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Introduction

Imagine a scenario where a loop of wire, incorporating a resistor, is
situated in the same plane as a long, straight wire. When a switch S
connecting this setup is closed, a fascinating interplay of electromagnetic
phenomena begins to unfold. This configuration is fundamental in
understanding concepts like electromagnetic induction, self-inductance,
mutual inductance, and the transient behaviors of electrical circuits.

Such arrangements are often explored in physics laboratories and electrical
engineering applications to analyze how changing currents influence magnetic
fields and induce voltages in nearby conductors. This article delves into the
detailed physics behind this setup, exploring the effects experienced when
the switch is closed, the resulting current distributions, and the
implications on energy transfer within the system.

Physical Setup and Basic Components
The Core Elements

- Loop of Wire with a Resistor: A closed conducting loop that includes a
resistor, which provides resistance to current flow.

- Long Straight Wire: Situated in the same plane as the loop, extending over
a significant length.

- Switch S: A device that, when closed, completes the circuit, allowing
current to flow.

Assumptions and Conditions

- The system is idealized to focus on electromagnetic induction phenomena.
- The wires are thin, uniform, and perfectly conducting except for the
resistor.

- The magnetic effects are considered in a quasi-static approximation (slow
changes in current).



The Initial State Before Opening or Closing the Switch

Before closing the switch, the system is at equilibrium with no current
flowing in either the loop or the long wire. The magnetic field in the
environment is static, and no induced voltages are present.

Closing the Switch S: Immediate Effects
When S is closed, the following events occur:
Sudden Change in Current

- The current in the loop begins to increase from zero toward a steady value,
driven by the applied emf.

- This change in current produces a time-varying magnetic field associated
with the loop.

Electromagnetic Induction in the Long Wire

- According to Faraday's Law, the changing magnetic flux linked with the long
wire induces an emf in the wire.

- The direction of this induced emf opposes the change in magnetic flux, in
accordance with Lenz's Law.

Understanding Electromagnetic Induction in This Setup
Magnetic Fields and Flux

- The current in the loop produces a magnetic field perpendicular to its
plane.

- As the current changes, the magnetic flux through the long wire also
varies.

Induced emf in the Long Wire

- The long wire experiences an induced emf proportional to the rate of change
of magnetic flux.

- The magnitude of the induced emf depends on factors like the geometry of
the setup and the rate of current change in the loop.

Mutual Inductance

- The phenomenon can be characterized by the mutual inductance \( M \)

between the loop and the long wire.
- The induced emf \( \mathcal{E} \) in the long wire is given by:

\ [



\mathcal{E} = - M \frac{dI {loop}}{dt}
\1

where \( I {loop} \) is the current in the loop.

Transient Response of the System
Differential Equations Governing the Currents

The system's behavior can be modeled by a set of coupled differential
equations:

1. Loop Circuit Equation:

\ [

L {loop} \frac{dI {loop}}{dt} + R I {loop} + M \frac{dI {long}}{dt} =
V_{source}

\1

2. Long Wire Induced Voltage:

\ [
L {long} \frac{dI {long}}{dt} + R {long} I {long} + M \frac{dI {loop}}{dt} =
0
\1

where:

- \( L {Loop} \), \( L {long} \): Self-inductances of the loop and the long
wire.

- \( R\), \( R {long} \): Resistance in the loop and the long wire.

- \( I {long} \): Current in the long wire.

- \( V_{source} \): Applied emf when the switch is closed (could be from a
battery or emf source).

Solution Dynamics
- The currents do not change instantaneously; instead, they evolve over time
characterized by exponential functions.

- The mutual inductance couples the evolution of both currents, leading to
oscillations or damping depending on resistances.

Steady-State Behavior
After a sufficiently long time post switch closure:

- The currents stabilize at constant values.



- The induced emf drops to zero because the magnetic flux becomes constant.
- The system reaches an electromagnetic equilibrium.

Energy Considerations
Energy Storage in Magnetic Fields

- The energy stored in the magnetic field of the loop and the long wire is
given by:

[
= \frac{1}{2} L {loop} I {loop}"2 + \frac{1}{2} L {long} I {long}"2 + M
{loop} I {long}

~ H C -

]
Power Dissipation

- The resistor in the loop converts electrical energy into heat.
- The resistances in the long wire may also dissipate energy if significant.

Energy Transfer Dynamics
- The energy initially supplied by the emf source is partitioned into
magnetic field energy and heat due to resistance.

- The mutual inductance allows energy to be transferred between the loop and
the long wire during transient phases.

Practical Implications and Applications
Electromagnetic Induction Devices

- Understanding such configurations aids in designing transformers,
inductors, and inductive coupling systems.

Electromagnetic Compatibility

- Recognizing induced currents helps mitigate interference in electrical
systems.

Wireless Power Transfer

- Similar principles underlie wireless charging technologies, where coupling
between coils induces currents without direct contact.

Factors Affecting the System's Behavior



Geometry and Distances

- The mutual inductance \( M \) depends on the relative placement and
dimensions of the loop and the long wire.

