A 2.0-kg Stone Is Tied To A 0.50 M Long
String And Swung Around A Circle At A
Constant Angular Velocity

A 2.0-kg Stone Is Tied To A 0.50 M Long String And Swung Around A Circle At A
Constant Angular Velocity is a classic physics scenario that illustrates fundamental
principles of circular motion, tension, and angular dynamics. Understanding the behavior
of such a system not only deepens our grasp of physics concepts but also has practical
applications in engineering, sports, and safety protocols. In this comprehensive article, we
explore the physics behind swinging a stone attached to a string, analyze the forces
involved, derive relevant formulas, and discuss real-world implications.

Fundamentals of Circular Motion

What Is Circular Motion?

Circular motion occurs when an object moves along a circular path. The motion can be
uniform, with constant speed, or non-uniform, with varying speed. In our case, the stone is
swung at a constant angular velocity, meaning its speed around the circle remains
unchanged, but its direction continuously changes.

Key Concepts Involved

e Angular Velocity (w): The rate at which the object rotates around the circle,
measured in radians per second (rad/s).

e Tangential Velocity (v): The linear speed of the object along the circular path,
related to angular velocity by v = wr.

e Centripetal Force: The inward force required to keep the object moving in a circle,
directed toward the center.

e Tension in the String (T): The force exerted by the string, providing the
centripetal force necessary for circular motion.

Analyzing the System: The Physics of the Swung



Stone

System Setup and Assumptions

In our scenario:

- The mass of the stone, m = 2.0 kg

- Length of the string, r = 0.50 m

- The stone is swung in a horizontal circle at a constant angular velocity w.

Assuming:

- The string remains taut throughout.

- Air resistance and friction are negligible.
- The motion is uniform circular motion.

Forces Acting on the Stone

The primary forces acting on the stone are:
- Tension (T) in the string, directed toward the center of the circle.
- Gravitational force (mg), acting downward.

Since the motion is horizontal, the vertical component of tension balances the weight:
\[ T \sin \theta = mg \]

But in the idealized case where the stone is swung in a horizontal plane, the tension acts
entirely toward the center to provide the necessary centripetal force.

Calculations and Derivations

Determining Angular Velocity (w)

If the angular velocity is known, the tangential velocity v can be calculated as:
\[

v = \omega r

\]

where:

- w is the angular velocity in rad/s.

- r is the radius of the circular path.

If, for example, the stone completes one full rotation every T seconds, then:
\[

\omega = \frac{2\pi}{T}

\]



Calculating Tension in the String

The tension must provide the centripetal force:
\[

T = \frac{m v"~2}{r}

\]

or equivalently:

\[

T =m r\omega”™2

\]

This tension is crucial because:
- It must be greater than or equal to the minimum needed to maintain the motion.
- Excess tension may cause the string to snap if it exceeds the material's tensile strength.

Example Calculation: Suppose the Stone Completes a
Rotation Every 2 Seconds

Given:

-T = 2 s (period)
-m = 2.0 kg
-r=0.50m

Calculate w:

\[
\omega = \frac{2\pi}{T} = \frac{2\pi}{2} = \pi \text{ rad/s}
\]

Calculate v:

\[
v = \omega r = \pi \times 0.50 \approx 1.57 \text{ m/s}
\]

Calculate tension T:

\[

T =mr\omega”2 = 2.0 \times 0.50 \times (\pi)~2 \approx 2.0 \times 0.50 \times 9.87
\approx 9.87 \text{ N}

\]

This tension acts as the centripetal force and must be supported by the string.

Implications and Practical Applications

Safety Considerations in Circular Motion

When swinging objects at high speeds, the tension in the string can become very large,
posing safety risks:



- The string might snap if the tension exceeds its tensile strength.

- Proper equipment, including strong, elastic, and durable strings, is essential.
- Understanding the forces helps in designing safe amusement rides or training
equipment.

Applications in Sports and Engineering

- Lasso and Rope Skills: Athletes and cowboys use principles of circular motion to swing
lassos efficiently.

- Centrifugal Devices: Centrifuges utilize rotational motion to separate components based
on density.

- Spacecraft and Satellite Dynamics: Understanding orbital mechanics relies on similar
physics principles.

Real-World Examples

- Ferris Wheels: The tension in the support cables depends on rotational speed and radius.
- Theme Park Rides: Designing safe rides involves calculating maximum tension and forces
during operation.

- Physics Demonstrations: Teachers often use swinging masses to illustrate centripetal
force and tension.

