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Understanding how to calculate the first and second velocities of a car connected to a pulley system
with washers attached is essential in physics and engineering, especially in the study of rotational
motion and mechanical systems. This article provides a comprehensive guide to performing these
calculations accurately, integrating fundamental concepts such as torque, angular velocity, and
moment of inertia. Whether you're a student tackling physics problems or an engineer designing
mechanical systems, mastering these calculations will enhance your analytical skills and deepen
your understanding of rotational dynamics.

Understanding the System: Components and Basic
Principles

Before diving into the calculations, it’s vital to understand the components involved and the core
physical principles governing their motion.

Components of the System

- Car or Pulley System: The main element that rotates as the system operates.

- Washers: Circular disks attached to the pulley, adding mass and affecting the system's inertia.
- Pulley: A wheel with a groove that guides the rope or belt, connected to the car.

- Rope or Belt: Transfers force between the pulley and the car.

- Mass of the Car: The object moving linearly, influenced by rotational motion.

Basic Principles

- Conservation of Energy: The total mechanical energy (kinetic + potential) remains constant unless
external work is done.

- Rotational Dynamics: Includes concepts of torque, angular acceleration, and moment of inertia.

- Linear and Angular Velocities: Relationship between the linear velocity of the car and the angular
velocity of the pulley.



Calculating the First Velocity: Initial Conditions and
Approach

The first velocity generally refers to the initial velocity of the car or the pulley system before any
acceleration occurs, or the velocity immediately after the system starts moving.

Given Data and Assumptions

- Mass of the car: \(m )

- Number of washers attached: 3

- Mass of each washer: \( m w)

- Radius of the pulley: \( R )

- Moment of inertia of the pulley: \( 1)

- Gravitational acceleration: \( g \)

- Initial velocity of the system: \( v_0) (often zero if starting from rest)
- Tension in the rope: \( T'\)

Step-by-Step Calculation of the First Velocity

1. Determine the Total Moment of Inertia:
The moment of inertia of the pulley with washers attached is:

\[
[ {total} =1 {pulley} + \sum I {washers}

\]

For washers treated as disks:

\[
I {washer} = \frac{1}{2} m wR"2
\]

Thus,

\[
[ {total} =1 {pulley} + 3 \times \frac{1}{2} m w R"2

\]

2. Apply Energy Conservation or Force Balance:

If starting from rest and releasing the system, the initial potential energy converts into kinetic
energy:

\[
mgh =\frac{1}{2} m v*2 + \frac{1}{2} [ {total} \omega™2



\]
Here, \( v\) is the linear velocity of the car, and \( \omega \) is the angular velocity of the pulley.
3. Relate Linear and Angular Velocities:

\[
v = R\omega
\]

4. Solve for \( v \):
Rearranged as:

\[
mgh=\frac{1}{2} mv"2 + \frac{1}{2} I {total} \left( \frac{v}{R} \right)"2
\]

Simplify:

\[
mgh=\frac{1}{2} mv"2 + \frac{1}{2} I {total} \frac{v"2}{R"2}
\]

\[
m g h =\frac{1}{2} v*2 \left( m + \frac{I {total}}{R"2} \right)
\]

Therefore,

\[
v_{initial} = \sqrt{ \frac{2 m g h}{ m + \frac{I {total}}{R"2} } }
\]

This gives the initial or first velocity of the car (or pulley system) based on the initial height \( h \)
from which it is released.

Calculating the Second Velocity: Post-Acceleration
Motion

The second velocity typically refers to the velocity after some acceleration period or after certain
forces have acted on the system.



