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1. Introduction 

1.1 The propagation of sound wave 

The sound comes from vibration. When the diaphragm of a speaker vibrates, a sound 

wave is produced and transferred by the air. The sound wave is formed by small 

motions of the air molecules towards and away from the speaker. This kind of motion 

is very similar with the waves propagating on a string. The most important difference 

is that the vibrational motion of small portion of the string is transverse to the direction 

of propagation of the wave on the string, but the motion of a small volume of air in a 

sound wave is parallel to the direction of propagation of the wave. Therefore, the sound 

wave is a longitude wave.  

 
Fig 1.1.1 Tube used in the experiment 

Although a sound wave will propagate out in all directions from the source of the wave, 

in this experiment, the study of sound waves can generally be simplified by restricting 

the motion of propagation to one dimension. Therefore, a tube with piston can be used 

to study the sound wave. 

1.2 Standing waves in a tube 

Standing waves are created in a vibrating string when a wave is reflected from an end 

of the string so that the returning wave interferes with the original wave. Standing 

waves also occur when a sound wave is reflected from the end of a tube. 

When observing the points on a string, it can be easily found that when a wave transfer 

on the string, some points won’t move, and these points are called nodes. Some points 

will reach maximum amplitude during the vibration, and they are named as antinodes. 

In the longitude wave, usually the static points are called nodes while the points with 

the largest displacement are called antinodes. 

Things are different when the tubes are open and closed. If the end of the tube is closed, 
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the closed end is an antinode; and if the end of the tube is open, both of the open ends 

are antinodes. 

1.3 Goals in the experiment 

A standing wave occurs when a wave is reflected from the end of the tube and the return 

wave interferes with the original wave. In an air column tube, the sound wave will 

actually be reflected many times back and forth between the ends of the tube, and all 

these multiple reflections will interfere together. At certain frequencies, all the reflected 

waves are in phase, resulting in a very high amplitude standing wave. These frequencies 

(when the sound in the tube is loudest) are called resonant frequencies. 

1.3.1 Experiment 1 

The first experiment uses the closed tube. Change the length of the tube and when 

measuring the wave intensity in closed tube and open tube, change the length of the 

tube by pushing the piston. Set to change the frequency of the sound wave and try to 

find the largest wave intensity during the whole experiment. By analyzing the results, 

the regular of the resonance frequency can be found. 

1.3.2 Experiment 2 

The second experiment uses the open tube. Aiming to find the first, second and third 

harmonic, set to change the frequency and use the computer software to measure the 

wave intensity. Find the first peak of the intensity, and the second peak, the third peak. 

Consider them as the first harmonic, second harmonic and third harmonic respectively. 

In this way, the resonance condition of an open tube can be found. 

2. Theory 

2.1 Open tube resonance mode 

2.1.1 Ideal modes 

The open tube mainly means the tube with two ends open. 
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Fig 2.1.1 Open tube resonance modes 

From the open tube resonance modes in Fig 2.1.1, it’s easy to find that resonance occurs 

when the wavelength of the wave (λ) satisfies the condition: 

L =
∙

    (n =  1, 2, 3, 4, 5, … )                Eq. 2.1.1.1 

L is the tube length. 

2.1.2 End-effect correction 

In practical, wave will not act as Eq. 2.1.1.1 shown. The effective length of the tube is 

slightly longer than the measured length. The following empirical formula gives an 

approximate description of the resonance requirements for standing waves in a tube. 

L +  0.6 d =
∙

     (n =  1, 2, 3, 4,5, … )              Eq. 2.1.2.1 

L is the length of the tube and d is the diameter of the tube. 

2.2 Closed tube resonance mode 

2.2.1 Ideal modes 

The closed tube mainly means the tube with one end closed. 

 
Fig 2.2.1.1 Closed tube resonance modes 

From the closed tube resonance mode shown in Fig 2.2.1.1, the resonance occurs when 

the wavelength of the wave (λ) satisfies the condition: 
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 L =
∙

    (n = 1, 3, 5, 7, 9, … )                    Eq. 2.2.1.1 

L is the length of the air column. 

