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Introduction

Understanding the behavior of current within conductive materials is
fundamental to the study of electromagnetism and electrical engineering. When
a metallic conductor is subjected to an alternating current (AC), especially
at low frequencies like 1 kHz, the nature of current flow involves both
conduction and displacement components. Although in typical metals at such
frequencies the conduction current dominates, analyzing the displacement
current density offers valuable insights into the electromagnetic response of
the material. This article explores the concept of displacement current
density inside a metallic conductor at 1 kHz, providing detailed derivations,
explanations, and practical considerations.

Fundamental Concepts

Conduction Current vs. Displacement Current

- Conduction Current (Jconduction): The flow of free electrons driven by an
electric field within the conductor, described by Ohm’s law:

\ [
\mathbf{J} {\text{conduction}} = \sigma \mathbf{E}

\1]

where \(\sigma\) is the electrical conductivity of the metal, and
\ (\mathbf{E}\) is the electric field.

- Displacement Current (Jdisplacement): Introduced by Maxwell to account for
time-varying electric fields, especially in capacitive and dielectric
contexts:



\ [

\mathbf{J} {\text{displacement}} = \varepsilon \frac{\partial
\mathbf{E}}{\partial t}

\1]

where \(\varepsilon\) is the permittivity of the material.

In metals, conduction current vastly exceeds displacement current at low
frequencies; however, for completeness and understanding wave propagation in
dielectrics or insulators, the displacement current becomes significant.

Parameters and Assumptions for a Typical
Metallic Conductor at 1 kHz

Material Properties

- Conductivity (\(\sigma\)): For typical copper, \(\sigma \approx 5.8 \times
1077\, \text{S/m}\).

- Permittivity (\(\varepsilon\)): For copper (a metal), the permittivity is
approximately the same as free space, \(\varepsilon 0 \approx 8.854 \times
107{-12}\, \text{F/m}\). Metals are highly reflective and have a very high
conductivity, effectively screening electric fields internally.

Frequency Details

- Frequency (F): 1 kHz, which corresponds to an angular frequency:

\ [
\omega = 2\pi F = 2\pi \times 1000 \approx 6283\, \text{rad/sec}

\1

- Wavelength (\(\lambda\)): In free space,

\ [

\lambda = \frac{c}{F} \approx \frac{3 \times 1078\, \text{m/sec}}{1000} = 3
\times 1075\, \text{m}

\1

which is very large compared to the conductor dimensions, implying quasi-
static conditions.



Analyzing Displacement Current Density in a
Metallic Conductor

Magnitude of Electric Field Inside the Conductor

In a metallic conductor carrying an AC current, the electric field is
primarily confined near its surface due to the skin effect. The interior
remains nearly field-free, especially at low frequencies. Nevertheless, for
the purposes of analyzing displacement current density, consider the general
case where an electric field exists within or across a section of the
conductor.

- 0hm’'s law in differential form:

\ [

\mathbf{J} = \sigma \mathbf{E}

\1

- Relation between current density and applied voltage:

For a wire of length \(L\), cross-sectional area \(A\), and applied voltage
\(W\):

\ [
\mathbf{J} {\text{conduction}} = \frac{I}{A}
\1]

and

\ [

V=1R=1I\frac{L}{\sigma A}
\1

leading to

\ [
\mathbf{E} = \frac{V}{L}
\]

assuming uniform field along the length.



Calculating Displacement Current Density

The displacement current density is given by:

\ [

\mathbf{J} {\text{displacement}} = \varepsilon \frac{\partial
\mathbf{E}}{\partial t}

\1]

For an AC electric field:

\ [
\mathbf{E}(t) = E 0 \sin(\omega t)
\1

then,

\ [
\frac{\partial \mathbf{E}}{\partial t} = \omega E 0 \cos(\omega t)
\1

The amplitude of the displacement current density (the maximum value over
time) 1is:

\ [
J {d, \text{max}} = \varepsilon \omega E 0O
\1

where \(E 0\) is the peak electric field amplitude.

