G A Ball With An Initial Velocity Of 3.93
M/s Rolls Up A Hill Without Slipping. (a)
Treating The Ball

G A Ball With An Initial Velocity Of 3.93 M/s Rolls Up A Hill Without Slipping. (a)
Treating The Ball

Understanding the dynamics of a rolling ball moving up an inclined surface involves a
comprehensive analysis of physics principles such as energy conservation, rotational
motion, and friction. When a ball rolls up a hill without slipping, it demonstrates a complex
interplay between translational and rotational motion, which can be analyzed through
various theoretical approaches. This article explores the detailed treatment of such a
scenario, providing insights into the physics involved, the mathematical modeling, and
practical applications.

Introduction to Rolling Motion on an Incline

Rolling motion is a type of rotation combined with translation, where the object rotates
about its axis while moving along a surface. For a ball rolling up an inclined hill without
slipping, the key conditions include:

- No slipping condition: The point of contact between the ball and the hill remains
momentarily at rest relative to the surface.

- Rolling without slipping: Ensures a relationship between the translational velocity of the
center of mass and the angular velocity.

Understanding these conditions is fundamental for analyzing the motion accurately.

Fundamental Concepts and Principles

Conservation of Mechanical Energy

In an idealized scenario (neglecting air resistance and rolling resistance), the total
mechanical energy of the system remains constant. This energy comprises:

- Translational kinetic energy: \( KE_{trans} = \frac{1}{2} mv~2\)
- Rotational kinetic energy: \( KE_{rot} = \frac{1}{2} I \omega™2)
- Potential energy: \(PE=mgh\)

where:
-\( m\) is the mass of the ball,



-\( v ) is the translational velocity,

-\( 1)) is the moment of inertia,

-\(\omega ) is the angular velocity,

-\( g\) is acceleration due to gravity,

-\( h\) is the height relative to a reference point.

Because the ball is rolling up without slipping, the relationship between \( v \) and \( \omega
\) is:

\[
v = \omega R
\]

where \( R ) is the radius of the ball.

Moment of Inertia for a Solid Sphere

The moment of inertia \( | \) depends on the shape of the object. For a solid sphere:

\[
| =\frac{2}{5} m R"™2
\]

This value influences how rotational energy contributes to the total energy and affects the
dynamics of the ball.

Modeling the Rolling Ball: Mathematical
Treatment

To analyze the motion quantitatively, consider the initial conditions and the forces acting on
the ball while it moves up the hill.

Initial Conditions and Parameters

Given:

- Initial velocity at the bottom of the hill: \( v_0 = 3.93\, \text{m/s}\)
- Hill inclination angle: \( \theta \)

- Radius of the ball: \( R\)

- Mass of the ball: \( m\)

The goal is to determine how high the ball will go, the velocity at various points, and the
effects of energy transfer.



Energy Conservation Equation

At the bottom (initial point):

\[
E {initial} = \frac{1}{2} mv 072 + \frac{1}{2} I \omega 072
\]

Since \(\omega 0 =v_0/R\), we have:

\[

E_{initial} = \frac{1}{2} mv_072 + \frac{1}{2} \times \frac{2}{5} m R”"2 \times \left(
\frac{v_0}{R} \right)"2

=\frac{1}{2} mv 072 + \frac{1}{5} mv 072 =\frac{7}{10} mv 072

\]

At any point up the hill, when the ball reaches height \( h\):

\[
E {final} = mgh +\frac{1}{2} mv~2 + \frac{1}{2} I \omega"2
\]

Using the no-slip condition \( v = \omega R \):

\[

E {final} = mgh +\frac{1}{2} mv~2 + \frac{1}{2} \times \frac{2} {5} m R™2 \times
\left( \frac{v}{R} \right)~2 =m g h + \frac{1}{2} mv"2 + \frac{1}{5} mv™2=mgh +
\frac{7}{10} mv~"2

\]

Because energy is conserved:

\[

\frac{7}{10} mv 0”2 =mgh + \frac{7}{10} mv~™2
\]

Dividing through by \( m \):

\[

\frac{7}{10} v 0"2 =g h + \frac{7}{10} v~2

\]

This equation allows solving for the velocity \( v \) at height \( h'\), or for the maximum
height when \( v \) approaches zero.

