A Bar Of Length L = 0.36m Is Free To
Slide Without Friction On Horizontal
Rails. A Uniform Magnetic Field

Introduction

A Bar Of Length L = 0.36m Is Free To Slide Without Friction On Horizontal
Rails. A Uniform Magnetic Field presents a classic setup in electromagnetism,
often used to illustrate fundamental principles such as electromagnetic
induction, Lorentz force, and the behavior of conductors in magnetic fields.
This configuration involves a conducting rod (the "bar") placed on two
parallel, horizontal, frictionless rails, with a uniform magnetic field
perpendicular to the plane of the setup. When an external influence, like a
change in magnetic flux or an applied current, acts on this system, it
exhibits intriguing phenomena that are foundational to understanding electric
motors, generators, and various electromagnetic devices.

This article provides an in-depth exploration of this setup, focusing on the
physical principles involved, the mathematical modeling, and practical
implications. We will analyze the forces at work, derive relevant equations,
and discuss how the system behaves under different conditions, including the
effects of moving the bar and the induced currents.

Physical Description of the System

Components and Arrangement

The system comprises:
e A pair of horizontal, parallel rails fixed on a frictionless surface.

e A conducting bar (the "slide") of length L = 0.36 meters, resting on the
rails and free to move without friction along them.

e A uniform magnetic field \(\vec{B}\) directed perpendicular to the plane
of the rails, often assumed to be into or out of the page.

The key points are:

- The rails are rigid and fixed in position, providing a path for current
flow.

- The bar can move along the rails without resistance, allowing for the study
of dynamic electromagnetic effects.



- The magnetic field is uniform, simplifying the analysis and emphasizing
fundamental electromagnetic principles.

Coordinate System and Orientation

Typically, the setup is described with:

- The rails aligned along the x-axis.

- The magnetic field oriented along the z-axis (perpendicular to the plane of
the rails).

- The bar sliding along the x-axis, with its motion characterized by its
position \(x(t)\).

Fundamental Principles and Concepts

Electromagnetic Induction

When the conducting bar moves in the magnetic field, a change in magnetic
flux through the loop formed by the rails and the bar induces an
electromotive force (emf) in the circuit, as described by Faraday’'s Law:

\ [
\mathcal{E} = - \frac{d\Phi B}{dt}

\1]

where \(\Phi B\) is the magnetic flux. If the bar moves with velocity \(v\),
the emf can be expressed as:

\ [
\mathcal{E} = B L v

\1]

assuming the magnetic field is uniform and perpendicular to the length of the
bar.

Lorentz Force and Current in the Conducting Bar

The induced emf drives a current \(I\) through the circuit, which interacts
with the magnetic field to produce a Lorentz force:

\ [
\vec{F} = I \vec{L} \times \vec{B}

\1]

This force can oppose or aid the motion depending on the direction of current
and magnetic field, leading to phenomena such as electromagnetic braking or
acceleration.



Mathematical Modeling of the System

Induced emf and Current

Assuming the circuit is closed and the resistance of the conducting bar and
rails is \(R\), Ohm’s Law gives:

\ [
I = \frac{\mathcal{E}}{R} = \frac{B L v}{R}
\1]

The direction of \(I\) depends on the relative orientations of \(B\) and
\(Vv\).

Force on the Moving Bar

The magnetic force acting on the bar due to the current is:
F=ILSB

Considering the direction, this force can be written as:

\ [
F = \frac{B”2 L™2 v}{R}
\]

The sign of the force determines whether it accelerates or decelerates the
bar.

Equation of Motion
Applying Newton’s second law:
\

m \frac{dv}{dt} = F
\1

where \(m\) is the mass of the sliding bar, yields:

\ [
m \frac{dv}{dt} = - \frac{B™2 L"2}{R} v
\1

The negative sign indicates a damping force that opposes the motion, leading
to:



\ [
\frac{dv}{dt} + \frac{B”2 L™2}{m R} v = 0
\1

which is a first-order linear differential equation, describing exponential
decay of velocity.

Analysis of System Behavior

Velocity Decay and Damping

Solving the differential equation yields:

\ [
v(t) = v 0 \exp \left( - \frac{B”2 L"2}{m R} t \right)
\1]

where \(v_0\) is the initial velocity at \(t=0\).

