
Problem 3 The 20-kg Disk A Is Attached To The 10-kg
Block B Using The Cable And Pulley System Shown.

Problem 3 The 20-kg Disk A Is Attached To The 10-kg Block B Using The Cable And Pulley System Shown.

Understanding the dynamics of pulley systems is fundamental in mechanical engineering and physics, especially
when analyzing forces, accelerations, and tensions within the system. In this detailed article, we will explore a
classic problem involving a 20-kg disk (Disk A) connected via a cable to a 10-kg block (Block B) through a
pulley system. We will break down the problem step-by-step, discuss the principles involved, and provide
comprehensive solutions to understand how these components interact.

---

Overview of the System

Before diving into calculations, it’s essential to visualize and understand the setup. The problem involves:

- A disk (A) with a mass of 20 kg, which may be rotating or translating depending on the setup.
- A block (B) with a mass of 10 kg, typically sliding or hanging.
- A cable connecting the disk and block.
- A pulley system that guides and transmits the tension in the cable.

Key Assumptions and Conditions

- The pulley is frictionless and massless, simplifying the tension calculations.
- The cable is massless and inextensible.
- Gravity acts downward with an acceleration of g = 9.81 m/s².
- The system is initially at rest or moving with constant acceleration, depending on the scenario.

---

Understanding the Components and Their Roles

Disk A
- Usually considered a rotating disk, which can rotate about its center.
- Its rotational inertia depends on its shape; for a solid disk, the moment of inertia \( I = \frac{1}{2} M R^2 \),
where \( M \) is mass and \( R \) is radius.
- It may be connected to a pulley or directly to the cable, affecting the torque and rotational acceleration.

Block B
- A mass hanging or sliding along a vertical or horizontal path.
- The weight of the block is \( W = m g \), where \( m \) is the mass of the block.

Pulley System
- Serves to change the direction of the tension force.
- Assumed to be ideal (massless and frictionless) unless otherwise specified.



---

Analyzing the System: Fundamental Principles

To analyze such a system, we need to apply the following physics principles:

- Newton’s Second Law for linear motion:

\[
\sum F = m a
\]

- Rotational Dynamics for the disk:

\[
\tau = I \alpha
\]

where \( \tau \) is torque and \( \alpha \) is angular acceleration.

- Relationship between linear and angular acceleration:

\[
a = R \alpha
\]

---

Step-by-Step Solution Approach

1. Define the Variables

- \( T \): Tension in the cable.
- \( a \): Acceleration of the block (and the disk if they are connected).
- \( R \): Radius of the disk (assumed known or given).
- \( I \): Moment of inertia of the disk.

2. Free-Body Diagrams

Create free-body diagrams for:

- The hanging block B.
- The disk A, considering rotational motion.

3. Write Equations for Block B

Applying Newton’s Second Law:

\[
\sum F = m_B a
\]

\[
T - m_B g = - m_B a



\]

- The tension \( T \) acts upward.
- The weight \( m_B g \) acts downward.
- The negative sign indicates direction conventions.

4. Write Equations for Disk A

For the disk, considering torque:

\[
\tau = T R = I \alpha
\]

Since \( a = R \alpha \), then:

\[
T R = I \frac{a}{R}
\]

Rearranged:

\[
T = \frac{I a}{R^2}
\]

5. Combine Equations to Solve for \( a \)

Substitute \( T \) into the block B’s equation:

\[
\frac{I a}{R^2} - m_B g = - m_B a
\]

Rearranged:

\[
\frac{I a}{R^2} + m_B a = m_B g
\]

\[
a \left( \frac{I}{R^2} + m_B \right) = m_B g
\]

Thus,

\[
a = \frac{m_B g}{\frac{I}{R^2} + m_B}
\]

Once \( a \) is found, the tension \( T \) can be determined from:

\[
T = \frac{I a}{R^2}
\]

---



Calculations with Known Parameters

Suppose the disk is a solid disk with:

- \( M_A = 20 \text{ kg} \)
- Radius \( R = 0.3 \text{ m} \) (assumed for calculation)
- Moment of inertia:

\[
I = \frac{1}{2} M_A R^2 = \frac{1}{2} \times 20 \times 0.3^2 = 0.9 \text{ kg·m}^2
\]