Maximum Height Achieved by the Ball

At the highest point, the velocity \( v \) becomes zero:



\[
0 =g h_{max} -\frac{7}{10} v 0"2
\]

Rearranged:

\[
h_{max} = \frac{7}{10} \frac{v_0"2}{g}
\]

Plugging in the known initial velocity:

\[

h_{max} = \frac{7}{10} \times \frac{(3.93)"2}{9.81} \approx \frac{0.7 \times
15.45}{9.81} \approx \frac{10.815}{9.81} \approx 1.1\, \text{meters}

\]

This calculation indicates that, neglecting friction and air resistance, the ball will rise
approximately 1.1 meters up the hill.

Influence of Hill Inclination and Friction

While the ideal model assumes no friction, real-world scenarios involve rolling resistance
and air drag, which decrease the maximum height and alter the motion.

Frictional Forces and Their Effects

- Rolling resistance: a dissipative force acting opposite to the direction of motion.
- Coefficient of rolling resistance (\( \mu_r\)): determines how much energy is lost per unit
distance.

The work done against friction reduces the total mechanical energy, resulting in a lower
maximum height.

Adjusting the Model for Friction

Incorporate work done by friction:

\[
E_{initial} - W_{friction} = E_{final}
\]

Where \( W_{friction} =f {r} \times d\), with\(f_{r} =\mu rN\), and \( N = m g \cos
\theta \).



This additional energy loss requires modifying the energy conservation equations and
solving for the new maximum height accordingly.

Practical Applications and Real-World Scenarios

Understanding the physics of a rolling ball on an incline has numerous applications,
including:

- Design of roller coasters: optimizing track profiles for desired heights and speeds.

- Sports science: analyzing ball trajectories in sports like bowling, golf, or soccer.

- Mechanical engineering: designing wheels and gears that roll efficiently without slipping.
- Robotics: developing rolling robots that navigate inclined terrains.

Conclusion

Treating a rolling ball with an initial velocity of 3.93 m/s as it ascends a hill without slipping
involves a detailed analysis rooted in classical mechanics. By applying principles such as
energy conservation, rotational dynamics, and the no-slip condition, one can accurately
predict the maximum height reached and the velocities at various points along the incline.
Real-world factors like friction and air resistance modify these ideal results, but the
fundamental physics principles provide a solid foundation for understanding and
engineering systems involving rolling motion on inclined surfaces.

Understanding these concepts not only deepens our grasp of physics but also informs
practical applications across engineering, sports, and entertainment industries, showcasing
the importance of treating such problems with a comprehensive and analytical approach.

Frequently Asked Questions

What is the initial velocity of the G A ball as it rolls up
the hill?

The initial velocity of the ball is 3.93 m/s.

How does the no-slip condition affect the motion of the
rolling ball?

The no-slip condition ensures that the ball rolls without slipping, meaning the point of
contact with the hill has zero velocity relative to the surface, which influences the rolling
motion and energy considerations.



What assumptions are typically made when analyzing
the rolling motion of the ball up the hill?

Common assumptions include treating the ball as a rigid body, neglecting air resistance
and rolling resistance, and assuming the hill is inclined at a specific angle with uniform
surface properties.

How do you calculate the maximum height the ball
reaches on the hill?

By applying conservation of energy, considering initial kinetic energy and potential energy
gained, or using kinematic equations that incorporate initial velocity, acceleration due to
gravity, and the hill's incline.

What role does the moment of inertia play in the
analysis of the rolling ball?

The moment of inertia determines how much torque is needed for angular acceleration,
affecting the relationship between translational and rotational motion during rolling.

Can the initial velocity of 3.93 m/s be used to determine
the distance traveled up the hill?

Yes, by using energy conservation or kinematic equations, the initial velocity can help
calculate the maximum distance the ball rolls before coming to a stop.

