle

A crucial aspect of analyzing the top of the circle is determining the minimum speed required to complete
the loop. For the object to remain in contact with the circular path (e.g., the string to remain taut or the
wheels of the car to stay on the track), the constraint force must be non-negative. If the object is moving too
slowly, gravity will pull it downwards, and it will fall out of its circular trajectory. The minimum speed
occurs when the constraint force approaches zero, meaning gravity alone provides the necessary centripetal
force. In this limiting case, $mg = mv_{min, top}^2/r$, which simplifies to $v_{min, top} = \sqrt{gr}$. Any
speed below this will result in the object failing to complete the vertical circle.

Analyzing Motion at the Bottom of the Vertical Circle

The bottom of the vertical circle is another pivotal point for understanding vertical circle physics. Here, the
object has reached its lowest potential energy and, assuming no energy loss, its highest kinetic energy. The
forces acting on the object are gravity, acting downwards, and the constraint force, acting upwards towards
the center of the circle.



Forces at the Base

At the bottom of the loop, gravity ($mg$) pulls the object downwards. However, the constraint force
(tension $T$ or normal force $N$) acts upwards, towards the center of the circle. The net force directed
towards the center is the difference between the upward constraint force and the downward force of
gravity: $F_{net, bottom} = T_{bottom} - mg$. This net force provides the centripetal force, so
$T_{bottom} - mg = mv_{bottom}^2/r$. This equation shows that the tension or normal force at the bottom
is at its maximum value, as it must counteract gravity and provide the centripetal force.

Maximum Tension or Normal Force

The bottom of the loop experiences the greatest magnitude of tension or normal force. This is because the
constraint force must not only provide the centripetal force to keep the object moving in a circle but also
counteract the pull of gravity downwards. As the speed of the object increases at the bottom, so does the
required centripetal force, leading to a correspondingly larger tension or normal force. This is why
passengers on a Ferris wheel feel heavier at the bottom than at the top.

Critical Speed and String Breakage in Vertical Circles

The concept of critical speed is central to vertical circle physics, particularly when dealing with objects
held by strings or ropes. The critical speed refers to the minimum velocity an object must have at the top
of the vertical circle to successfully complete the loop. Exceeding this speed ensures that the string remains
taut throughout the motion, while falling below it leads to the object detaching from the circular path.

The Critical Speed Formula

As derived from the analysis at the top of the circle, the critical speed ($v_{critical}$) for completing a
vertical loop is given by $v_{critical} = \sqrt{gr}$, where $g$ is the acceleration due to gravity and $r$ is
the radius of the circle. If the object's speed at the top is less than this value, the tension in the string would
become negative, which is physically impossible. In reality, this signifies that the string goes slack, and the
object no longer follows the circular path.

Implications of String Breakage

If the string holding an object in vertical circular motion were to break at any point in the trajectory, the
object would no longer be subjected to the constraint force. From that moment onwards, it would travel as



a projectile, following a parabolic path determined by its instantaneous velocity and the force of gravity.
The analysis of vertical circle physics helps predict when and where such a failure might occur, for
instance, in amusement park rides or experimental setups. Understanding the critical speed is vital for the
safe design and operation of these systems.

Real-World Applications of Vertical Circle Physics

The principles of vertical circle physics are not just theoretical concepts confined to textbooks; they
manifest in numerous everyday phenomena and engineered systems. From the simple act of swinging a
bucket of water to the sophisticated design of roller coasters, understanding these dynamics is essential.

Amusement Park Rides

Roller coasters are a prime example of vertical circle physics in action. Loop-de-loops and vertical drops are
designed to utilize the forces and accelerations discussed. Engineers must calculate the required speeds and
track geometry to ensure that passengers experience thrilling, yet safe, forces throughout the ride. The
sensation of weightlessness at the top of a loop or feeling heavier at the bottom are direct consequences of
these principles.

