A Long Straight Wire Carrying Current I
Is Moving With Speed V Toward A Small
Circular Coil Of Radius

Introduction

A Long Straight Wire Carrying Current I Is Moving With Speed V Toward A Small
Circular Coil Of Radius is a fascinating scenario in electromagnetism that explores the
interplay between moving charges, magnetic fields, and induced currents. This setup
serves as an excellent example of electromagnetic induction, a fundamental phenomenon
described by Faraday's law. Understanding this situation not only deepens our grasp of
magnetic and electric fields but also has practical implications in designing electrical
devices such as transformers, inductors, and sensors.

In many practical applications, relative motion between current-carrying conductors and
magnetic objects leads to the induction of electromotive forces (emf) and currents.
Whether in electric generators, inductive sensors, or electromagnetic braking systems, the
principles remain consistent. This article aims to analyze the physical phenomena
occurring when a long straight wire, carrying a steady current I and moving at velocity V
toward a small circular coil of radius R, interacts with the magnetic field generated by the
coil or the wire itself.

We will explore the magnetic fields involved, the concept of motional emf, the nature of
induced currents, and the consequences of this interaction. By the end of this article, you
will have a comprehensive understanding of the electromagnetic principles governing this
scenario and their applications in real-world technology.

Understanding the Physical Setup

The Components of the System
The system consists of two primary components:
¢ A long straight wire: This wire carries a steady current I and moves with a uniform

velocity V toward a stationary small circular coil. The wire can be considered
infinitely long for simplicity, which helps in deriving the magnetic field analytically.

¢ A small circular coil: This coil has a radius R, which is small compared to the
distance from the wire or other relevant dimensions. It is stationary in space.



Assumptions and Simplifications

To analyze this problem effectively, certain assumptions are often made:
e The wire is infinitely long, ensuring a uniform magnetic field along certain regions.
e The motion of the wire is uniform and in a straight line toward the coil.

e The coil is small enough that the magnetic field across it can be considered uniform
when close enough.

e Electrical resistance of the wire and coil are considered negligible unless specified
for calculating currents.

e The system operates in a vacuum or air, with no external magnetic fields influencing
the scenario.

Magnetic Field of a Long Straight Current-
Carrying Wire

Biot-Savart Law and Magnetic Field Expression

A long straight wire carrying a current I produces a magnetic field described by the Biot-
Savart law. The magnetic field at a distance r from a long straight conductor is given by:

B=(ml)/(2mr)

where:

- Mo is the permeability of free space (po = 4n X 107 T-m/A),

- I is the current in the wire,

- r is the perpendicular distance from the wire to the point where the field is being
calculated.

The magnetic field lines form concentric circles around the wire, with the magnitude
decreasing with distance from the wire.

Direction of Magnetic Field

Using the right-hand rule:
- Point your thumb in the direction of current I.
- The fingers curl around the wire, indicating the direction of the magnetic field.

For a point in space located at a perpendicular distance r from the wire, the magnetic field
direction is tangential to the circle centered on the wire.



Magnetic Field of the Circular Coil

Magnetic Field at the Center of a Small Circular Coil
A circular coil with radius R carrying current I c produces a magnetic field at its center
given by:

B coil = (noI c)/ (2 R)

This field is directed along the axis of the coil, following the right-hand rule. Since the coil
is small, the field is approximately uniform across its cross-section.

Significance of the Coil's Magnetic Field

The coil's magnetic field can influence the moving wire, especially if the coil carries a
current. Conversely, the magnetic field of the wire can induce emf in the coil if the
conditions for electromagnetic induction are met.

Electromagnetic Induction Due to Relative
Motion

Motional emf Concept

When a conductor moves in a magnetic field, charges within the conductor experience a
Lorentz force, leading to a separation of charges and an induced emf. The motional emf (g)
in a conductor of length L moving with velocity V perpendicular to a magnetic field B is
given by:

E=BLV

In this scenario:

- The moving wire experiences a changing magnetic flux as it approaches the coil.

- The emf is induced along the length of the wire as it moves through the magnetic field
associated with the coil or its own field.

The direction of the induced emf follows the right-hand rule and can be determined based
on the direction of motion and magnetic field.