Mass of block \( m_B = 10 \text{ kg} \)

Gravity \( g = 9.81 \text{ m/s}^2 \)

Calculate acceleration \( a \):

\[
a = \frac{m_B g}{\frac{I}{R^2} + m_B}
\]

\[
a = \frac{10 \times 9.81}{\frac{0.9}{0.3^2} + 10} = \frac{98.1}{\frac{0.9}{0.09} + 10} = \frac{98.1}{10
+ 10} = \frac{98.1}{20} = 4.905 \text{ m/s}^2
\]

Calculate tension \( T \):

\[
T = \frac{I a}{R^2} = \frac{0.9 \times 4.905}{0.09} = \frac{4.4145}{0.09} \approx 49.05 \text{ N}
\]

---

Discussion of Results

The calculated acceleration of approximately 4.91 m/s² indicates that the block B accelerates downward (if
hanging), while the disk spins accordingly. The tension in the cable is about 49.05 N, which is less than the
weight of the block (\( 10 \times 9.81 = 98.1 N \)), showing that the system accelerates rather than remaining
static.

Factors Affecting the System

- Radius of the disk \( R \): Changes in radius significantly influence the moment of inertia and, consequently, the
acceleration.
- Mass of the disk \( M_A \): Larger masses increase \( I \), reducing acceleration.
- Friction and pulley mass: Real systems may have frictional forces and pulley mass, which would alter the
calculations.

---



Extensions and Advanced Considerations

Including Friction and Pulley Mass

In practical applications, friction in the pulley bearings and pulley mass cannot be ignored. These factors
introduce additional torques opposing motion, reducing acceleration and tension.

Rotational Energy and Power Analysis

Analyzing the kinetic energy stored in both the translational motion of the block and the rotational motion of
the disk helps in understanding energy transfer within the system.

Non-Constant Acceleration

If the system is released from rest, the acceleration may vary over time, requiring differential equations to
model the motion accurately.

---

Conclusion

The problem involving a 20-kg disk attached to a 10-kg block via a cable and pulley system showcases
fundamental principles of dynamics and rotational motion. By applying Newton's second law and rotational
equations, we can determine the acceleration and tension within the system. Such analyses are vital in designing
mechanical systems like cranes, elevators, and machinery where pulleys and disks are common components.

Understanding the interplay between masses, moments of inertia, and pulley parameters allows engineers and
physicists to predict system behavior accurately. This detailed exploration provides a comprehensive
framework for solving similar problems, emphasizing the importance of methodical analysis and the application
of fundamental physics principles.

---
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Frequently Asked Questions

What is the primary objective when analyzing the 20-kg disk attached to the
10-kg block in the pulley system?

The primary objective is to determine the acceleration of the system and the tension in the cable by applying
Newton's laws to both the disk and the block.

How do you set up the free-body diagrams for the disk and the block in this
problem?

You draw separate free-body diagrams for the disk and the block, indicating all forces such as gravity,
tension, and normal forces, to analyze their interactions and apply Newton's second law accordingly.



What assumptions are typically made in solving pulley system problems like
this one?

Common assumptions include a massless and frictionless pulley and cable, and that the pulley and cable are
ideal, which simplifies calculations by ignoring pulley inertia and frictional forces.

How can the acceleration of the system be calculated using Newton's
second law?

By writing equations for the sum of forces on the disk and the block, then solving these equations
simultaneously to find the acceleration and tension in the cable.

What role does the pulley radius play in analyzing the disk and pulley
system?

If the pulley has a finite radius, rotational inertia must be considered; otherwise, for an ideal massless pulley,
rotation is ignored, simplifying calculations.

What is the significance of the cable being inextensible in this problem?

An inextensible cable ensures that the acceleration of the disk and the block are the same in magnitude but
opposite in direction, establishing a relationship between their accelerations.

How do you determine the tension in the cable during the system's motion?

After applying Newton's second law to both the disk and the block, you solve the resulting equations
simultaneously to find the tension in the cable.

