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Understanding the behavior of sound waves in tubes is fundamental in acoustics, especially in
designing musical instruments, resonators, and various audio devices. When a sound source emitting
a specific frequency is placed at one end of a tube, the nature of the sound produced depends heavily
on whether the tube is open, closed, or has a combination of both. In this article, we explore the
scenario where a 2100 Hz sound source is placed at the open end of a tube, with the other end
closed, analyzing the acoustic phenomena, resonance conditions, and the resulting sound patterns.

Basics of Sound Waves in Tubes

Sound Wave Propagation in Air Columns

Sound waves are longitudinal pressure waves that propagate through a medium—in this case, air
within a tube. The wavelength (λ) of a sound wave is related to its frequency (f) and the speed of
sound (v) in air:

λ = v / f

At room temperature, the approximate speed of sound in air is about 343 m/s. For a frequency of
2100 Hz:

λ = 343 m/s / 2100 Hz ≈ 0.1633 meters (16.33 cm)

This wavelength determines the standing wave patterns that can form within the tube.

Open and Closed Ends: Boundary Conditions

The nature of the tube's ends influences how standing waves form:



Open End: Acts as a displacement antinode where air particles oscillate with maximum
amplitude. The pressure variation at an open end is minimal, approximating atmospheric
pressure.

Closed End: Acts as a displacement node where air particles have minimal movement, but
pressure variations are maximum.

These boundary conditions define the possible harmonic modes within the tube.

Resonance Conditions in a Tube Open at One End and
Closed at the Other

Harmonic Frequencies and Modes

In a tube open at one end and closed at the other, only specific standing wave patterns can establish,
corresponding to odd harmonics:

Fundamental mode (first harmonic): one-quarter wavelength (λ/4) fits in the tube.

Higher modes: odd multiples of λ/4 (i.e., 3λ/4, 5λ/4, etc.) fit within the tube, corresponding to
the 3rd, 5th, etc., harmonics.

The frequencies at which these modes resonate are given by:

- f_n = (2n - 1) v / 4L, where n = 1, 2, 3,...

Here, L is the length of the tube.

Calculating the Fundamental and Harmonic Frequencies

Given the frequency of the source (2100 Hz), the tube length L that supports this frequency at
resonance can be determined:

Rearranged formula: L = (2n - 1) v / 4f

Suppose the source emits at 2100 Hz, and the tube is tuned to this frequency, then:



- For the fundamental (n=1):

L = (1) 343 / (4 2100) ≈ 0.0408 meters (4.08 cm)

- For the third harmonic (n=2):

L ≈ 3 343 / (4 2100) ≈ 0.1224 meters (12.24 cm)

- For the fifth harmonic (n=3):

L ≈ 5 343 / (4 2100) ≈ 0.204 meters (20.4 cm)

Thus, the tube length determines which harmonic is excited.

Behavior of Sound Waves in the Tube

Standing Wave Formation

When the 2100 Hz source is placed at the open end, it excites standing waves in the air column.
These waves reflect back from the closed end, creating nodes and antinodes at specific locations:

Displacement antinode at the open end

Displacement node at the closed end

The resulting standing wave pattern depends on the length of the tube and whether it matches a
harmonic condition.

Effect of the Open End

At the open end, the boundary condition allows maximum displacement, but pressure variations are
minimal. This results in:

Antinode of displacement at the open end

Near-zero pressure variation at the open end

This boundary condition influences the shape and position of the standing wave pattern within the
tube.



Implications for Sound Production and Applications

Resonance and Amplitude Enhancement

When the tube length matches a harmonic mode corresponding to the source frequency (around 2100
Hz), resonance occurs, leading to:

Large amplitude standing waves inside the tube

Enhanced sound intensity at that frequency

This principle underpins the operation of wind instruments and resonators, where tube length is
adjusted to produce desired notes.

Practical Applications

Understanding these principles allows for:

Designing musical instruments such as flutes, organ pipes, and clarinets, where tube length and1.
boundary conditions are critical.

Developing acoustic filters and resonators tuned to specific frequencies.2.

Analyzing sound absorption and radiation in architectural acoustics.3.

Effect of Changing the Tube Length or Boundary
Conditions

Varying the Length

Modifying the length of the tube shifts the resonant frequencies:

Longer tubes resonate at lower frequencies for the same harmonic mode.

Shorter tubes resonate at higher frequencies.



This principle is utilized in tuning instruments and acoustic devices.

Changing Boundary Conditions

Altering the boundary conditions (e.g., closing the open end or partially covering it) affects the
standing wave pattern:

Closing the open end converts it into a closed boundary, changing the harmonic series.

Partially covering the open end modifies the boundary condition, affecting the resonance
frequencies.