Induced Currents and Their Direction

The induced current's direction depends on the relative motion:
- If the wire moves toward the coil, the induced current in the wire or coil will oppose or
reinforce the change, obeying Lenz's law.



- The induced current in the coil is such that it opposes the change in magnetic flux
causing it.

The magnitude of the induced emf depends on factors like velocity V, the magnetic field
strength B, and the length of the conductor in the field.

Analysis of the Scenario: Moving Wire
Approaching a Coil

Step 1: Magnetic Field of the Moving Wire

As the wire moves toward the coil, it creates a changing magnetic environment around the
coil, especially if the wire's magnetic field intersects the coil's region. The magnetic field
at the coil's location, due to the wire, varies with time as the wire approaches.

The magnetic field at the coil due to the wire at a distance r(t) is:

B wire(t) = (uo 1) / (211 1(t))

where r(t) decreases as the wire approaches.

Step 2: Changing Magnetic Flux and Induced emf

The magnetic flux through the coil is:
@(t) = B _wire(t) x A
where A = i1 R? is the area of the coil.
The induced emf in the coil is:
e =-do/dt

Calculating d®/dt involves differentiating B wire(t) with respect to time, considering how
r(t) changes with V:

r(t) =ro-Vt
where 1o is the initial distance from the wire to the coil.
Thus:

€ =-A x d(B wire)/dt

This indicates that as the wire approaches, the flux changes over time, inducing an emf.



Step 3: Induced Current and Its Effects

The induced emf drives a current in the wire and possibly in the coil if connected. The
direction of this current is such that it opposes the change in flux, per Lenz's law.

The magnitude of the induced current (assuming a resistance R total) is:
I induced = ¢/ R total

This current produces its own magnetic field, which influences the system's dynamics,
potentially creating forces that oppose or assist the movement of the wire.

Forces and Energy Considerations

Magnetic Force on the Moving Wire
The interaction between the magnetic fields and currents results in a force on the wire.
The magnetic force on a current-carrying conductor in a magnetic field is given by:

F=ILXxB

For the moving wire:

- The direction of the force depends on the current's direction and magnetic field.

- This force can oppose the motion (magnetic damping) or aid it, depending on the induced
currents.

Energy Transfer and Work Done

The work done by the external agent to move the wire at velocity V is converted into
magnetic energy stored in the fields and possibly dissipated as heat if resistance is
considered. The power associated with moving the wire is:

P=FxV
This energy transfer reflects the fundamental principle of electromagnetic induction:

changing magnetic flux results in induced emf and currents, which in turn exert forces
and transfer energy.

Applications and Practical Implications

Electromagnetic Induction in Devices

Understanding



Frequently Asked Questions

How does the motion of a long straight wire carrying
current I affect the magnetic field experienced by a
stationary small circular coil?

When the straight wire moves toward the coil, the magnetic field at the coil's location
changes over time due to the relative motion, inducing an emf in the coil as per Faraday's
law. The changing magnetic flux depends on the wire's current, distance, and velocity.

What is the induced emf in the coil when a current-
carrying wire approaches it at speed V?

The induced emf in the coil is given by Faraday's law: emf = -d®/dt, where ® is the
magnetic flux. As the wire approaches, the flux increases, and the emf can be calculated
based on the rate of change of magnetic flux, which depends on V, current I, and
geometry.

How does the relative velocity V influence the
magnitude of the induced current in the coil?

An increase in the relative velocity V increases the rate at which magnetic flux changes
through the coil, resulting in a larger induced emf and consequently a higher induced
current, according to Faraday's law.

What role does the radius of the circular coil play in the
induced emf when the wire moves toward it?

The radius of the coil determines its area and thus the magnetic flux threading through it.
A larger radius results in greater flux and a higher induced emf for the same rate of
change of magnetic field caused by the moving wire.

Does the direction of the wire's motion (toward or away
from the coil) affect the polarity of the induced emf?

Yes, the direction of motion determines whether the magnetic flux through the coil
increases or decreases, thus affecting the polarity of the induced emf. Moving toward the
coil increases flux, inducing an emf in one direction; moving away decreases flux, inducing
emf in the opposite direction.

How is the concept of motional emf relevant in this
scenario involving a moving wire and a coil?