2.2.2 End-effect correction 

In practical, wave will not act like as Eq. 2.2.1.1 shown. The effective length of the tube 

is slightly longer than the measured length. The following empirical formula gives an 

approximate description of the resonance requirements for standing waves in a tube. 

L +  0.3 d =
∙

     (n = 1, 3, 5, 7, 9, … )                 Eq. 2.2.2.1 

L is the length of the tube and d is the diameter of the tube. 

2.3 Speed of sound in the air 

Create a standing wave, the wavelength of the sound, the frequency of the sound and 

the speed of sound in the air have the relationship below: 

v = λf                                                   Eq. 2.3.1 

3. Setup 

1) Adjust the height of the tube so that it is horizontal.  

2) Turn on the Signal Generator and turn the amplitude knob all the way down (counter-

clockwise). 

3) Connect the generator to the Mini Speaker using two banana patch cords. Polarity 

does not matter because during the calculation, only the frequency will be recorded. 

4) Place the Mini Speaker at an open end of the Resonance Air Column as shown. 

5) Put the piston in the other end of the Resonance Air Column. 

6) Connect the sensor to the computer software and set the voltage until the sound of 

the Mini Speaker can be heard. The voltage should not exceed 10 V.  

 
Fig. 3.1 Complete Setup 

4. Experiment 1 

4.1 Introduction 
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The goal of Experiment 1 is to explore the relationship between the wavelength, wave 

speed, and frequency of sound waves in a closed tube.  

A resonating air column in a tube with one end open and the other end closed will have 

a node (an area where the displacement of the air is a minimum, 0) at the closed end 

and an anti-node (an area where the displacement of the air is a maximum) at the open 

end.  

In the fundamental mode (lowest possible frequency), it will have no other nodes or 

anti-nodes. As shown in Fig. 4.1.1, the open-end side is an antinode, the closed-end 

side is a node. The curved lines represent the displacement of the air in the tube. 

 
Fig. 4.1.1 Fundamental resonance in one-side closed tube 

Thus, for an air column in a tube with one open end and one closed end, the length of 

the resonating air column, L, and the fundamental resonance wavelength, λ, have the 

relationship: 

λ =  4L                                            Eq. 4.1.1 

For all types of waves, the relationship between the frequency (f) and the velocity (v) 

of the wave satisfies Eq. 2.3.1. 

In this experiment, the sound frequency is the frequency of the Sine Wave Generator. 

According to Eq. 4.4.1 and Eq. 2.3.1: 

L =                                                  Eq. 4.1.2 

From Eq. 4.1.2, the length of the air column is inversely proportional to the fundamental 

frequency. 

4.2 Procedure 

4.2.1 Experiment steps 

1. Measure the length and diameter of the tube. Record the data. 

2. Place the piston 110 cm from the other end of the tube. 

3. Set the Signal Generator frequency to 50 Hz, and turn up the amplitude to a 

reasonable level so that you can hear the sound from the Mini Speaker. 3 V is fine in 
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this experiment. 

4. Slowly increase the frequency of the signal generator, and put the acoustic sensor at 

the closed end of air column near the mini speaker to detect the resonance. In order to 

make it easier when try to find out the correspondence between time and frequency by 

observing the Capstone graph, set the initial frequency with 50 Hz and the final 

frequency with 100 Hz. Let the duration to be 50s so that 1s represents 1Hz.  

5. Click Auto at the bottom of the panel to start the experiment. By observing the sound 

intensity on the graph on Capstone to determine at what frequency the sound is loudest. 

Record the frequency. 

6. Vary the air column from 100 cm at 10 cm intervals down to a length of 40 cm, and 

repeat the previous steps. Also, change the initial frequency and the final frequency 

during the air column length variation. 

4.2.2 Data record 

The sample graph is shown as below: 

 
Fig. 4.2.2.1 Sample graph of Experiment 1 

Use the tools in Capstone software to find the maximum value of the whole experiment. 