Estimating Electric Field and Displacement
Current Density in Practice

Typical Electric Field Magnitudes in Conductors

In a typical metallic conductor carrying AC at 1 kHz:

- The electric field inside the metal is extremely small due to the high
conductivity and the skin effect.

- Near the surface, the electric field can be approximated by considering the
applied voltage and the skin depth.



Skin Depth at 1 kHz

The skin depth \(\delta\) determines how deeply the electromagnetic wave
penetrates into the conductor:

\ [
\delta = \sqrt{\frac{2}{\omega \mu \sigma}}
\1

where:

- \(\mu \approx \mu 0 = 4\pi \times 10°{-7}\, \text{H/m}\) for non-magnetic
metals.

Calculating:

\ [

\delta = \sqrt{\frac{2}{6283 \times 4\pi \times 10™{-7} \times 5.8 \times
10”~7}} \approx 2.1\, \text{mm}

\1

This indicates that at 1 kHz, the current primarily flows within
approximately 2 mm of the surface.

Estimating Electric Field Amplitude \(E_0\)

Suppose a typical voltage \(V\) is applied across a conductor of length
\(L\):

- For example, \(V = 10\, \text{V}\),
- \(L = 1\, \text{m}\).

Then,

\ [
E 0 = \frac{V}{L} = \frac{10\, \text{V}}{1\, \text{m}} = 10\, \text{V/m}
\1

This is a rough estimate, recognizing that actual fields inside the metal are
much smaller due to eddy currents and skin effect, but for the purpose of
understanding displacement current density, this provides a basis.



Calculating the Displacement Current Density

Using the values:

- \(\varepsilon = 8.854 \times 107{-12}\, \text{F/m}\),
- \(\omega = 6283\, \text{rad/sec}\),
- \(E_0 = 10\, \text{V/m}\),

we find:

\ [

J {d, \text{max}} = \varepsilon \omega E 0 = (8.854 \times 10°{-12}) \times
6283 \times 10

\1]

Calculating:

\ [

J {d, \text{max}} \approx 8.854 \times 107{-12} \times 62,830 \approx 5.56
\times 10"~{-7}\, \text{A/m}"2

\1]

This is an extremely small current density compared to conduction current
densities in metals, which are typically on the order of \(1076\) A/m\("~2\)
or higher.

Implications and Significance

Dominance of Conduction Current in Metals

- At 1 kHz, the conduction current density dominates due to the high
conductivity (\(\sigma \approx 1077\, \text{S/m}\)).

- The displacement current density is negligible in comparison, often by many
orders of magnitude.

Relevance in Electromagnetic Wave Propagation

- In free space or dielectrics, displacement currents are crucial for wave
propagation.

- In metals at low frequencies, the displacement current can be considered
negligible within the bulk, but the concept remains important at the surface
and in high-frequency regimes.



Limitations of the Model

- The simplified model assumes uniform electric fields, which is not
realistic in practical conductors.

- Skin effect causes current and fields to concentrate near the surface,
reducing the internal electric field magnitude.

- High conductivity and skin effect ensure that displacement current density
remains insignificant at low frequencies.

Conclusion

In a typical metallic conductor operating at 1 kHz, the displacement current
density is extraordinarily small compared to the conduction current
density—often negligible for practical purposes. The high electrical
conductivity of metals ensures that electric fields within the

Frequently Asked Questions

What is the significance of displacement current
density inside a metallic conductor at a frequency
of 1 kHz?

At 1 kHz, the displacement current density in a metallic conductor is
typically negligible compared to conduction current because metals have very
high conductivity, which results in minimal displacement current contribution
under these conditions.

How is the displacement current density related to
the frequency in a metallic conductor?

Displacement current density is proportional to the rate of change of
electric field and thus increases with frequency, but in metals at 1 kHz, its
magnitude remains very small due to their high conductivity and negligible
electric field variation inside.

What is the typical amplitude of displacement
current density inside a metallic conductor at 1
kHz?

The amplitude of the displacement current density inside a typical metallic
conductor at 1 kHz is extremely small, often negligible compared to



conduction current, often on the order of picoamperes per square meter or
less.