Advanced Topics in Circular Motion

Variable Angular Velocity

If the angular velocity changes over time, the system experiences angular acceleration,
and additional forces come into play, such as tangential force components.

Non-Uniform Circular Motion

In cases where the speed varies, the net force must account for both centripetal and
tangential components, leading to more complex dynamics.

Energy Considerations

The kinetic energy of the swinging stone is:

\[

KE = \frac{1}{2} m v"2

\]

which relates to the work done by the applied force (e.g., the person's hand) to maintain
motion.



Conclusion

Understanding the physics of a stone tied to a string and swung around in a circle
encompasses key concepts such as tension, centripetal force, angular velocity, and energy.
Precise calculations of tension and velocity enable safe and efficient design of systems
involving rotational motion. Whether in amusement rides, sports, or industrial
applications, the principles outlined here are fundamental to mastering the dynamics of
objects in circular motion. As we see, a seemingly simple activity like swinging a stone
encapsulates complex physics that are essential across various scientific and engineering
fields.
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Frequently Asked Questions

What is the formula to calculate the tension in the
string when a stone is swung in a circle at constant
angular velocity?

The tension T in the string is given by T = m r w?, where m is the mass of the stone, ris
the radius of the circle, and w is the angular velocity.

How does increasing the angular velocity affect the
tension in the string?

Increasing the angular velocity w increases the tension T proportionally to w?, meaning
the tension rises quadratically with higher angular speeds.

If the stone completes one full circle every 2 seconds,
what is its angular velocity?

The angular velocity w is given by w = 2n /T, where T is the period. For T = 2 seconds, w
= 21 / 2 = 11 radians per second.



What is the role of the string's length in determining
the motion of the stone?

The string's length determines the radius r of the circular path, which directly affects the
centripetal force and tension needed to maintain the circular motion.

How much tension is in the string if the stone swings
with an angular velocity of 10 rad/s?

Using T=mr w? withm = 2.0 kg, r = 0.50 m, and w = 10 rad/s, the tension T = 2.0 kg
0.50 m (10 rad/s)? = 2.0 0.50 100 = 100 N.

Additional Resources

Comprehensive Analysis of a 2.0-kg Stone Swinging in a Circular Path

Introduction to Circular Motion and Its Relevance

Circular motion is a fundamental concept in physics that describes the movement of an
object along a circular path. When an object moves in a circle at a constant speed, it
exhibits uniform circular motion, characterized by continuous change in direction but a
constant magnitude of velocity. This scenario — a 2.0-kg stone tied to a 0.50-meter string
and swung around at a steady angular velocity — offers a quintessential example to
analyze various forces and parameters involved in circular dynamics.

Understanding this system not only enhances comprehension of classical mechanics but
also has practical applications ranging from amusement park rides to satellite orbits, and
even to the design of rotating machinery.

System Overview and Key Parameters

Object Description:

- Mass (m): 2.0 kg

- String Length (r): 0.50 meters

- Angular Velocity (w): Constant (assumed to be known or to be determined)
- Motion Type: Uniform circular motion

Assumptions:
- The string is massless and inextensible.
- There is no air resistance or other dissipative forces unless specified.



- The motion occurs in a horizontal plane unless otherwise stated.
- The system is analyzed in a steady state, meaning the angular velocity remains constant.

Fundamentals of Circular Motion

Angular Velocity and Linear Speed

- Angular velocity (w): The rate of change of angular displacement, measured in radians
per second (rad/s).

\[
\omega = \frac{\theta}{t}
\]

where 0 is the angular displacement, and t is time.
- Linear (tangential) speed (v): The speed of the stone along its circular path.

\[
v = r \times \omega
\]

This relationship emphasizes that for a fixed radius, the linear speed is directly
proportional to the angular velocity.

Implication:
- Increasing w results in higher tangential speed, which influences the tension in the string
and the forces acting on the stone.

Centering Force and Tension

- Centripetal Force (Fn): The inward force required to keep the stone moving in a circular
path.

\[
F ¢ =\frac{m v~2}{r}
\]

- Tension in the String (T): Acts as the centripetal force provider in this scenario. It must
balance the inward force to sustain uniform circular motion.



\[
T=F c=\frac{mv~2}{r}
\]

When the motion is maintained at constant angular velocity, tension remains steady and is
determined by the current linear speed.