The scenario exemplifies motional emf, where the motion of a conductor in a magnetic
field or relative motion between a current-carrying wire and a coil induces an emf. Here,



the moving wire's magnetic field changes relative to the coil, generating an emf without
any external voltage source.

What are practical applications of this phenomenon
involving moving currents and coils?

This phenomenon underpins electromagnetic induction devices such as electric
generators, inductive sensors, and transformers, where relative motion between
conductors and magnetic fields is used to generate or induce electrical energy or signals.

Additional Resources

A Long Straight Wire Carrying Current I Is Moving With Speed V Toward A Small Circular
Coil Of Radius

Introduction

In the realm of electromagnetism, the interaction between moving charges, magnetic
fields, and induced currents forms the cornerstone of numerous technological
applications—from electric generators and transformers to wireless power transfer
systems. A particularly intriguing scenario involves a long straight wire carrying a steady
current \( I \) moving with a uniform velocity \( V \) toward a small circular coil of radius \(
R\). This setup encapsulates the core principles of electromagnetic induction, relativistic
effects on magnetic fields, and the dynamic behavior of magnetic flux.

This article aims to provide a comprehensive analysis of this scenario, exploring the
physical principles, mathematical formulations, and potential implications. We will delve
into the magnetic field generated by the moving current-carrying wire, analyze the
induced electromotive force (emf) in the coil, and examine how the motion influences the
magnetic flux linkage. Moreover, we will consider the relativistic transformations and the
practical significance of such interactions in real-world applications.

Fundamental Concepts and Physical Foundations
Magnetic Field of a Long Straight Current-Carrying Wire

A long, straight wire carrying a steady current \( I \) produces a magnetic field
characterized by Ampere's law. The magnetic field at a distance \( r\) from the wire is
given by:

\[
B(r) = \frac{\mu O I} {2\pir}
\]

where:



-\(\mu_0 = 4\pi \times 10™{-7} \, \text{H/m} \) is the permeability of free space,
-\(r)) is the perpendicular distance from the wire.

This magnetic field forms concentric circles around the wire, following the right-hand rule.
Motion of the Wire and Its Effect on Magnetic Fields

When the wire moves with velocity \( V'\) toward the coil, the magnetic field it produces is
not static from the coil's perspective. The relative motion introduces dynamics in the
magnetic flux linkage, leading to induced emf via Faraday's law.

Electromagnetic Induction in Moving Systems

Faraday's law states:

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

where:
-\(\mathcal{E} \) is the emf induced in the coil,
-\(\Phi B)) is the magnetic flux through the coil.

In a stationary coil with a moving magnetic source, the changing flux results from the
change in the magnetic field linkage as the source approaches or recedes.

Mathematical Formulation of the System
Magnetic Field from a Moving Wire

In the lab frame, the wire's motion affects the magnetic field distribution in two primary
ways:

1. Magnetic field strength at the coil varies as the wire moves closer or farther away.
2. Relativistic effects alter the observed magnetic field due to Lorentz contraction of
electric and magnetic fields.

Magnetic Field in the Rest Frame of the Coil

Assuming the wire moves along the y-axis toward the coil, located at the origin, the
position of the wire at time \( t \) can be expressed as:

\[
r¢) =r0-Vt
\]

where \(r 0) is the initial distance from the coil.

The magnetic field at the coil due to the wire at time \( t\):



\[
B(t) = \frac{\mu 0 [}{2\pir(t)} = \frac{\mu O I}{2\pi(r 0 -V t)}
\]

Induced emf in the Circular Coil
The magnetic flux through the coil:

\[
\Phi B(t) = B(t) \times A = B(t) \times \pi R™2
\]

Hence:

\[

\Phi B(t) = \frac{\mu 0 I}{2\pi (r 0 -V t)} \times \pi R*2 = \frac{\mu O I R*2}{2(r 0-V
t)}

\]

Applying Faraday's law:

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

Differentiating:

\[
\mathcal{E}(t) = - \frac{d}{dt} \left( \frac{\mu O I R*2}{2 (r 0 - V t)} \right)
\]

\[

\mathcal{E}(t) = - \frac{\mu 0 I R"~2}{2} \times \frac{d}{dt} \left( \frac{1}{r 0 -V t}
\right)

\]

\[
\mathcal{E}(t) = - \frac{\mu 0 I R"2}{2} \times \left( \frac{V}{(r 0 -V t)~2} \right)
\]

\[

\boxed{

\mathcal{E}(t) = - \frac{\mu O I R*2V}{2(r 0-V)~2}
}

\]

The negative sign indicates the direction of the emf opposes the change in flux (Lenz's
law).