How does friction influence the rolling motion of the
ball on the hill?

Friction provides the necessary torque for rolling without slipping; static friction acts at the
contact point, but it does not do work if rolling without slipping occurs.

What are the key factors affecting the ball's motion up
the hill in this scenario?

Key factors include the initial velocity, the hill's incline angle, the ball's mass and radius,
the moment of inertia, and the presence of frictional forces.

Additional Resources

G A Ball With An Initial Velocity Of 3.93 M/s Rolls Up A Hill Without Slipping. (a) Treating The
Ball

In the realm of physics, the motion of rolling objects on inclined planes offers a fascinating
glimpse into the principles of energy conservation, rotational dynamics, and friction. One
such intriguing scenario involves a ball with an initial velocity of 3.93 meters per second



rolling up a hill without slipping. This situation provides an excellent canvas to explore
fundamental concepts, from the transformation of kinetic energy into potential energy to
the role of friction in enabling pure rolling motion. This article delves into the detailed
analysis of this problem, breaking down the physics involved into clear, comprehensible
segments for readers keen on understanding the intricacies of rotational motion and energy
transfer.

Understanding the Scenario: The Rolling Ball on
an Inclined Plane

Imagine a smooth, spherical ball positioned at the bottom of an inclined hill. It's given an
initial push, propelling it upward at a velocity of 3.93 m/s. As it ascends, the ball rolls
without slipping, meaning the point of contact with the hill remains momentarily at rest
relative to the surface. This condition ensures that the ball’s translational and rotational
motions are tightly coupled, governed by the no-slip condition.

Key features of this scenario include:

- The ball’s initial velocity (3.93 m/s)

- The hill’s incline angle (0)

- The absence of slipping, implying pure rolling motion

- The influence of gravitational force acting downward

- Friction as the necessary force to maintain rolling without slipping

The main goal is to analyze the motion, determine how high the ball will ascend, and
understand the energy exchanges involved.

Fundamental Principles at Play

Before diving into calculations, it’s essential to revisit the physics principles underpinning
this scenario:

Conservation of Mechanical Energy

In the absence of energy losses due to air resistance or non-conservative friction, the total
mechanical energy — the sum of kinetic and potential energies — remains constant. As the
ball moves uphill, its kinetic energy decreases, converting into gravitational potential
energy.

Mathematically:
\[ KE_{initial} + PE_{initial} = KE_{final} + PE_{final} \]

Rotational Dynamics and Rolling Motion

For a ball rolling without slipping, the relationship between translational and rotational



motion is:

\[ v =r\omega\]

where:

-\( v\) = linear velocity of the center of mass
-\( r\) = radius of the ball

-\(\omega \) = angular velocity

The rotational kinetic energy is:

\[ KE_{rot} = \frac{1}{2} I \omega"™2\]

where \( I'\) is the moment of inertia of the sphere, given by:
\[ I =\frac{2}{5} mr™2\]

for a solid sphere.

The total kinetic energy combines translational and rotational parts:
\[ KE_{total} = \frac{1}{2} mv~2 + \frac{1}{2} I \omega”™2\]

Using the no-slip condition:
\[ KE_{total} = \frac{1}{2} m v~2 + \frac{1}{2} \times \frac{2} {5} m r~2 \times \left(
\frac{v}{r} \right)~2 = \frac{1}{2} m v~2 + \frac{1} {5} mv"~2 = \frac{7} {10} mv~2\]

This expression simplifies energy calculations significantly.

Analyzing the Motion: Step-by-Step Calculation

Given the initial velocity \( v_i = 3.93\, \text{m/s} \), the aim is to find the maximum height
\( h_{max}\) the ball reaches on the hill.

Step 1: Establish the Energy Conservation Equation

At the bottom:
\[ E_{initial} = KE_{initial} = \frac{7}{10} mv_i"~2\]

At the maximum height:
\[ E_{final} = PE_{max} = m g h_{max} \]

since the velocity becomes zero at the peak.