This indicates:

- The bar's velocity decreases exponentially over time due to the
electromagnetic damping force.

- The time constant \(\tau = \frac{m R}{B"2 L"2}\) dictates how quickly the
velocity diminishes.

Energy Considerations

The initial kinetic energy of the moving bar:

\ [
KE = \frac{1}{2} m v_0"2
\1

is gradually converted into electrical energy in the circuit, which is
dissipated as heat due to resistance \(R\). The power dissipated at time
\(t\):

\ [

P(t) = I”2 R = \left( \frac{B L v(t)}{R} \right)”2 R = \frac{B"2 L"2
v(t)~2}{R}

\1]

As \(v(t)\) decreases, so does the power dissipation, eventually bringing the
bar to rest.



Practical Implications and Applications

Electromagnetic Braking

The described system functions as a simple electromagnetic brake:

- Moving the bar initially imparts kinetic energy.

- The magnetic field induces currents that oppose the motion.

- The energy is dissipated as heat in the circuit’s resistance.

- This principle is utilized in various braking systems in trains and
amusement park rides for contactless deceleration.

Electric Generators and Motors

Understanding such configurations is fundamental to:

- Designing electromagnetic generators where mechanical energy is converted
into electrical energy.

- Developing electric motors where electrical energy causes motion, with the
system's damping characteristics influencing efficiency.

Measuring Magnetic Fields and Conductivity

By analyzing the rate of velocity decay or the induced emf, one can:

- Measure the magnetic field strength \(B\).

- Determine the resistance \(R\) or conductivity of the sliding conductor.
- Study material properties based on electromagnetic response.

Advanced Considerations

Effects of Non-Uniform Fields and Friction

In real-world scenarios:

- Magnetic fields may not be perfectly uniform, complicating the analysis.
- Frictional forces, though assumed absent here, can influence the motion.
- These factors require more complex models and corrections.

Inductive Effects and Circuit Dynamics

If the circuit includes inductance \(L {circuit}\):

- The dynamics become more complex, potentially leading to oscillations.
- The differential equations involve second derivatives, modeling LC
circuits.



Relativistic Effects and High-Speed Motion

At very high velocities:

- Relativistic effects may need to be considered.

- The classical models serve as good approximations for typical laboratory
conditions.

Conclusion

The simple setup of a frictionless conducting bar sliding on horizontal rails
within a uniform magnetic field encapsulates many core principles of
electromagnetism. It demonstrates how motion in a magnetic field induces
currents that, through the Lorentz force, influence the motion of conductors,
leading to phenomena such as electromagnetic damping. The mathematical
framework reveals exponential decay behavior, energy conversion, and
practical applications like electromagnetic braking and energy harvesting.

Understanding this system provides foundational insight into electromagnetic
devices and the interplay between mechanical and electrical energies,
underpinning much of modern electrical engineering and physics. Whether used
as a teaching tool or a basis for designing complex machinery, the principles
exemplified by this setup continue to be vital in advancing technology and
scientific understanding.

Frequently Asked Questions

What is the force experienced by a conducting bar of
length L = 0.36 m sliding on horizontal rails in a
uniform magnetic field?

The force on the bar is given by F = BIL, where B is the magnetic flux
density, I is the induced current, and L is the length of the bar. The
specific magnitude depends on the magnetic field and current values.

How does the magnetic field affect the motion of the
sliding bar in the setup?

The magnetic field induces an electromotive force (emf) as the bar moves,
which produces a current that in turn creates a magnetic force opposing or
aiding the motion, depending on the direction of movement and field.

What is the significance of the bar being
frictionless in this magnetic setup?

A frictionless setup ensures that the only forces acting on the bar are



electromagnetic in nature, allowing for ideal analysis of electromagnetic
induction without energy losses due to friction.

How can the induced emf in the sliding bar be
calculated?

The induced emf is given by Faraday's law as emf = B L v, where B is the
magnetic flux density, L is the length of the bar, and v is the velocity of
the bar.

What happens to the current and emf if the bar is
pulled faster along the rails?