Resistance Values

- Higher resistance leads to quicker damping of transient currents but less
magnetic energy storage.

Rate of Switch Closure

- Rapid switching results in larger induced emf and more significant
transient effects.

External Magnetic Fields

- External fields can influence the flux and induce additional voltages,
complicating the analysis.

Conclusion

The scenario of a loop of wire with a resistor situated in the same plane as
a long wire, with a switch closing to initiate current flow, encapsulates
fundamental electromagnetic principles. This setup vividly illustrates how
changing currents induce voltages in nearby conductors, governed by the laws
of electromagnetic induction, mutual inductance, and circuit dynamics.

Understanding these phenomena provides essential insights into the design and
operation of various electrical devices, from transformers to wireless power
systems. Recognizing the transient behaviors, energy transfer mechanisms, and
the influence of geometrical factors enables engineers and physicists to
optimize systems for efficiency, safety, and functionality.

By analyzing the detailed interplay between the loop and the long wire, one
gains a deeper appreciation of the elegant and interconnected nature of
electromagnetism in practical applications.

Frequently Asked Questions

How does closing the switch in the loop affect the
current in the resistor and the long wire?

Closing the switch causes a change in magnetic flux, inducing an
electromotive force (emf) that temporarily alters the current in both the
resistor and the long wire, following Lenz's Law.



What is the role of the resistor in the loop when
the switch is closed?

The resistor limits the current induced in the loop, controlling the rate at
which current changes and dissipating energy as heat.

How does the position of the long wire influence the
induced emf when the switch is closed?

The induced emf depends on the magnetic flux change, which is affected by the
long wire's position relative to the loop; a closer or more aligned wire
results in a greater flux change.

What is the direction of the induced current in the
resistor when the switch is closed?

The induced current flows in a direction that opposes the change in magnetic
flux, according to Lenz's Law, either increasing or decreasing current to
oppose the flux variation.

How does the presence of the long wire modify the
magnetic field in the loop when the switch is
closed?

The long wire contributes additional magnetic field lines and flux, altering
the total magnetic flux through the loop and affecting the induced emf.

What transient effects occur immediately after
closing the switch in this setup?

There is a transient current and emf that peak quickly as the magnetic flux
changes rapidly, after which the current settles to a steady-state value
depending on resistance and inductance.

How can the induced emf be calculated in this
configuration?

The induced emf can be calculated using Faraday's Law: emf = -dé/dt, where ¢
is the magnetic flux through the loop, which depends on the magnetic field
and the area of the loop.

What factors influence the magnitude of the induced
current in the resistor?

Factors include the rate of change of magnetic flux, the resistance value,
and the geometry of the loop and long wire relative to the magnetic field



source.

Can this setup be used to generate electrical
energy? Why or why not?

While it can induce current and generate emf temporarily, continuous energy
generation requires a sustained change in magnetic flux; in a static setup,
it acts as a transformer or transient device, not a power source.

Additional Resources

Electromagnetic Induction in a Loop with a Resistor: An Expert Analysis

Introduction

Electromagnetic induction remains one of the foundational phenomena in
physics and electrical engineering, underpinning technologies from
transformers to wireless charging. When analyzing the behavior of current and
magnetic fields in circuits involving loops of wire, resistors, and changing
magnetic flux, a nuanced understanding of the underlying principles is
essential. In this article, we delve into an intriguing scenario: a loop of
wire with a resistor, placed in the same plane as a long wire, with the
switch closed. We will explore the physical principles at play, the dynamics
of induced currents, and the implications for real-world applications.

The Experimental Setup and Fundamental Components
The Loop of Wire with a Resistor

Imagine a planar, circular loop of conducting wire, with a resistor
integrated into the circuit. This loop is stationary and positioned in a
horizontal plane. The resistor's presence introduces resistance, thereby
influencing the magnitude and behavior of the induced current.

The Long Wire

Adjacent to this loop is a long, straight wire, also lying in the same plane.
The wire is connected to a power source or a circuit that allows current to
flow when the switch is closed. When the switch S is closed, a steady current

flows through this long wire, generating a magnetic field in the surrounding
space.

The Switch S

The switch S controls the current in the long wire. When S is open, no



current flows, and the magnetic field is absent or negligible. When S is
closed, the current in the long wire begins to establish a magnetic field
that varies with time, particularly during the transient period when the
current is changing from zero to its steady-state value.

Physical Principles at Play
Electromagnetic Induction Fundamentals
At the core of this scenario lies Faraday's Law of Induction, which states:

> The induced electromotive force (emf) in any closed circuit is equal to the
negative rate of change of magnetic flux through the circuit:

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

(\mathcal{E}\) is the emf,

-\
- \(\Phi B\) is the magnetic flux through the loop.

This law implies that any change in magnetic flux—due to changes in the
magnetic field or the relative position of the source and the loop-induces an
emf, and consequently, a current in the loop if it is closed.