What is a common method to verify the correctness of the calculated
acceleration and tension?

One method is to check that the calculated values satisfy the original equations of motion and that the
directions and magnitudes of forces are consistent with the physical setup.

How does the mass difference between the disk and the block influence the
system's acceleration?

The mass difference determines the net force acting on the system; a heavier disk or block results in a greater
acceleration in the direction of the heavier mass.

In what scenarios would rotational inertia of the disk become significant in
this problem?

Rotational inertia becomes significant if the disk has a non-negligible moment of inertia and the pulley system
involves rotational acceleration, requiring analysis of torque and angular acceleration.

Additional Resources
Pulley System Dynamics: An In-Depth Analysis of the 20-kg Disk and 10-kg Block Configuration

---



When examining the intricacies of classical mechanics, pulley systems often emerge as fundamental yet
fascinating examples of how forces, masses, and accelerations interplay. Among these, the configuration
involving a 20-kg disk attached to a 10-kg block via a cable and pulley system presents a compelling case
study. This setup not only reinforces core physics principles but also offers insights into real-world
applications, such as elevator mechanisms, crane operations, and mechanical design. In this article, we delve
into the detailed analysis of this problem, exploring all facets from conceptual understanding to mathematical
formulation, with an expert-level approach that aims to clarify every nuance.

---

System Overview and Physical Setup

Understanding the problem begins with visualizing the physical arrangement. Imagine a frictionless pulley
mounted at a fixed point, with a cable passing over it. On one side of the pulley is a disk with a mass of 20 kg,
and on the other side, a block with a mass of 10 kg is connected via the same cable.

Key Components:

- Disk A (Mass = 20 kg): Typically a solid, uniform disk, possibly rotating about its central axis, which
introduces rotational dynamics into the problem.
- Block B (Mass = 10 kg): Usually a point mass or a mass with negligible dimensions, free to move vertically.
- Pulley: Assumed to be ideal—massless and frictionless—to focus solely on the dynamic interactions.
- Cable: A massless, inextensible cord that transmits tension between the disk and the block.

Assumptions:

- The pulley is fixed in position.
- No friction exists between the disk and its axle, nor in the pulley.
- The cable does not stretch.
- The system starts from rest or at a known initial condition for dynamic analysis.
- The disk rotates without slipping, implying a relationship between translation and rotation.

---

Fundamental Physics Principles Involved

Analyzing this system requires synthesizing several core physics concepts:

1. Newton’s Second Law for Translation

For each mass, the net force causes acceleration:

- Block B:

\[
T - m_B g = m_B a
\]

- Disk A:

The disk not only translates but also rotates, governed by:

\[
\text{Translational:} \quad T = m_A a



\]

\[
\text{Rotational:} \quad \tau = I \alpha
\]

where:

- \( T \) is the tension in the cable
- \( m_A = 20\,kg \)
- \( m_B = 10\,kg \)
- \( g = 9.81\,m/s^2 \)
- \( a \) is the common linear acceleration
- \( I \) is the moment of inertia of the disk
- \( \alpha \) is the angular acceleration

2. Rotational Dynamics

For a solid disk:

\[
I = \frac{1}{2} m_A R^2
\]

And the relation between linear and angular acceleration:

\[
a = R \alpha
\]

3. Tension and Acceleration Relationship

Since the pulley is ideal and the cable is inextensible:

\[
a_{disk} = a_{block} = a
\]

And the rotational acceleration relates to translational acceleration by the radius \( R \).

---

Mathematical Analysis and Derivations

Transforming the physical principles into equations allows us to determine unknowns like acceleration \( a \),
tension \( T \), and angular acceleration \( \alpha \).

