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Understanding the behavior of sound waves within confined spaces is fundamental to acoustics and
musical instrument design. When a sound wave is generated inside a narrow glass tube with both
ends open, it creates a fascinating phenomenon known as a standing wave. The first harmonic, or
fundamental frequency, is the simplest form of this standing wave pattern. This article explores the
principles behind standing sound waves in open tubes, the characteristics of the first harmonic, and
their practical applications.

Fundamentals of Sound Waves in Open Tubes

Before delving into the specifics of the first harmonic, it is essential to understand how sound waves
behave in open-ended tubes.

Nature of Sound Waves

Sound waves are longitudinal waves that propagate through a medium such as air, water, or
solids by compressions and rarefactions.

In gases, these waves involve fluctuations in pressure and particle displacement that travel
through the medium.

Wave Behavior in Open-Ended Tubes

At the open ends of a tube, the air pressure fluctuations tend to be minimal, resulting in
pressure nodes at these points.

The particle displacement, however, reaches a maximum at open ends, forming displacement
antinodes.

This boundary condition leads to specific standing wave patterns characterized by nodes and
antinodes along the tube's length.



Formation of Standing Waves and Harmonics

Standing waves are formed through the interference of incident and reflected waves within the tube.

Conditions for Standing Waves

The incident wave travels down the tube and reflects off the open ends.1.

Reflected waves interfere with incident waves, creating stationary patterns of pressure and2.
displacement.

Constructive interference occurs at specific frequencies, producing stable standing wave3.
patterns.

Harmonics in Open-Ended Tubes

The simplest standing wave pattern corresponds to the first harmonic, with a single antinode
at the center and nodes at the ends.

Higher harmonics feature additional nodes and antinodes but are more complex in form.

The frequencies at which these harmonics occur are integral multiples of the fundamental
frequency.

The First Harmonic in a Narrow Open Glass Tube

The first harmonic, also known as the fundamental frequency, is characterized by a single half-
wavelength fitting within the tube.

Physical Characteristics

Wavelength: The wavelength of the first harmonic is twice the length of the tube.

Frequency: The fundamental frequency is determined by the speed of sound in air and the
length of the tube.



Mathematical Expression
The fundamental frequency \(f_1\) can be calculated using the formula:

f_1 = \frac{v}{2L}

v = speed of sound in air (approximately 343 m/s at 20°C)

L = length of the tube

Standing Wave Pattern for the First Harmonic

The pattern features a displacement antinode at the center of the tube and pressure nodes at
both ends.

There are no internal nodes between the ends in the first harmonic.

This creates a simple half-wavelength standing wave with maximum amplitude at the center.

Experimental Setup and Observations

Understanding the first harmonic involves practical experiments with narrow glass tubes.

Apparatus Needed

Narrow glass tube with both ends open

Source of sound (e.g., tuning fork or oscillator)

Microphone or sensor to detect sound intensity

Frequency generator (optional)

Procedure

Set up the tube vertically or horizontally in a stable position.1.



Generate sound at various frequencies and observe the response.2.

Identify the frequency at which a maximum amplitude occurs, indicating resonance at the3.
fundamental frequency.

Measure or calculate the tube's length to verify the relation \(f_1 = v / 2L\).4.

Expected Results

At the fundamental frequency, a clear standing wave pattern forms inside the tube.

The sound intensity inside the tube peaks at the center, confirming the displacement antinode.

Other frequencies will produce more complex patterns, but the first harmonic is the simplest
to observe.

Applications of the First Harmonic in Open Tubes

The principles of standing waves and harmonics in open tubes have numerous practical applications.

Musical Instruments

Flutes and pipe organs utilize open tubes to produce specific pitches based on their length and
the harmonic series.

The first harmonic determines the fundamental note played by these instruments.

Acoustic Measurement and Design

Designing resonant cavities and musical instruments relies on understanding the relationship
between length and fundamental frequency.

Sound engineers use these principles to optimize acoustics in auditoriums and recording
studios.



Scientific Instrumentation

Open tube resonators are used in devices such as tube microphones and sensors to detect
specific frequencies.

Understanding the first harmonic helps in calibrating and designing these tools.

Factors Affecting the First Harmonic

Several factors influence the precise characteristics of the fundamental frequency in an open tube.

Tube Length and Diameter

Longer tubes have lower fundamental frequencies, as \(f_1\) is inversely proportional to L.

Tube diameter has minimal effect on frequency but can influence damping and quality of the
sound.

Temperature and Air Properties

Higher temperatures increase the speed of sound, thus raising the fundamental frequency.

Humidity and atmospheric pressure also slightly affect the wave propagation characteristics.