Pendulums and Swinging Objects

A simple pendulum, while often analyzed for its simple harmonic motion over small angles, exhibits
vertical circular motion characteristics when swung with larger amplitudes. The string tension changes
throughout the swing, being maximum at the bottom and minimum at the top. Similarly, when swinging
on a playground swing, you experience variations in your effective weight as you move through the arc of
motion.

Satellite Orbits and Celestial Mechanics

Although satellites in orbit around the Earth are a more complex case involving gravitational forces over
vast distances, the fundamental concept of an object moving in a circular path due to a central force is
related. While these are typically treated as elliptical orbits, perfectly circular orbits can be analyzed using
similar principles, where gravity provides the centripetal force. Understanding the forces at play is crucial
for predicting trajectories and maintaining stable orbits.



The Role of Friction and Air Resistance

While introductory treatments of vertical circle physics often idealize the situation by neglecting
dissipative forces, in reality, friction and air resistance play a significant role. These forces oppose motion
and can lead to a gradual decrease in the object's speed and, consequently, its energy.

Impact on Energy Conservation

In a perfectly frictionless and air-resistance-free system, mechanical energy (the sum of kinetic and
potential energy) is conserved. However, when friction and air resistance are present, energy is dissipated
as heat. This means that the object's speed will decrease over time, even if it starts with sufficient velocity.
The constraint force required at different points will also be affected. For example, at the top of the loop, if
air resistance is significant, the required speed to keep the string taut might be higher than the theoretical
$\sqrt{gr}$.

Modifications to Calculations

Accounting for friction and air resistance makes the mathematical analysis of vertical circular motion
considerably more complex. It often requires the use of calculus and differential equations. However, for
practical engineering applications, these factors must be considered to ensure safety and performance.
Designers of amusement park rides, for instance, must factor in these resistive forces to guarantee that rides
can be completed safely under various conditions.

Frequently Asked Questions

Q: What is the primary difference between horizontal and vertical
circular motion in physics?
A: The primary difference is the influence of gravity. In horizontal circular motion, gravity is
perpendicular to the plane of motion and doesn't directly affect the centripetal force. In vertical circular
motion, gravity acts along or against the direction of motion at different points, significantly altering the
forces and speeds required to maintain the circular path.

Q: At what point in a vertical circle is the tension in a string holding an



object the greatest?
A: The tension in the string is greatest at the bottom of the vertical circle. This is because the upward
tension must not only provide the centripetal force but also counteract the downward force of gravity.

Q: What happens if an object's speed at the top of a vertical loop is less
than the critical speed?
A: If the object's speed at the top of the vertical loop is less than the critical speed ($\sqrt{gr}$), the tension
in the string will become zero or even negative. Physically, this means the string goes slack, and the object
will detach from the circular path, falling downwards due to gravity.

Q: How does the radius of the circle affect the critical speed for
completing a vertical loop?
A: The critical speed is directly proportional to the square root of the radius of the circle. This means that
for a larger radius, a higher speed is required at the top to successfully complete the vertical loop.

Q: Can a person feel heavier or lighter in vertical circular motion?
A: Yes, a person can feel heavier or lighter. At the bottom of a vertical circle (like on a Ferris wheel), the
normal force exerted by the seat is greater than the person's weight, making them feel heavier. At the top,
the normal force is less than their weight, making them feel lighter, and in some scenarios, they might
even experience a sensation of weightlessness if the normal force is zero.

Q: Is energy conserved in vertical circular motion?
A: In an idealized scenario where friction and air resistance are ignored, mechanical energy (potential and
kinetic) is conserved. However, in real-world situations, these dissipative forces cause energy to be lost,
meaning mechanical energy is not conserved.

Q: What are some practical examples of vertical circle physics besides
roller coasters?
A: Other practical examples include swinging a bucket of water in a vertical circle without spilling, the
motion of a pendulum with large amplitude swings, and even the trajectory of projectiles launched at
specific angles that might involve curved paths under gravity.
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