As the bar's velocity increases, both the induced emf and the current
increase proportionally, since emf = B L v and current depends on emf and
circuit resistance.

How does the magnetic force influence the
acceleration of the sliding bar?

The magnetic force opposes the motion of the bar, acting as a damping force,
and can cause the bar to accelerate or decelerate depending on the direction
of motion and current flow.

What is the role of the uniform magnetic field in
the energy conversion process in this setup?

The uniform magnetic field facilitates electromagnetic induction as the bar
moves, converting mechanical energy into electrical energy, and vice versa
when currents produce magnetic forces affecting the bar’s motion.

Additional Resources

A Bar Of Length L = 0.36m Is Free To Slide Without Friction On Horizontal
Rails. A Uniform Magnetic Field

Introduction

In the realm of electromagnetism and classical physics, the interaction
between magnetic fields and conducting materials has long fascinated
scientists and engineers alike. One classic setup illustrating these
interactions involves a conducting bar placed on parallel horizontal rails
within a magnetic field. When the bar is free to slide without friction, it
becomes a fundamental model for understanding electromagnetic induction,
motional emf, and the principles underlying electric generators and sensors.



This configuration not only offers insight into fundamental physical laws but
also finds practical applications in modern technology, from electromagnetic
braking systems to energy harvesting devices.

This article provides a comprehensive examination of a uniform magnetic field
interacting with a sliding conducting bar of length \( L = 0.36\, \text{m}
\), exploring the underlying physics, the mathematical framework, and real-
world implications of such a system.

Physical Setup and Basic Principles
The Experimental Arrangement

Imagine two rigid, parallel, horizontal rails fixed in a frictionless
environment. A uniform magnetic field \( \mathbf{B} \) permeates the space,
oriented perpendicularly to the plane containing the rails—either into or out
of the page. A conducting bar of length \( L = 0.36\, \text{m} \) rests on
these rails, free to slide along their length. The entire system is ideally
isolated from external frictional forces, allowing the bar to move smoothly
under the influence of electromagnetic forces or external stimuli.

Fundamental Concepts Involved

- Magnetic Flux (\( \Phi \)): The magnetic flux through the loop formed by
the rails and the bar is given by \( \Phi = B \times A \), where \( A \) is
the area enclosed by the loop.

- Electromagnetic Induction: When the conducting bar moves in the magnetic
field, an emf (electromotive force) is induced across its ends due to the
change in magnetic flux, described by Faraday’'s law.

- Lorentz Force: The charge carriers within the conducting bar experience a
force due to the magnetic field when the bar moves, resulting in an induced
current if a complete circuit exists.

- Conservation of Energy: The mechanical work done to move the bar can be

converted into electrical energy, illustrating the interplay between
mechanical and electrical forms of energy.

Mathematical Foundations
Faraday'’s Law of Induction

Faraday'’s law states that the emf induced in a circuit equals the negative
rate of change of magnetic flux:

\ [



\mathcal{E} = - \frac{d\Phi}{dt}
\1

In this setup, if the bar slides with velocity \( v \), the area \( A =1L
\times x(t) \) (where \( x(t) \) is the position along the rails), the flux
is:

\ [
\Phi = B \times L \times x(t)
\1]

Taking the derivative with respect to time:

\ [
\mathcal{E} = - B L \frac{dx}{dt} = - B L v
\1]

The negative sign indicates the direction of the induced emf as per Lenz’s
Law, but for magnitude considerations, we often focus on:

\ [

|\mathcal{E}| = B L v

\]

Induced Current and Resistance

Assuming the conducting bar and rails form a closed circuit with total
resistance \( R \), the induced current \( I \) is given by Ohm’s law:

\ [

I = \frac{\mathcal{E}}{R} = \frac{B L v}{R}
\1]

Mechanical Dynamics and the Back emf

The induced current in the presence of the magnetic field experiences a
Lorentz force \( F_b \), which opposes the motion of the bar:

\ [
Fb=1ILDB-=\frac{B®2 L2 v}{R}
\]

This force acts opposite to the direction of the bar’'s velocity, effectively
damping its motion unless an external force is applied.