Open End Conditions

Perfectly open ends act as ideal pressure nodes; in real scenarios, end effects may slightly
alter the frequencies.

Adding or removing open ends or changing boundary conditions modifies the standing wave
patterns.



Summary and Key Takeaways

- A standing sound wave in an open glass tube is formed by the interference of incident and reflected
waves, creating fixed nodes and antinodes along the tube's length.
- The first harmonic is the fundamental frequency at which the tube resonates, characterized by a
wave fitting into half the length of the tube (\(\lambda = 2L\)).
- The frequency of the first harmonic depends on the tube's length and the speed of sound in air,
following the relation \(f_1 = v / 2L\).
- Practical experiments involve generating sound at different frequencies and observing the
formation of standing waves, providing insights into acoustic properties.
- These principles underpin the design of musical instruments, acoustic devices, and scientific
measurement tools.

Understanding the behavior of standing sound waves in open tubes not only enriches our knowledge
of acoustics but also informs various technological and artistic fields. Mastery of the first harmonic
and related concepts enables precise control over sound production and transmission, making it a
fundamental topic in physics and engineering.

Frequently Asked Questions

What is the first harmonic in a standing sound wave inside a
narrow open glass tube?
The first harmonic is the fundamental mode of vibration where the tube length corresponds to half a
wavelength, resulting in one node at the center and antinodes at both open ends.

How is the wavelength of the first harmonic related to the
length of the tube?
In the first harmonic, the wavelength is twice the length of the tube, i.e., λ = 2L.

What boundary conditions are present at the open ends of the
tube for the first harmonic?
At open ends, the boundary condition is a displacement antinode, meaning the air particles oscillate
with maximum amplitude.

How does the frequency of the first harmonic depend on the
length of the tube?
The frequency is inversely proportional to the length of the tube, given by f = v / (2L), where v is the
speed of sound in air.



What role does the speed of sound play in setting up the first
harmonic in the tube?
The speed of sound determines the wavelength for a given frequency; it influences the frequency of
the standing wave for a fixed tube length.

Why do both ends of the tube act as displacement antinodes in
the first harmonic?
Because the open ends allow air particles to move freely, resulting in maximum displacement at both
ends.

Can the first harmonic be excited in a tube with both ends
open? If so, how?
Yes, by producing a sound wave of frequency f = v / (2L), which corresponds to the fundamental
mode, standing waves form with the described conditions.

What is the significance of understanding the first harmonic
in musical instruments like organ pipes?
It helps in designing instruments to produce specific notes, as the fundamental frequency
determines the pitch of the sound emitted.

How does changing the length of the tube affect the pitch of
the sound produced in the first harmonic?
Increasing the length lowers the frequency and pitch, while decreasing the length raises the
frequency and pitch.
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Introduction

The phenomenon of standing sound waves within confined spaces has long fascinated physicists,
acousticians, and educators alike. In particular, the behavior of sound waves inside narrow glass
tubes with open ends offers insights into fundamental wave dynamics, boundary conditions, and
harmonic structures. Among these, the first harmonic—the simplest mode of vibration—serves as a
foundational concept in understanding acoustic resonance, wave interference, and the principles
underlying musical instruments and scientific measurement techniques.



This article delves deeply into the physics of a standing sound wave is set up inside a narrow glass
tube which has both ends open, with a focus on the first harmonic. It explores the theoretical
underpinnings, experimental considerations, and practical implications of such a system, providing a
comprehensive review tailored for researchers, educators, and students interested in acoustic
phenomena.

---

Theoretical Foundations of Standing Sound Waves

Basic Principles of Sound Waves

Sound waves are longitudinal pressure waves propagating through a medium—air, in most typical
cases. These waves involve periodic variations in pressure and particle displacement, characterized
by parameters such as frequency, wavelength, amplitude, and phase.

When a sound wave reflects within a confined space, interference between incident and reflected
waves can produce standing waves—patterns of nodes (points of minimal oscillation) and antinodes
(points of maximal oscillation). These patterns depend critically on boundary conditions, which
define how waves behave at the interfaces of the medium.

Boundary Conditions in Open-Ended Tubes

In an idealized scenario, a tube with both ends open can be approximated as boundary conditions
where the pressure variation at the open ends is minimal, approaching atmospheric pressure.
Contrarily, the particle velocity must be maximal at open ends, since air particles are free to move
without restriction.

Mathematically, this configuration corresponds to a boundary condition where the pressure
fluctuation at the open ends is zero (pressure node), while displacement or particle velocity is at a
maximum (displacement antinode). This is critical in determining the permissible standing wave
modes inside the tube.