Summary and Conclusion

In summary, a sound source emitting at 2100 Hz placed at the open end of a tube produces complex
acoustic phenomena governed by the boundary conditions of the tube. The formation of standing
waves depends on the tube length and whether it satisfies the resonance conditions for odd
harmonics in a tube closed at one end. The fundamental frequency corresponds to a quarter-
wavelength fitting within the tube, with higher odd harmonics occurring at odd multiples of this
fundamental. These principles are fundamental in designing musical instruments and acoustic
devices, allowing control over the pitch and resonance characteristics.

Understanding the relationship between frequency, wavelength, tube length, and boundary conditions
enables engineers and musicians to manipulate sound for desired effects and functionalities. Whether
in the creation of musical tones or in acoustic engineering, the physics of sound in tubes remains a
vital aspect of acoustics that combines theory with practical applications.

Frequently Asked Questions

What is the significance of placing a sound source at 2100 Hz
at the open end of a tube?
Placing a 2100 Hz sound source at the open end of a tube helps study resonant modes, standing
waves, and the behavior of sound waves within the tube, which is useful in analyzing acoustic
properties and designing musical instruments or acoustic devices.

How does the frequency of 2100 Hz affect the formation of



standing waves in the tube?
At 2100 Hz, the wavelength of the sound wave interacts with the length of the tube to produce
specific standing wave patterns, resulting in nodes and antinodes at certain positions, depending on
whether the tube is open or closed at the other end.

What boundary conditions are present at the open end of the
tube when a 2100 Hz sound source is used?
The open end of the tube acts as a pressure release boundary, where the pressure fluctuation is
minimal and the particle velocity is maximum, which influences the formation of standing waves at
the given frequency.

How can the wavelength of the sound of 2100 Hz be
calculated in this context?
The wavelength (λ) can be calculated using the formula λ = v / f, where v is the speed of sound in air
(approximately 343 m/s at room temperature), and f is 2100 Hz, resulting in λ ≈ 0.1638 meters.

What is the effect of the tube's length on the resonant
frequencies when a 2100 Hz source is placed at the open end?
The length of the tube determines whether it supports certain harmonics or modes at 2100 Hz;
specific lengths will reinforce standing waves at this frequency, creating resonances, while others will
not.

Can this setup be used to determine the speed of sound in
air?
Yes, by measuring the length of the tube at resonance for the 2100 Hz frequency, the speed of sound
can be calculated using the relationship between wavelength, frequency, and tube dimensions.

What practical applications can be derived from
understanding sound waves at 2100 Hz in a tube?
This understanding is used in designing musical instruments, acoustic sensors, and in noise control
technologies, as well as in scientific experiments to study wave behavior and resonance phenomena.

How does the open end of the tube influence the standing
wave pattern at 2100 Hz?
The open end acts as a pressure node with maximum particle displacement, allowing certain
wavelengths and frequencies like 2100 Hz to establish stable standing waves, depending on the
tube's length and boundary conditions.
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Understanding the behavior of sound waves in tubes is fundamental in acoustics, with applications
spanning musical instruments, engineering designs, and scientific experiments. When a sound source
emitting a frequency of 2100 Hz is placed at the open end of a tube, intricate phenomena such as
standing waves, resonances, and harmonics come into play. This detailed review explores the physics
behind this setup, analyzing how the tube influences the sound's propagation, the nature of the
resulting sound waves, and practical implications.

---

Fundamentals of Sound Waves and Standing Waves in
Tubes

Nature of Sound Waves
Sound waves are longitudinal waves that travel through a medium—usually air in the case of open
tubes. These waves consist of alternating regions of compression and rarefaction, propagating at the
speed of sound (~343 m/s at 20°C).

Wave Behavior in Tubes
When sound waves encounter boundaries or impedance changes, they reflect and interfere with
incoming waves. In tubes, reflections at open and closed ends lead to the formation of standing
waves—patterns of nodes and antinodes that remain stationary.

Standing Waves in Open-Open and Open-Closed Tubes
- Open-Open Tube: Both ends are open; both ends behave as pressure nodes and displacement
antinodes.
- Open-Closed Tube: One end is closed, the other open; the closed end acts as a pressure node and
displacement antinode, the open end as a pressure antinode and displacement node.

Since the setup involves an open end at both ends (as indicated), the behavior aligns with open-open
tube acoustics, but the specific boundary conditions depend on whether the tube is open at only one
end or both.

---



Impact of a 2100 Hz Sound Source at the Open End

Frequency and Wavelength Calculation
The fundamental wavelength (\(\lambda\)) of the sound wave can be calculated using the speed of
sound:

\[
\lambda = \frac{v}{f}
\]

where:
- \(v \approx 343\, \text{m/s}\) (speed of sound in air),
- \(f = 2100\, \text{Hz}\).