Add coordinate to the graph and find the corresponding time. Calculate the frequency 

and record the data in the table. 
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4.3 Raw data 

 L (m) ±0.0005m Frequency (Hz) Inverse of frequency (s) 

1 1.1 78.046 0.012813 

2 1.0 84.711 0.011805 

3 0.9 93.339 0.010714 

4 0.8 105.997 0.009434 

5 0.7 122.504 0.008163 

6 0.6 142.084 0.007038 

7 0.5 169.376 0.005904 

8 0.4 212.573 0.004704 

Data table. 4.3.1 

4.4 Analysis 

4.4.1 Data analysis 

 
Fig. 4.4.1.1 f-1 - L graph 

According to Eq. 4.1.2, the slope of the graph is:  

Slope =   v                                  Eq. 4.4.1.1 

 

The sound of speed can be calculated: 

v = 4 × (85.2 ± 0.91) = 340.8 ± 3.64      m/s       Eq. 4.4.1.2 

Calculate the difference: 

%difference = × 100% = 0.24%     Eq. 4.4.1.3 

4.4.2 Error analysis 
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1. From Fig. 4.4.1.1, The line doesn’t pass the origin. This can be explained by the end-

effect correction theory (refer to 2.2.2) 

The value of b is -0.00132 ± 0.0084. According to Eq. 2.2.2.1, The end-effect correction 

length should be: 

0.3 × diameter = 0.3 × 0.034m = 0.0102m        Eq. 4.4.2.1 

The difference range between the absolute value of b and end-effect correction length 

is: 

%difference =
. . .

.
× 100%       Eq. 4.4.2.2 

After the calculation: 

%difference = 4.71%                                Eq. 4.4.2.3 

From the calculation, the error is acceptable.  

2. The real sound speed depends on the temperature in the tube. Usually, the formula 

below is given to calculate the sound speed1: 

v = 0.6T + 331 m/s                                Eq. 4.4.2.4 

T is the temperature of the air column. In this experiment, the sound speed v =

340 m/s is regarded as the theoretical value, and this will lead to errors. 

5. Experiment 2 

5.1 Introduction 

The goal of experiment 2 is to explore the regular between the wavelength, sound speed 

and the tube length in an open tube during the harmonic. 

A resonating tube with both ends open will always have an anti-node at another end, 

and at least one node in between. The number of nodes is related the wavelength and 

the harmonic. The first harmonic (or fundamental) has one node, the second harmonic 

has two and so on, the nth harmonic has n nodes. For an open tube with length of L, 

during the first harmonic, the relationship between the wavelength and tube length can 

be expressed as the formula: 

L = λ                                              Eq. 5.1.1 

 
1 Cited from the Pasco Instruction Manual 012-14014A, Resonance Air 

Column (WA-9606), page 8 
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Fig. 5.1.1 First harmonic and second harmonic 

And the second harmonic satisfies: 

L = λ                                                Eq. 5.1.2 

At higher harmonics, the frequency is higher and the wavelength is shorter (length of 

tube does not change). Resonance occurs when the wavelength of the wave (λ) satisfies 

Eq. 2.1.1.1. 

5.2 Procedure 

5.2.1 Experiment steps 

1. Place the piston in the end of the tube.  

2. Set the initial frequency of the signal generator of 50 Hz and slowly increase it. By 

observing the largest sound intensity, the frequency of the fundamental harmonic can 

be found by listening for resonance.  

3. Record the fundamental frequency for the closed tube. 

4. Leave the piston out of the Resonance Air Column to make it an open tube. 

5. Set up the Resonance Air Column, Mini Speaker, and Signal Generator as in the 

closed tube experiment (Experiment 1). Start with the initial frequency at 50 Hz and 

slowly increase it. By observing the largest sound intensity, the frequency of the 

fundamental harmonic can be found by listening for resonance.  

6. Record the fundamental frequency for the open tube. 

7. Increase the frequency of the Signal Generator to the second harmonic. Change the 

initial frequency and duration to keep the frequency change 1 Hz every second. Confirm 

that the air column is again at resonance. 