---

The Geometry and Physical Setup

The Narrow Glass Tube

A narrow glass tube is characterized by its length \(L\), cross-sectional area \(A\), and diameter \(d\).
The narrowness influences the wave's behavior through factors such as:

- Wave speed: Slightly affected by the tube's geometry and the surrounding air conditions.
- End corrections: Due to the open ends, the effective length of the tube is slightly extended beyond
its physical length.
- Losses: Viscous and thermal losses become more prominent in narrow tubes, affecting the
amplitude and Q-factor of resonances.

Both Ends Open

Having both ends open simplifies boundary conditions but introduces specific mode patterns:



- No pressure node at the open ends.
- Pressure nodes occur at the positions where the pressure fluctuation is minimal; typically, at the
open ends.
- The particle velocity reaches maxima at the open ends.

---

The First Harmonic in an Open-Open Tube

Mode Structure and Wavelength

In a tube open at both ends, the fundamental mode (first harmonic) corresponds to the simplest
standing wave pattern that fits within the boundary conditions:

- Nodes: At the open ends, pressure minima; particle velocity maxima.
- Antinode: At the center of the tube.

The fundamental wavelength \(\lambda_1\) for the first harmonic is given by:

\[
\lambda_1 = 2L
\]

where \(L\) is the length of the tube.

The corresponding frequency \(f_1\) is:

\[
f_1 = \frac{c}{\lambda_1} = \frac{c}{2L}
\]

where \(c\) is the speed of sound in air (~343 m/s at room temperature).

This indicates that the lowest frequency at which a standing wave can be established inside the tube
is inversely proportional to its length.

Displacement and Pressure Nodes/Antinodes

In the first harmonic:

- Particle displacement: Maximal at the open ends; minimal at the center.
- Pressure variation: Zero at the open ends; maximum at the center.

This pattern is symmetric and corresponds to a single half-wavelength fitting within the tube.

---

Experimental Observation and Measurement

Setting Up the Experiment



To observe the first harmonic inside a narrow glass tube:

1. Select an appropriate tube length: For audible frequencies, a tube length of about 0.3 to 1 meter
is typical.
2. Ensure open ends: Both ends should be unobstructed and open to the atmosphere.
3. Generate sound: Use a speaker, tuning fork, or other sound source near one end.
4. Detect standing waves: Employ microphones, acoustic sensors, or visual indicators like smoke
particles or oscilloscopes.

Key Observations

- When the sound frequency matches the fundamental frequency, a strong standing wave pattern
forms.
- The amplitude of the pressure oscillations peaks at the center and diminishes toward the ends.
- The wavelength can be deduced by measuring the distance between pressure nodes and antinodes.

Fine-Tuning and Resonance

Resonance occurs when the driving frequency matches the natural frequency of the tube's mode.
Adjusting the frequency slightly allows the resonance peak to be identified. The quality factor \(Q\)
indicates how sharply the system resonates, affected by losses within the tube.

---

Significance and Applications

Musical Instruments

Open tubes are fundamental in the design of wind instruments—flutes, organ pipes, and
whistles—where the harmonic series determines the tonal qualities. Understanding the first
harmonic provides insight into the instrument's pitch and timbre.

Acoustic Sensing and Measurement

Resonant tubes are used in acoustic sensors, calibrators, and in studying atmospheric phenomena.
The precise control of standing wave modes enables sensitive detection of environmental changes
affecting sound speed or boundary conditions.

Educational Demonstrations

The setup provides a tangible demonstration of wave physics, boundary conditions, and harmonic
series, making it a staple in physics education.

---

Advanced Considerations

Effect of End Corrections

In real-world scenarios, the open ends are not perfect pressure nodes due to the finite diameter and
radiation effects. End correction factors \( \Delta L \) are added to the physical length:



\[
L_{effective} = L + \Delta L
\]

where:

\[
\Delta L \approx 0.6 \times d
\]

This correction shifts the resonance frequency slightly, which becomes significant in narrow tubes.

Damping and Losses

Viscous boundary layers and thermal conduction cause damping, broadening resonance peaks and
decreasing amplitude. Modeling these effects requires complex impedance considerations and
energy loss calculations.

---

Conclusion

The establishment of a standing sound wave inside a narrow glass tube with both ends open,
particularly at the first harmonic, encapsulates core principles of wave physics, boundary conditions,
and resonance phenomena. By analyzing the wave patterns, wavelengths, and frequencies involved,
researchers gain valuable insights into acoustic behavior in confined spaces. Whether applied in
musical acoustics, scientific instrumentation, or educational demonstrations, understanding the first
harmonic in such a system underscores the profound interplay between geometry, boundary
conditions, and wave dynamics.

This exploration not only enriches our comprehension of fundamental physics but also exemplifies
how simple systems can yield complex and beautiful wave phenomena, inspiring ongoing research
and technological innovation.

---
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