Calculating:

\[
\lambda = \frac{343\, \text{m/s}}{2100\, \text{Hz}} \approx 0.163\, \text{m} \quad \text{(or 16.3
cm)}
\]

This wavelength is critical in understanding how the tube's length relates to resonant conditions.

---

Resonance Conditions in the Tube
Resonance occurs when the length of the tube corresponds to an integral multiple of half-
wavelengths, satisfying certain boundary conditions.

- Open-Open Tube Resonance: Supports standing waves when the tube length \(L\) equals \(n
\frac{\lambda}{2}\), where \(n=1,2,3,\dots\).
- Fundamental Frequency (First Harmonic): When \(L = \frac{\lambda}{2}\).

Given the wavelength, the tube length for the fundamental mode:

\[
L = \frac{\lambda}{2} = \frac{0.163\, \text{m}}{2} \approx 0.0815\, \text{m} \quad (8.15\,
\text{cm})
\]

Higher harmonic resonances occur at:

\[
L = n \times \frac{\lambda}{2}
\]



for \(n=1,2,3,\dots\).

---

Boundary Conditions and Effects of Open Ends

Open End Boundary Conditions
At an open end:
- The air particles are free to move, resulting in a pressure node (minimum pressure variation).
- Displacement amplitude is maximum (antinodes).

This boundary condition influences the formation of standing waves, with the open end always acting
as an antinode of displacement.

Reflection and Phase Change
When a wave reaches an open end, it reflects with no phase change because the boundary is free to
move. This reflection maintains the phase of the wave, leading to specific standing wave patterns.

---

Effect of Tube Length and Mode of Vibration

Determining the Tube Length for Resonance
Given the frequency and the wavelength, the tube length can be chosen to support certain modes:
- For the fundamental mode: \(L \approx 8.15\, \text{cm}\).
- For higher modes: multiples of half-wavelengths.

Practical considerations:
- If the tube length is exactly \(L = \frac{\lambda}{2}\), the system resonates at 2100 Hz.
- If the tube length differs, the sound may be attenuated or produce complex wave patterns.

Harmonic Series in an Open-Open Tube
The harmonics are all integer multiples of the fundamental wavelength, and the frequencies are given
by:

\[
f_n = n \times \frac{v}{2L}
\]



where:
- \(n=1,2,3,\dots\)

In this case, with \(L\) fixed, the 2100 Hz frequency may correspond to a fundamental or harmonic
mode depending on the tube length.

---

Practical Implications and Applications

Design of Musical Instruments
Many wind instruments like flutes and organ pipes are designed with specific lengths to resonate at
desired frequencies. Knowing the relationship between tube length and frequency allows for precise
tuning.

Acoustic Tuning and Noise Control
Resonance phenomena can either amplify or attenuate sound, which is essential in designing
mufflers, acoustic filters, and architectural spaces.

Scientific and Engineering Uses
- Resonance Testing: To analyze material properties or tube integrity.
- Frequency Generation: Creating specific sound frequencies for experiments.

---

Additional Factors Influencing Sound Behavior in the
Tube

End Corrections
In reality, the effective length of the tube differs slightly from the physical length due to end
effects—air outside the tube influencing the boundary conditions. The correction is approximately:

\[
L_{eff} = L + 0.6 \times r
\]

where \(r\) is the radius of the tube.



This correction shifts the resonance conditions slightly, especially in small-diameter tubes.

Effect of Damping and Losses
- Material absorption, air viscosity, and thermal conduction cause damping.
- Damping reduces amplitude at resonance and broadens resonance peaks.

Influence of Temperature and Medium Properties
- Variations in air temperature alter the speed of sound.
- Humidity and pressure also affect sound wave propagation and resonance conditions.

---

Summary and Key Takeaways

- Frequency and Wavelength: A 2100 Hz sound source produces a wavelength of approximately 16.3
cm in air.
- Resonance Conditions: For an open-open tube, standing waves occur when the tube length is an
integer multiple of half the wavelength.
- Boundary Effects: Open ends act as displacement antinodes with no phase change upon reflection,
supporting specific harmonic modes.
- Design Considerations: Precise tube length, end corrections, and damping influence the resonance
behavior.
- Applications: These principles underpin musical instrument design, noise control, and scientific
experimentation.

---

Conclusion
Placing a 2100 Hz sound source at the open end of a tube leads to rich physical phenomena rooted in
wave mechanics. The formation of standing waves depends critically on the tube length, boundary
conditions, and the harmonic series. Understanding these principles enables engineers, musicians,
and scientists to manipulate sound precisely for various applications, from tuning musical instruments
to designing acoustic devices. The interplay of wave physics and boundary conditions exemplifies the
elegance of acoustics and its practical importance in everyday technology.
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