Factors Influencing the Second Velocity

- Additional forces (friction, air resistance)
- External work done on the system

- Changes in mass distribution

- Energy losses

Methodology for Calculating the Second Velocity

1. Identify Any External Forces or Energy Losses:
For example, frictional torque or damping effects.
2. Apply the Work-Energy Theorem:

\[
\text{Work done} = \Delta \text{Kinetic Energy}

\]

If no external work is done:

\[

\frac{1}{2} mv_{second}"2 + \frac{1}{2} I {total} \left(\frac{v_{second}}{R} \right)"2
\text{Initial energy}

\l

3. Account for Energy Losses:

If friction or damping torque \( \tau f\) acts over a distance \( d \):

\[

\text{Work done by friction} = \tau f \theta
\]

where \( \theta \) is the angular displacement.
4. Calculate the Updated Velocity:

Incorporate all energy inputs and losses into the energy balance:

\[

m g h - \text{Energy losses} = \frac{1}{2} m v {second}"~2 + \frac{1}{2} I {total} \left(
\frac{v_{second}}{R} \right)"2

\]

Solve for \(v_{second} \):

\[



v _{second} = \sqrt{ \frac{2 (m g h - \text{energy losses}) }{ m + \frac{I {total}}{R"2} } }
\]

Practical Application: Example Calculation

Suppose we have a pulley with the following parameters:

- Pulley inertia \( I {pulley} = 0.02\, \text{kg-m}~2\)
- Each washer mass \( m_w = 0.5\, \text{kg} \)

- Washer radius \( R = 0.1\, \text{m} \)

- Car mass \( m = 2\, \text{kg} \)

- Drop height \( h = 5\, \text{m} \)

- No energy losses considered initially

Step 1: Calculate total moment of inertia:

\[

I {washers} = 3 \times \frac{1}{2} \times 0.5 \times (0.1)"2 = 3 \times 0.5 \times 0.005 = 3 \times
0.0025 = 0.0075\, \text{kg-m} "2

\]

\[
I {total} = 0.02 + 0.0075 = 0.0275\, \text{kg-m} "2

\]

Step 2: Calculate initial velocity:

\[
v_{initial} = \sqrt{ \frac{2 \times 2 \times 9.81 \times 5}{ 2 + \frac{0.0275}{(0.1)~2} } }
\]

\[

v_{initial} = \sqrt{ \frac{2 \times 2 \times 9.81 \times 5}{ 2 + \frac{0.0275}{0.01} } } = \sqrt{
\frac{196.2}{ 2 + 2.75 } } = \sqrt{ \frac{196.2}{4.75} } \approx \sqrt{41.3} \approx 6.43\,
\text{m/s}

\]

Result: The initial velocity of the car (or pulley system) is approximately 6.43 m/s.

Factors Affecting the Velocity Calculations

Several factors can influence the accuracy and outcome of these calculations:



- Mass distribution: Precise mass and size of washers and pulley.

- Friction and damping: Real systems experience energy losses.

- External forces: Wind resistance or additional forces acting on the system.
- Measurement errors: Inaccurate data or assumptions.

Understanding these factors helps in designing more precise models and predicting real-world
behavior more accurately.

Conclusion: Mastering the Calculation of Velocities in
Pulley Systems

Calculating the first and second velocities of a car attached to a pulley with washers involves a
thorough understanding of rotational dynamics, energy conservation,

Frequently Asked Questions

How do I determine the first and second velocities of a car
with three washers attached to a pulley?

To calculate the velocities, first identify the rotational speed of the pulley, then relate the linear
velocity of the car to the angular velocity of the pulley using the formula v = wr, where w is the
angular velocity and r is the radius of the pulley. The washers increase the effective radius, so
include their combined thickness in the calculation.

What is the significance of the washers in calculating the
velocities of the car?

The washers increase the radius of the pulley, which affects the linear velocity transmitted to the
car. By accounting for the washers' total thickness, you can accurately determine how the rotational
motion translates into linear motion of the car.

How can I incorporate the washers’ sizes into the velocity
calculations?

Add the total thickness of the three washers to the pulley’s radius to find the new effective radius.
Use this radius in the velocity formula v = wr to find the first velocity, and then apply the same
process after any change to determine the second velocity.

What formulas are used to find the first and second velocities



in this setup?

The primary formula is v = wr, where w is the angular velocity of the pulley, and r is the effective
radius (original pulley radius plus washers). For the second velocity, update r if the washers or
pulley change, and recalculate using the same formula.