Calculating Key Quantities

Determining Linear Speed (v)

- To find v, the angular velocity (w) must be known or specified. For illustration, suppose w
is given as 4 rad/s:

\[
v = r \times \omega = 0.50\, \text{m} \times 4\, \text{rad/s} = 2.0\, \text{m/s}

\]

Calculating Centripetal Force (Fn)

- Using the linear speed:

\[

F ¢ = \frac{m v"~2}{r} = \frac{2.0\, \text{kg} \times (2.0\, \text{m/s})"~2}{0.50\,
\text{m}} = \frac{2.0 \times 4}{0.50} = \frac{8}{0.50} = 16\, \text{N}

\]

- Interpretation: The tension in the string must be 16 N to sustain the motion at this
velocity.

Note: If the angular velocity changes, the tension adjusts proportionally to \( \omega™2\).

Energy Considerations

Kinetic Energy (KE):

\[
KE = \frac{1}{2} mv"2
\]



- For the example above:

\[

KE = \frac{1}{2} \times 2.0\, \text{kg} \times (2.0\, \text{m/s})"~2 = 1.0 \times 4 = 4\,
\text{]J}

\]

Potential Energy (PE):

- If the motion occurs in a horizontal plane, gravitational potential energy remains
constant and can be omitted for energy calculations.
- If in a vertical plane, PE varies with height, influencing the total mechanical energy.

Role of Tension and Forces

Force Components:

- The tension in the string has two components in vertical motion:
- Radial (horizontal): Provides centripetal force.
- Vertical: Balances weight if in vertical motion.

In Horizontal Plane:

- Tension solely acts as the centripetal force.
- Tension magnitude:

\[
T = \frac{m v~2}{r}
\]

In Vertical Plane:

- Tension must counteract gravity at the lowest and highest points:

\[
T = \frac{m v~2}{r} \pm mg
\]

- The '+ mg' term accounts for the weight, which adds to the tension at the bottom of the
swing.



Impact of Angular Velocity Variations

Increasing Angular Velocity:

- Results in higher linear speed.
- Tension in the string increases quadratically with w:

\[
T \propto \omega”™2
\]

- Excessive w can cause the string to break if tension exceeds material limits.
Decreasing Angular Velocity:

- Lowers tension.
- Easier to maintain but might not sustain certain motions or forces required by the
system.

Critical Angular Velocity:

- The minimum velocity needed to keep the stone from falling due to gravity (if in vertical
motion):

\[
v_{min} = \sqrt{g r}
\]

where g = 9.8 m/s2.

Practical Aspects and Safety Considerations

Material Strength and Tension Limits:

- The string's tensile strength must be sufficient to withstand maximum tension during
operation.

- Safety margins are essential to prevent breakage.

Operational Constraints:

- The maximum angular velocity is limited by both the string's tensile strength and the
mechanical integrity of the attachment points.

- Sudden accelerations or jerks can cause destructive forces.

Environmental Factors:

- Air resistance, although often negligible at small scales, can introduce damping.

- Wind or external forces can alter the motion, requiring adjustments in the applied forces
to maintain steady motion.



Applications and Broader Context

- Amusement Park Rides: Understanding tension and forces helps design safe rides like
swings and rotating rides.

- Planetary and Satellite Motion: Similar principles govern orbits, where gravitational
force provides the centripetal force.

- Mechanical Devices: Rotating machinery relies on balancing forces to prevent failure.
- Educational Demonstrations: Swinging a stone on a string is a classic physics
demonstration illustrating centripetal force.

Advanced Topics for Further Exploration

- Non-uniform Circular Motion: When angular velocity varies, analyzing tangential
acceleration and resultant forces becomes more complex.

- Relativistic Effects: At high velocities (close to the speed of light), relativistic effects alter
classical predictions — a topic beyond this scale but interesting in astrophysics.

- Damped Oscillations: Introducing damping forces like air resistance leads to energy loss
and decay of motion over time.

- Variable Radius: Changing the length of the string dynamically affects the system’s
parameters.

Summary and Final Remarks

To encapsulate, analyzing a 2.0-kg stone tied to a 0.50-meter string and swung at a
constant angular velocity involves understanding the interplay of various forces and
energies. The tension in the string acts as the centripetal force, directly linked to the
square of the linear speed, which in turn depends on the angular velocity. Maintaining
uniform circular motion requires balanced forces, and any variation in parameters
influences the tension and energy of the system.

This straightforward yet profound system exemplifies core principles of classical
mechanics, offering insights applicable in numerous scientific and engineering contexts.
Proper understanding and calculation of the forces involved are vital for safe and efficient
design and operation of rotating systems, whether in educational demonstrations,
industrial applications, or natural phenomena.
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