Magnetic Field from the Long Wire

When the switch S is closed, a current \( I(t) \) flows through the long
wire. The magnetic field \( B \) at a point in the plane of the loop, located
at a perpendicular distance \( r \) from the long wire, can be approximated
by the Biot-Savart law:

\[ B(r, t) = \frac{\mu 0 I(t)}{2\pi r} \I

where:

- \(\mu _0\) is the permeability of free space,
- \(r\) is the perpendicular distance from the wire to the point of interest.

The time dependence of \( I(t) \) influences the magnetic field's variation
over time, which in turn affects the flux through the loop.

Induced emf and Current in the Loop

The changing magnetic field due to the rising current in the long wire
induces an emf in the loop:

\[ \mathcal{E}(t) = - \frac{d\Phi B(t)}{dt} \]



Since the flux \(\Phi B(t)\) is an integral over the area \(A\) of the loop:
\[ \Phi B(t) = \int {A} B(r, t) \, dA \]

the induced emf depends on the rate of change of \( I(t) \) and the
geometrical configuration.

The loop, possessing resistance \( R \), responds with an induced current:
\[ I {ind}(t) = \frac{\mathcal{E}(t)}{R} \I

This current opposes the change in flux, as per Lenz's Law.

Dynamics of the System: Transients and Steady State
Transient Phase: When Switch S is Closed
Initially, when the switch S is closed:

- The current in the long wire begins to increase from zero.

- The magnetic field around the wire increases accordingly.

- The changing magnetic flux through the loop induces an emf, which drives a
current in the loop.

- The resistor dissipates energy as heat, and the current in the loop reaches
a maximum determined by the rate of change of the magnetic flux and the
resistance.

During this phase:

- The induced current is at its peak, opposing the increase in magnetic flux.
- The system behaves akin to an RL circuit, with the growth of current
described by exponential functions:

\[ I {loop}(t) = I {max} \left(l - e~{-\frac{t}{\tau}}\right) \]

where \(\tau = \frac{L {ind}}{R}\) (with \(L {ind}\) being the mutual
inductance) is the time constant.

Steady State: When the Current in the Long Wire Stabilizes
After sufficient time:

- The current in the long wire reaches a steady value \( I 0 \).

- The magnetic field becomes constant in time.

- The change in magnetic flux diminishes to zero.

- The induced emf in the loop drops to zero, and the induced current ceases.
- The loop current stabilizes, ultimately dependent on the circuit
configuration and any residual emf sources.



Impact of Resistance and Circuit Parameters
The Role of Resistance \( R \)
The resistor in the loop influences:

- Maximum induced current: Higher resistance limits the magnitude of the
induced current.

- Transient response: Resistance affects the time constant \(\tau\),
dictating how quickly the current reaches its maximum.

- Energy dissipation: Energy lost as heat in the resistor during the
transient phase.

Mutual Inductance and Geometrical Factors

The mutual inductance \( M \) between the long wire and the loop is critical:
\[ \Phi B =M I(t) \]

The mutual inductance depends on:

- The geometry of the system (size and shape of the loop, distance from the
long wire).

- The position and orientation of the loop relative to the wire.

A larger mutual inductance means a more significant induced emf for a given
rate of change of current.

Practical Implications and Applications
This setup, while idealized, mirrors real-world scenarios:

- Pick-up coils in wireless power transfer systems: The coil (loop with
resistor) experiences induced emf due to changing magnetic fields.

- Electromagnetic compatibility testing: Understanding induced currents helps
mitigate interference.

- Transformers and inductive sensors: Precise modeling of flux and currents
informs design choices.

The resistor's presence is especially important in applications requiring

controlled dissipation of energy, such as in damping oscillations or limiting
current flows.

Additional Considerations and Advanced Topics



Skin Effect and Frequency Dependence

At high frequencies, the induced currents tend to concentrate near the
surface of conductors (skin effect), affecting the effective resistance and
flux linkage.

Non-idealities and Real-World Variations

- Finite length of the long wire introduces edge effects.
- External magnetic fields can influence the flux.
- Parasitic inductances and capacitances may alter transient responses.

Numerical Modeling and Simulation

Modern computational tools utilize finite element methods (FEM) to simulate
complex inductive interactions, aiding in precise engineering design.

Conclusion

The interaction between a loop of wire with a resistor and a long wire
carrying current encapsulates core principles of electromagnetism and circuit
theory. When the switch is closed, a dynamic sequence unfolds: the current in
the long wire establishes a magnetic field, which varies with time, inducing
an emf in the nearby loop. The resistor moderates this current, dissipating
energy and shaping the transient response. These phenomena are not only
academically fascinating but also practically significant, underpinning a
multitude of electrical devices and systems.

By understanding the detailed physics and parameters involved, engineers and
physicists can optimize designs, minimize unwanted interference, and harness
electromagnetic induction's power for innovative applications. Whether in
designing transformers, inductive sensors, or wireless chargers, mastering
the interplay of magnetic flux, induced emf, and resistance remains
fundamental to advancing electrical technology.
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