If the angular velocity of the pulley is known, how do I
compute the linear velocities with washers attached?

Calculate the effective radius by adding the washers' total thickness to the pulley radius. Then,
multiply the angular velocity (w) by this effective radius (r) to find the linear velocity: v = wr. Repeat
if the washers' configuration changes for the second velocity.

Are there any specific considerations when washers are
attached to the pulley for velocity calculations?

Yes, ensure you accurately measure the total thickness of the washers to determine the new
effective radius. Also, consider whether the washers are fixed or rotating separately, as this may
affect the velocity transmission. Typically, assume washers rotate with the pulley for straightforward
calculations.

Can I use the same approach for calculating velocities if the
washers are of different sizes?

Yes, but you must calculate the total effective radius by summing the pulley radius and each
washer's individual thickness. Use this combined radius in the velocity formula to find the initial and
subsequent velocities accurately.

Additional Resources
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Understanding the dynamics of rotational systems, especially in the context of pulleys and connected
masses, is fundamental in classical mechanics. When a car is connected via a pulley system with
washers attached, analyzing the velocities at different stages is crucial for predicting the system's
behavior. This article provides a comprehensive exploration of how to calculate the first and second
velocities of a car with three washers attached to the pulley, employing principles of rotational
motion, energy conservation, and kinematic relationships.

Introduction to Pulley Systems and Rotational



Dynamics

Pulley systems are common in mechanical applications, serving as devices to change the direction of
forces and modify the magnitude of applied forces. In scenarios where washers or weights are
attached to a pulley, their motion involves both translational and rotational components.

Key concepts include:

- Rotational motion: Describes the spinning of the pulley, characterized by angular velocity (w) and
angular acceleration (o).

- Translational motion: Concerns the linear movement of the car and washers, characterized by
linear velocity (v).

- Conservation principles: Energy conservation and the relationships between linear and angular
quantities are essential for systematic calculations.

In analyzing such systems, the primary goal is to determine the velocities of the car at different
points, particularly after certain displacements or time intervals, considering the attached washers
influence.

System Description and Assumptions

Before proceeding with calculations, it’s important to define the system clearly and specify
assumptions to simplify the analysis:

- System Components:

- A car moving along a horizontal surface.

- A pulley mounted on a fixed axis.

- Three washers (masses) attached to the pulley via a string or cord, which unwinds or winds as the
system moves.

- The pulley is assumed to be frictionless, and the string is massless and inextensible.

- Assumptions:

- No slipping occurs between the string and pulley.

- Air resistance and frictional losses are negligible.

- The washers are identical with mass \( m_w ).

- The pulley has a moment of inertia \(I\) (e.g., \(I = \frac{1}{2} M R"2)) for a solid disc pulley).
- The initial velocities are known or can be considered zero for initial conditions.

- The system is analyzed in two stages: initial acceleration and subsequent velocities after certain
displacements.



Fundamental Principles and Equations

The calculations rely on the following core principles:

1. Conservation of Energy

Total mechanical energy (kinetic + potential) in the system remains constant if there are no
dissipative forces:

\[

E {initial} = E {final}

\]

This includes:

- Translational kinetic energy of the car and washers.

- Rotational kinetic energy of the pulley.
- Gravitational potential energy changes of the washers.

2. Kinematic Relationships

- Linear velocity \( v \) of the car and washers relates to the angular velocity \( \omega \) of the pulley
via:

\[

v = R\omega

\]

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

- As washers unwind, the length of the string unwound relates to the displacement of the washers
and the car.

3. Dynamics Equations

Applying Newton’s second law and rotational dynamics:
- For linear motion:

\[

T=mg-ma

\]

- For rotational motion:



\[
\tau = I'\alpha
\]

where \( T'\) is the tension in the string, \( \tau \) is torque, and \( \alpha \) is angular acceleration.

Step-by-Step Calculation Procedure

Calculating the first and second velocities involves multiple steps, often starting from initial
conditions and progressing through energy or force balance equations.