Relativistic Considerations
Magnetic and Electric Field Transformations

If the wire moves at relativistic speeds (\( V\) approaching the speed of light \( c )),
classical formulations become insufficient. Special relativity must be invoked to accurately
describe the electromagnetic fields.

In the wire's rest frame, the current produces a magnetic field as described. In the lab
frame, the moving wire's electric and magnetic fields are related via Lorentz
transformations:

\[
\mathbf{E} \perp' =\gamma (\mathbf{E} \perp + \mathbf{v} \times \mathbf{B})
\]

\[

\mathbf{B} \perp' = \gamma \left( \mathbf{B} \perp - \frac{\mathbf{v} \times
\mathbf{E}}{c”2} \right)

\]

where:

-\(\gamma = \frac{1}{\sqrt{1 - V"2/c"2}} ),

-\( \mathbf{v} \) is the velocity vector of the moving frame.

Since the wire carries a steady current in its rest frame with no electric field, in the lab
frame, the moving wire exhibits an induced electric field due to Lorentz contraction of
charge densities.

Implications for the Magnetic Field

The net effect is that the magnetic field experienced by the coil depends on the relativistic
velocity \( V' \). As \( V \to c ), the magnetic field can be significantly altered, and the
simple inverse proportionality to \( r \) must be corrected.

Induced emf at Relativistic Speeds

The general expression for the emf must incorporate these relativistic transformations,

leading to more complex formulations. However, for velocities much less than \( ¢ ), the
classical approximation remains valid.

Practical Scenarios and Applications
Experimental Setups

While achieving relativistic speeds for macroscopic wires is impractical, the described
analysis provides insight into:

- Electromagnetic induction due to moving sources, relevant in particle accelerators and



plasma physics.

- Wireless power transfer systems, where relative motion between transmitter and
receiver influences efficiency.

- Electromechanical devices, such as sensors that detect motion through induced emf.

Significance in Technology and Research

Understanding the interaction between moving conductors and magnetic fields underpins
the design of:

- Dynamic magnetic sensors and induction-based velocity detectors.

- High-speed switching devices where moving conductors induce transient emf.

- Electromechanical energy conversion systems, including linear motors and generators.
Limitations and Challenges

- Achieving and measuring effects at high velocities demands precise instrumentation.

- Relativistic effects are negligible at everyday speeds but become crucial at near-light
velocities, limiting experimental accessibility.

Advanced Topics and Further Research
Magnetic Field Line Topology in Moving Conductors

The topology of magnetic field lines changes with motion, affecting flux linkage and
potential reconnection phenomena, especially in plasma physics.

Inductive Effects in Electromagnetic Compatibility

Moving conductors can induce unwanted emf in nearby circuits, leading to
electromagnetic interference (EMI), critical in sensitive electronic systems.

Quantum Effects and High-Frequency Dynamics

At microscopic scales or high-frequency regimes, quantum electrodynamics (QED)
introduces additional considerations, such as photon emission during rapid motion.

Conclusion

The scenario of a long straight wire carrying current \( I \) moving with velocity \( V'\)
toward a small circular coil of radius \( R \) exemplifies fundamental electromagnetic
principles, blending classical electromagnetism with relativistic physics. The derived
expressions reveal how motion influences magnetic flux and consequently induces emf in
the coil, governed by Faraday's law and Lorentz transformations.

While the classical analysis suffices for most practical velocities, exploring relativistic
effects enriches our understanding of electromagnetic field behavior at high speeds. This



scenario not only underscores core physical concepts but also informs the development of
advanced technological applications where motion and electromagnetic fields interplay
dynamically.

In future investigations, experimental validation, numerical simulations, and exploration of
quantum effects can deepen insights, fostering innovations across physics, engineering,
and applied sciences.
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