Dynamics of the Sliding Bar

Equations of Motion



Let’s analyze the forces acting on the bar. If an external force \( F_{ext}
\) is applied to maintain or change the velocity \( v \), Newton’s second law
states:

\ [
F {ext} - F b = m \frac{dv}{dt}
\1]

where \( m \) is the mass of the bar. Substituting \( F b \):

\ [
F {ext} - \frac{B”2 L2 v}{R} = m \frac{dv}{dt}
\1

This differential equation describes how the velocity \( v \) evolves over
time under the influence of electromagnetic damping.

Steady-State and Energy Considerations
Steady-State Conditions

In many practical scenarios, the system reaches a steady state where
acceleration ceases (\( dv/dt = 0 \)), and the velocity \( v_s \) is
constant. Under these conditions:

\ [
F {ext} = \frac{B"2 L"2 v_s}{R}
\1

If no external force is applied (\( F {ext} = 0 \)), the bar will decelerate
due to electromagnetic damping, eventually coming to rest unless energy is
supplied.

Power Dissipation and Energy Conversion
The electrical power dissipated as heat in the resistance is:

\ [
P {elec} = I”2 R = \left(\frac{B L v}{R}\right)~2 R = \frac{B"2 L"2 v~2}{R}
\1

Simultaneously, the mechanical power input (if an external force maintains
velocity) is:

\ [
P {mech} = F {ext} \times v
\1

In steady state with no external force, the mechanical energy supplied



initially converts into electrical energy and heat.

Practical Applications and Real-World Implementations

Electromagnetic Braking

The principles illustrated by this system underpin electromagnetic braking
systems used in trains and roller coasters. When a conductive element moves
within a magnetic field, the induced currents generate opposing magnetic
fields that resist motion, providing a smooth, contactless braking mechanism.
Energy Harvesting Devices

By harnessing the induced emf generated when the bar moves within the
magnetic field—-whether by wind, vibration, or human activity—innovative
energy harvesting systems are being developed for powering remote sensors and
wearable devices.

Electric Generators

The fundamental operation described forms the basis for many types of

electric generators, where mechanical energy is converted into electrical
energy through the relative motion of conductors and magnetic fields.

Factors Influencing System Behavior

Material Properties

The conductivity of the bar and rails directly affects the resistance \( R
\). Higher conductivity results in larger induced currents for a given
velocity, increasing electromagnetic forces.

Magnetic Field Strength

A stronger magnetic field enhances the emf and the induced current,
intensifying electromagnetic damping or power generation capabilities.

Length of the Conductor

The length \( L \) of the bar directly influences the magnitude of induced
emf and current. Longer conductors within the same magnetic field produce
higher emf values.

Frictionless Conditions

While idealized in theory, real systems experience friction and air
resistance, which introduce additional damping effects and energy losses.



Achieving near-frictionless conditions enhances the purity of the
electromagnetic effects.

Advanced Topics and Modern Research
Non-uniform Magnetic Fields

While this discussion assumes a uniform magnetic field, real-world
applications often involve spatially varying fields. Analyzing induced emf
and forces in such non-uniform fields necessitates more complex calculus but
can lead to specialized applications like magnetic field shaping.

Superconducting Conductors

Using superconducting materials for the conducting bar and rails can
drastically reduce resistance \( R \), allowing for high currents with
minimal losses—paving the way for ultra-efficient electromagnetic systems.

Nonlinear Dynamics and Control

Modern research explores controlling the motion of such systems using
feedback mechanisms, employing sensors and actuators to optimize energy
transfer and damping characteristics.

Conclusion

The system comprising a freely sliding conducting bar on horizontal rails
within a uniform magnetic field encapsulates a rich interplay of physical
principles. It demonstrates electromagnetic induction, the conversion of
mechanical work into electrical energy, and the fundamental nature of forces
acting on conductors in magnetic fields. Its theoretical foundation provides
critical insights into the operation of a wide array of technological
devices, from energy harvesters to electromagnetic brakes.

Understanding the nuances of this setup not only deepens our grasp of
classical electromagnetism but also fuels innovation in energy,
transportation, and sensor technologies. As research advances,
modifications—such as incorporating superconductors or complex magnetic field
geometries—promise to unlock new potentials, reinforcing the timeless
relevance of these fundamental physical principles.
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