8. Record the second harmonic frequency for the open tube. 

9. Repeat the 4-8 steps for the third harmonic. Record the third harmonic frequency for 

the open tube. 
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5.2.2 Data record 

The sample graph is shown as below: 

 
Fig. 5.2.2.1 First harmonic of an open tube sample graph 

Find the largest sound intensity in each harmonic. Use the Capstone tools to add 

coordinate to the graph and find the corresponding time. Calculate the frequency and 

record the data in the table. 

5.3 Raw data 
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Fig. 5.3.1.1 0s-600s data 

Harmonic type Frequency (Hz) 

 

Open tube 

Fundamental 138.433 

Second 276.656 

Third 552.320 

Closed tube Fundamental 70.217 

Table. 5.3.1.2 Harmonic frequency table 

5.4 Analysis 

5.4.1 Data analysis 

According to Eq. 2.3.1, take the sound speed v =  (340.8 ±  3.64) m/s measured in 

Experiment 1, the wavelength of each harmonic type can be calculated easily. 

The theoretical wavelength value of the open tube can be calculated by using Eq. 2.1.1.1, 

where n=1, 2, 3. 

The theoretical fundamental wavelength value of the closed tube can be calculated by 

using Eq. 4.1.1. 

Harmonic type Frequency (Hz) Wavelength (m) Theoretical λ (m) 

 

Open tube 

Fundamental 138.433 2.46 2.40 

Second 276.656 1.23 1.20 

Third 552.320 0.62 0.60 

Closed tube Fundamental 70.217 4.85 4.80 

Table. 5.4.1.1 Harmonic wavelength table 

Now, calculate the ratio of the open-tube frequency to the closed-tube fundamental 

frequency: 

emprical rate =
138.433

70.217
≈ 1.97                    Eq. 5.4.1.1 

Combining Eq. 4.1.1 and Eq. 2.1.1.1, the theoretical rate should be 2.0. The difference 

is: 
. .

.
× 100% = 1.5%                             Eq. 5.4.1.2 

Since this difference is tiny, the ratio of the open-tube frequency to the closed tube 

fundamental frequency can be considered to have been verified. 

The difference between the theoretical value and empirical value can be calculated use 

the percent difference formula below: 

%difference = × 100%                Eq. 5.4.1.3 

The propagation error of the theoretical wavelength is: 
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δ =                                           Eq. 5.4.1.4 

Harmonic type Empirical λ error Theoretical λ Difference (%) 

 

Open tube 

Fundamental 2.46 m 0.026 m 2.40 m 2.50 

Second 1.23 m 0.013 m 1.20 m 2.50 

Third 0.62 m 0.007 m 0.60 m 3.33 

Closed 

tube 

Fundamental 4.85 m 0.052 m 4.80 m 1.04 

Table. 5.4.1.2 Comparison between the theoretical value and empirical value 

From Table. 5.4.1.2, the difference is within the range 0-15%, hence the results are 

acceptable. 

5.4.2 Error analysis 

Although the wavelength error is tiny, it’s still unneglected. This can be explained by 

the end-effect correction theory (refer to 2.1.2). 

According to Eq. 2.1.2.1, The end-effect correction length should be: 

0.6 × diameter = 0.6 × 0.034 m = 0.0204 m          Eq. 5.4.2.1 

6. Improve proposals 
1. Before the experiment starts, it’s useful to do the level check. 

2. Set the voltage no more than 5 V is enough in this experiment. The sound will be too 

large if the voltage is high and this will interrupt the listening. 

3. In this experiment, there is no requirement for the measurement of the indoor 

temperature. The theoretical sound speed is regarded as 340 m/s. However, there might 

be some errors caused by the temperature. 

4. In Experiment 2, it’s more convenient to set the initial frequency of 50 Hz, the final 

frequency of 650 Hz and the duration of 600s. Finding the sound intensity ‘peaks’ in 

the graph and record them as harmonics will be quicker than group the fundamental 

harmonics, second harmonics and third harmonics into three run. 