Assuming no energy loss:
\[ \frac{7}{10} mv_i"2 = m g h_{max} \]

Dividing both sides by \( m\):
\[ \frac{7}{10} v_i"2 = g h_{max} \]

Rearranged to solve for \( h_{max} \):
\[ h_{max} = \frac{7}{10} \frac{v_i~2}{g} \]

Step 2: Plugging in the Known Values

Using \( v_i = 3.93\, \text{m/s} \) and \( g = 9.81\, \text{m/s}~2\):
\[ h_{max} = \frac{7}{10} \times \frac{(3.93)"~2}{9.81} \]



Calculate numerator:
\[ (3.93)"2 \approx 15.45\]

Now:

\[ h_{max} \approx 0.7 \times \frac{15.45}{9.81} \]
\[ h_{max} \approx 0.7 \times 1.575 ]

\[ h_{max} \approx 1.103\, \text{meters} \]

Thus, the ball reaches approximately 1.10 meters above the starting point.
Step 3: Considering the Incline Angle

If the hill is inclined at an angle \( \theta \), the vertical height relates to the distance
traveled \( s \) along the hill via:
\[ h = s \sin \theta \]

Knowing \( h_{max} \), one can find the maximum distance traveled along the incline:
\[ s_{max} = \frac{h_{max}}{\sin \theta} \]

This relationship helps in understanding how far the ball will roll up the hill before coming to
rest.

Role of Friction and No-Slip Condition

Friction plays a pivotal role in maintaining pure rolling motion. It must be sufficient to
prevent slipping but not so large as to cause energy losses. In ideal physics problems, static
friction is considered to do no work because the point of contact is instantaneously at rest
relative to the surface.

However, in real-world scenarios, some energy loss occurs due to:
- Rolling resistance

- Air drag

- Minor surface imperfections

In the theoretical model, these effects are neglected, assuming perfect rolling and no
energy losses.

Friction’s dual role:
- Enabling the ball to roll without slipping
- Ensuring the transfer of energy between translational and rotational forms

Frictional Force Calculation:

The static friction force \( f_s\) necessary to prevent slipping can be derived from the
equations of motion, but in ideal cases, it adjusts itself to match the required torque
without doing work.



Implications and Applications of the Analysis

Understanding the physics behind a rolling ball on an inclined plane extends beyond
academic curiosity. It has practical implications in various fields:

- Engineering: Designing wheels, gears, and rolling components to optimize energy
efficiency.

- Sports Science: Analyzing ball motion in sports like bowling, golf, or skateboarding.
- Robotics: Developing robots that utilize rolling motion for movement and stability.
- Education: Demonstrating fundamental principles of mechanics through tangible
experiments.

Furthermore, this analysis underscores the importance of rotational dynamics in everyday
phenomena. Whether a ball rising up a hill, a car’s tires gripping the road, or a rolling pin in
a bakery, the principles remain consistent and foundational.

Limitations and Real-World Considerations

While the idealized model provides valuable insights, real-world scenarios involve
complexities:

- Air Resistance: As the ball moves upwards, air drag slightly reduces its energy, resulting in
a lower maximum height.

- Rolling Resistance: Surface imperfections and deformation cause energy dissipation.

- Non-uniform Mass Distribution: Real balls may not be perfect spheres, affecting moments
of inertia.

- Slipping Occurrences: At high speeds or steep inclines, slipping may occur, altering the
dynamics.

Engineers and physicists must account for these factors when designing systems or
conducting experiments, often employing correction factors or more advanced models.

Conclusion: The Elegance of Rotational Motion

The journey of a ball rolling up a hill encapsulates the elegance of physics — a dance of
energy transformation, rotational motion, and the subtle influence of friction. By applying
principles like conservation of energy and understanding the role of moments of inertia, we
gain a comprehensive picture of how objects move in our physical world. This scenario,
while seemingly simple, highlights profound concepts that underpin countless practical
applications, from vehicle design to sports mechanics. As we analyze and appreciate these
motions, we deepen our understanding of the natural laws governing everyday phenomena,
appreciating the seamless harmony between translational and rotational dynamics that
make our universe so compelling.
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