Step 1: Write down the equations of motion

- For Block B (mass \( m_B \)):

\[
T - m_B g = m_B a \quad \Rightarrow \quad T = m_B a + m_B g
\]

- For Disk A (mass \( m_A \), rotational inertia \( I \), radius \( R \)):



Translational:

\[
T = m_A a
\]

Rotational:

\[
\tau = I \alpha
\]

Since the tension acts at the rim:

\[
T R = I \alpha
\]

Using \( \alpha = a / R \):

\[
T R = I \frac{a}{R} \quad \Rightarrow \quad T R^2 = I a
\]

Substituting \( I = \frac{1}{2} m_A R^2 \):

\[
T R^2 = \frac{1}{2} m_A R^2 a
\]

Dividing through by \( R^2 \):

\[
T = \frac{1}{2} m_A a
\]

Step 2: Combine the equations

From block B:

\[
T = m_B a + m_B g
\]

From disk:

\[
T = \frac{1}{2} m_A a
\]

Set equal:

\[
m_B a + m_B g = \frac{1}{2} m_A a
\]

Solve for \( a \):

\[



m_B a - \frac{1}{2} m_A a = - m_B g
\]

\[
a (m_B - \frac{1}{2} m_A) = - m_B g
\]

\[
a = - \frac{m_B g}{m_B - \frac{1}{2} m_A}
\]

Insert known values:

\[
a = - \frac{10 \times 9.81}{10 - 0.5 \times 20} = - \frac{98.1}{10 - 10} = - \frac{98.1}{0}
\]

This results in division by zero, indicating the initial assumptions need refinement because the denominator
becomes zero at this specific configuration.

---

Interpreting the Result: Critical Analysis

The division by zero suggests a special case—possibly a static equilibrium or a configuration where the system
cannot accelerate under the current assumptions. Specifically:

- When \( m_B = 0.5 \times m_A \), the net acceleration becomes undefined, implying the system is in equilibrium or
at a critical point.

In our case:

\[
m_B = 10\,kg, \quad m_A = 20\,kg
\]

and

\[
0.5 \times m_A = 10\,kg
\]

which matches \( m_B \). Therefore, the system is at a critical point, and the acceleration \( a \) is zero,
indicating static equilibrium.

Implication:

- The system remains at rest if initially at rest, with the forces balanced.
- Any perturbation would determine whether it moves or stays static, depending on external factors.

---

Extended Analysis: Including Rotational Effects and Real-World



Considerations

While the simplified model indicates equilibrium, real systems involve factors like:

- Friction: Between the disk and its axis, which could prevent rotation or alter the tension.
- Mass of the pulley: If not negligible, it adds rotational inertia.
- Cable mass and elasticity: Which could influence tension and acceleration.
- Initial conditions: Starting from rest or with initial velocity.

In advanced scenarios, incorporating these factors involves more complex equations:

- Frictional torque:

\[
\tau_f = \mu N R
\]

- Pulley's moment of inertia \( I_p \):

\[
T R = I_p \alpha
\]

- System of equations:

\[
m_B g - T = m_B a
\]

\[
T - \text{frictional torque} = I \alpha
\]

\[
a = R \alpha
\]

---

Practical Applications and Engineering Insights

Understanding the dynamics of such a system extends beyond theoretical physics—it has tangible engineering
benefits:

- Design of lifting mechanisms: Ensuring stability and safety when lifting heavy objects.
- Optimization of pulley systems: Minimizing energy losses by selecting appropriate pulley sizes and materials.
- Control systems: Predicting system behavior under various load conditions.

Furthermore, this analysis underscores the importance of precise calculations in designing reliable mechanical
systems. For instance, knowing the critical mass ratios helps engineers prevent unintended motion or mechanical
failure.

---



Conclusion and Final Remarks

The analysis of a 20-kg disk attached to a 10-kg block via a pulley system exemplifies fundamental principles
of physics—Newtonian mechanics, rotational dynamics, and equilibrium conditions. It highlights that the ratio
of masses dictates the system's behavior, with specific configurations leading to equilibrium or acceleration.

This problem serves as an excellent educational tool, illustrating how to derive equations, interpret results,
and understand the physical implications. For engineers and physicists alike, mastering such analyses is essential
for designing safe, efficient, and effective mechanical systems.

In essence, the interplay between translation and rotation, masses, and forces in this pulley setup offers a
microcosm of broader mechanical principles, reinforcing the importance of detailed, step-by-step examination in
problem-solving and system design.
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