Why is the displacement current density generally
negligible in metallic conductors at low frequencies
like 1 kHz?

Because metals have very high electrical conductivity, the electric field
inside is nearly zero, leading to negligible displacement current; conduction
current dominates, making displacement current insignificant at low
frequencies such as 1 kHz.

How can the displacement current density be
calculated inside a metallic conductor at 1 kHz?

It can be calculated using the relation J d = € 9E/ot, but since the electric
field inside a good conductor is almost zero, the displacement current
density is effectively negligible at 1 kHz.

Does the skin effect influence the displacement
current density in a metallic conductor at 1 kHz?

At 1 kHz, the skin depth in metals is relatively large (on the order of
millimeters), so the displacement current density near the surface is
minimal, and the overall effect on displacement current density is
negligible.

In practical applications, is the displacement
current significant in the analysis of metallic
conductors operating at 1 kHz?

No, in practical scenarios at 1 kHz, the displacement current is negligible
compared to conduction current and typically does not significantly affect
the analysis of metallic conductors.

Additional Resources
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In the realm of electromagnetism, understanding the behavior of currents
within conductors is fundamental, especially as frequencies increase and
traditional conduction mechanisms intertwine with displacement effects. The
question of how displacement current density manifests within a typical
metallic conductor at a frequency of 1 kHz is both intriguing and crucial for
applications spanning from radio frequency engineering to materials science.



This article delves into the concept of displacement current density,
explores its calculation within metallic conductors at 1 kHz, and elucidates
the underlying physics with clarity and depth.

Understanding Displacement Current Density:
Foundations and Significance

The Concept of Displacement Current

Displacement current was introduced by James Clerk Maxwell to address
inconsistencies in Ampeéere's law when dealing with time-varying electric
fields. Unlike conduction current, which involves the movement of free charge
carriers (electrons, ions), displacement current is a form of "effective"
current arising from changing electric fields. Mathematically, it is
expressed as:

\[ \mathbf{J} d = \varepsilon 0 \frac{\partial \mathbf{E}}{\partial t} \]
where:

- \( \mathbf{J} d \) is the displacement current density (A/m?),

- \( \varepsilon 0 \) is the permittivity of free space (~8.854 x 10-%2 F/m),
- \( \frac{\partial \mathbf{E}}{\partial t} \) is the time derivative of the
electric field.

This concept ensures the continuity of current and the consistency of

Maxwell's equations across different scenarios, including electromagnetic
wave propagation and high-frequency circuit behavior.

Displacement Current in Conductors: Traditional View
vs. High-Frequency Effects

In typical DC or low-frequency conduction within metals, free electrons
respond to electric fields, producing conduction current described by Ohm's
law:

\[ \mathbf{J} = \sigma \mathbf{E} \]

where \( \sigma \) is the electrical conductivity.

However, at higher frequencies, the behavior becomes more complex:

- Skin Effect: Alternating currents tend to flow near the surface of
conductors, with current density decreasing exponentially with depth.



- Displacement Current Significance: As frequency increases, the rate of
change of electric fields inside the conductor can become comparable to
conduction currents, making displacement current non-negligible.

At 1 kHz, which is relatively low in RF terms, the displacement current
inside a conductor is generally negligible compared to conduction current.
Nonetheless, understanding its amplitude provides insights into the

electromagnetic behavior and aids in designing components like inductors,
transformers, and shielding.

Analyzing the Displacement Current Density at 1
kHz

Establishing the Electric Field Inside the Metal

To evaluate the displacement current density, we need the electric field \(
\mathbf{E} \) within the conductor. For a typical metallic conductor
subjected to an AC voltage at frequency \( f = 1 \mathrm{kHz} \):

- Assume the conductor is part of a simple circuit or setup where an
alternating voltage \( V(t) =V 0 \sin (2\pi f t) \) is applied.