Step 1: Establish Initial Conditions

- Assume the initial velocity of the car (\( v_0)) is zero or known.
- The initial velocities of washers and pulley are known or zero.
- The initial potential energy of washers depends on their starting height.

Step 2: Determine the Relationship Between Velocities and
Displacements

- When washers unwind a certain distance \( s \), the pulley rotates by an angle \( \theta \):
\[

s = R \theta

\]

- The velocity of washers and car after unwinding a length \( s \):

\[
v = R \omega
\]

Step 3: Apply Energy Conservation to Find Velocities

Suppose the system is released from rest, and washers fall by a distance \( h \). The energy



conversion involves:
- Loss of potential energy:

\[
\Delta PE=m wgh
\]

- Gain in kinetic energy of washers, car, and pulley:

\[
KE = \frac{1}{2} m cv"~2 + 3 \times \frac{1} {2} m wv”~2 + \frac{1}{2} I \omega™2
\]

Using \( v = R\omega \):

\[
KE =\frac{1}{2} m cv"2 + \frac{3}{2} m wv"2 + \frac{1}{2} I \frac{v"2}{R"2}
\]

Applying energy conservation:

\[
m wgh=\frac{1}{2} m cv"2 + \frac{3}{2} m wv”"2 + \frac{1}{2} I \frac{v"2}{R"2}
\]

Solve for \( v \):

\[
v =\sqrt{\frac{2 m wgh}{m c+ 3 m w + \frac{I} {R*2} }}
\]

This gives the second velocity of the system after washers have fallen through height \( h \).

Step 4: Calculate the First Velocity (Initial or at a Different
Stage)

- If the system starts from rest, the initial velocity \( v_0) is zero.
- If the system has an initial push or a known initial velocity, incorporate that into energy or
kinematic equations.

Alternatively, if the system is accelerated over a displacement \( s \):

\[
v2=v0™2+2as
\]



where \( a ) is acceleration determined via force analysis.

Incorporating Moment of Inertia and Pulley
Characteristics

The pulley’s moment of inertia \( I \) significantly influences velocities:
- For a solid disc pulley:

\[
[ =\frac{1}{2} M R"2
\]

- For a hoop:

\[
[=MR"2
\]

Where:

-\( M'\) = mass of pulley
-\(R\) = radius of pulley

The rotational inertia affects the energy distribution and hence the velocities.

Numerical Example and Practical Computation

Suppose:

- Mass of car, \( m_c = 500\,kg \)

- Mass of each washer, \( m w = 2\,kg )

- Number of washers, 3

- Pulley radius, \( R = 0.2\,m\)

- Pulley mass, \( M = 5\,kg \)

- Gravitational acceleration, \( g = 9.81\, m/s"~2)
- Washers fall through height \( h = 2\,m \)

Calculate:

\[
[ =\frac{1}{2} M R"2 = \frac{1}{2} \times 5 \times (0.2)"2 = 0.1\,kg\,m"2



\]

Total mass of washers:

\[
3 \times 2\, kg = 6\ kg
\]

Applying energy conservation:

\[

v_{second} = \sqrt{\frac{2 \times 6\ kg \times 9.81\, m/s"2 \times 2\,m}{ 500\ kg + 6\ kg +
\frac{0.1}{(0.2)"2} }}

\]

Compute denominator:

\[
500 + 6 + \frac{0.1}{0.04} = 506 + 2.5 = 508.5\,kg

\]

Compute numerator:

\[
2 \times 6 \times 9.81 \times 2 = 2 \times 6 \times 19.62 = 235.44

\]

Calculate velocity:

\[
v _{second} = \sqrt{\frac{235.44}{508.5}} \approx \sqrt{0.463} \approx 0.68\, m/s

\]

This velocity corresponds to the car and washers after the washers have fallen 2 meters.

Understanding the First Velocity: Initial Conditions and
Acceleration

- If the system begins from rest, the initial velocity \(v_0 = 0).
- During acceleration, the velocity increases according to the net torque and force balance.
- To determine the velocity at a specific displacement or time, use kinematic equations:

\[
v=v0O+at
\]



or

\[
vA2=v 0°2+2a
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