- The electric field inside the conductor relates to the voltage and the
length \( L \):

\[ E(t) = \frac{V(t)}{L} \]

If we consider a uniform conductor of length \( L \) with a potential
difference \( V(t) \), then:

\[ E(t) = \frac{V_0 \sin (2\pi f t)}{L} \I

- For simplicity, assume \( V_0 \) is known (say 1 V), and the conductor
length \( L \) is 1 meter.

Thus:

\[ E(t) = \frac{1}{1} \sin (2\pi \times 1000 t) = \sin (2\pi \times 1000 t)
\text{ V/m} \]

Calculating the Time Derivative of the Electric
Field

The displacement current density depends on the rate of change of \(



\mathbf{E} \):
\[ \frac{\partial E}{\partial t} = 2\pi f E 0 \cos(2\pi f t) \]

Using the above example:

- \( E_0 = 1 \text{ V/m} \)
- \( f = 1000 \text{ Hz} \)
Therefore:

\[ \frac{\partial E}{\partial t} = 2\pi \times 1000 \times 1 \times \cos(2\pi
\times 1000 t) \approx 6283 \times \cos(2\pi \times 1000 t) \text{ V/(m-s)}
\1

The maximum value of this derivative, which corresponds to the amplitude, is:

\[ \left| \frac{\partial E}{\partial t} \right| {max} \approx 6283 \text{
V/(m:s)} \]

Calculating the Displacement Current Density
Amplitude

Using the formula:

\[ J d = \varepsilon 0 \frac{\partial E}{\partial t} \]

At maximum:

\[ J {d,\text{max}} = \varepsilon 0 \times 6283 \]

Substituting \( \varepsilon 0 \):

\[ J {d,\text{max}} = 8.854 \times 107{-12} \times 6283 \approx 5.56 \times
10~{-8} \text{ A/m}"2 \]

This is an extremely small current density, reflecting that at 1 kHz,
displacement currents within typical metals are negligible compared to
conduction currents.

Physical Interpretation and Practical
Implications



Why Is the Displacement Current Negligible at 1 kHz?

In conductors like copper or aluminum, the electrical conductivity \( \sigma
\) is on the order of \( 1077 \) S/m, resulting in conduction currents vastly
overpowering displacement currents at such low frequencies. To compare:

- Conduction current density:

\[ J = \sigma E \]

Given \( E \approx 1 \text{ V/m} \):

\[ J \approx 1077 \times 1 = 10”7 \text{ A/m}"2 \]

- Displacement current density:

\[ J d \approx 5.56 \times 107°{-8} \text{ A/m}"2 \]

The conduction current density exceeds displacement current density by over

14 orders of magnitude, confirming its negligible role in typical metallic
conduction at 1 kHz.

When Does Displacement Current Become Significant?

While at 1 kHz the displacement current is negligible, as frequency
increases, the rate of change of electric field grows proportionally, leading
to:

- Increased displacement current density at higher frequencies (MHz to GHz).
- Skin effect becomes prominent, affecting current distribution.

- Electromagnetic wave propagation relies heavily on displacement current for
sustaining the wave.

In high-frequency circuit components, the displacement current influences
impedance, signal integrity, and electromagnetic compatibility.

Conclusion: Key Takeaways and Broader Context

The amplitude of displacement current density inside a typical metallic
conductor at 1 kHz is minuscule compared to conduction currents. Our
calculations demonstrate that for practical purposes, displacement current
can be neglected within conductors at such low frequencies. Nonetheless,
understanding its theoretical foundation is essential for grasping the full
scope of electromagnetic phenomena, especially as frequencies increase.

This analysis underscores the importance of frequency in electromagnetic



behavior:

- At low frequencies (like 1 kHz), conduction dominates, and displacement
effects are negligible.

- At high frequencies, displacement currents become significant, influencing
design considerations in RF engineering, microwave technology, and materials
science.

In summary, while the displacement current density inside a typical metallic
conductor at 1 kHz is extraordinarily small (~10-8 A/m?2), its conceptual
understanding enriches our knowledge of electromagnetic theory and guides the
engineering of high-frequency electronic devices. Whether designing antennas,
transmission lines, or shielding, appreciating the interplay between
conduction and displacement currents is vital for innovation and
technological advancement.
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