




1. INTRODUCTION

The flue organ pipe has a very simple geometry, which can be seen in Fig. 1, and is an ideal
instrument to begin studying various acoustical phenomena. After a somewhat complicated gen-
erator (the fipple area), the flue organ pipe has no tones holes and consists of a long, straight pipe.
The instrument does not have a reed, which means it can be simply modeled as an open-open pipe
resulting in a spectrum that includes all harmonics.

Figure 1: 3D rendering of the organ pipe used in this work. The toe (or location of air input) is
located on the upper left, and the fipple can be seen in the center. Varying lengths of resonators
can be attached to the far end of the pipe (bottom right).

When air flows through the toe of organ pipe (the far left end in Fig. 1), the pressure difference
across the mouth (just before the fipple) causes the air to oscillate in and out of the mouth which
eventually creates a standing wave inside the resonator or body of the pipe. At the far end of the
pipe, where the sound is radiated, there is an “end-correction” and the acoustical length of the
standing wave is not the same as the physical length of the pipe when modeled.1 In other words,
the final node of the standing wave is not considered to be at the end of the pipe, but slightly after
the physical end. The end correction theory states that the standing wave and its properties also
continue beyond the physical end of the pipe, as shown in Fig. 2. The equation,

ω = a(0.6133→ 0.1168[ka]2), (1)

was experimentally derived by Levine and Schwinger and shows that length of this “end-correction”
(ω) region can be calculated using the radius of the pipe (a) and the wave number (k), which is di-
rectly proportional to the measured frequency.

2. BACKGROUND

In 2023, Moore et al. published a JASA Express letter describing optical studies of the standing
wave behavior near the the end of the flue organ pipe.2 The group used an optical setup known as
transmission electronic speckle pattern interferometer (TESPI) to image the flow inside and just
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Figure 2: The end correction theory states the standing waves continues beyond the physical
length of the pipe (blue). The distance of the region, ω (green), can be calculated using Eq 1.

outside a flue organ pipe. By filtering the fundamental frequency, the standing wave inside the pipe
and in the end correction region was visualized. Unexpectedly, Moore et al. found an internal node
in the pressure just before the end of the pipe, followed by an exponential decay in pressure in the
end correction region, shown in Fig. 3. From the end correction theory, they expected a sinusoidal
decay to the final node, just like any other node inside the pipe. These results inspired our current
work using acoustical sensors to investigate the same region.

Figure 3: Moore et al.’s results from their optical work. The top figure shows the image acquired
using TESPI and the bottom image shows the amplitude of the pressure first inside then outside
of the organ pipe. Notice the exponential decay outside of the pipe. [Modified from Moore2]

Other groups have explored the behavior at the end of the pipe both computationally and exper-
imentally. For instance, in 2017 Kirby and Duan investigated the end of a pipe using a computa-
tional model.3 While they did find an internal node in one case, their simulations were at high flow
rates which do not necessarily correlate with the observations in musical instruments. On the other
hand, in 2014 Rucz et al. experimentally investigated the end of the organ pipe with a microphone
and did not note any unexpected behavior.4 However, it is not clear how similar their measure-
ment techniques are compared to Moore et al. To our knowledge, there has been no study similar
enough to the optical investigations. The goal for this work was to use the same experimental setup
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as Moore et al. to perform acoustical measurements, instead of their optical measurements, that
would allow for a more direct comparison.

3. METHODS

Figure 4: The organ pipe (generator) in blue was printed from PLA using the Makerbot Repli-
cator+. The tube (resonator) was made from plexiglass and was attached to the generator (L =
48 cm, r = 1 cm).

A flue organ pipe was modeled and 3D printed using resources in our lab (Rhino7 and Makerbot
Replicator+), shown in Fig. 4. Then, a plexiglass tube that was 48 cm in length and 1 cm in radius
was attached to the organ pipe body. 3D printing the body of the organ pipe allows customization to
fit best in the setup and have a working design where the geometry can vary for future experiments.

The flue organ pipe was driven at three different harmonics with a compressed air source. For
this length of tubing the measured first harmonic was 288 Hz, the measured fifth harmonic 1460
Hz, and the measured seventh harmonic 2075 Hz. A flowmeter (GR series by Fathoms Technology)
was used between the compressed air and the organ pipe to ensure the blowing pressure of the
driven airflow was consistent across trials.

Measurements of the end of the pipe were made using a zero-degree sound intensity probe
by MicroFlown. This MicroFlown sensor is 0.59 cm in length and 0.4 cm in radius. The sensor
acquires pressure measurements and particle velocity measurements. For the work described in this
paper, only the pressure measurements are shown and discussed. The MicroFlown was mounted
on a horizontal translation stage to make sure the increments were as precise as possible. Starting
0.254 cm inside from the end of the pipe, the MicroFlown was translated about 2.29 cm, ending
2.032 cm outside of the pipe. Every 0.0254 cm, a pressure measurement was taken, allowing for
70 measurements from every trial. The measured region included just inside the pipe, physical end
of the pipe, the end correction, and beyond. The experimental setup is depicted in Fig. 5. This
process was repeated three times for each of the three harmonics. However, as there was nothing
unique about the fifth harmonic data compared to the first harmonic data only the low and high
frequencies were analyzed.

As the MicroFlown sensor measured the oscillations in the pipe, it was recording the uncali-
brated pressure values over time. These measurements were not converted to pascals because only
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Figure 5: Experimental apparatus with the 3D printed organ pipe driven by a compressed air
source (from the left). Measurements of the end of the pipe were made using a sensor on a
horizontal translation stage.

the relative shape of the curves were of importance. The duration of each individual measurement
was 23 milliseconds and the sampling rate was 44.1 khz. The data were analyzed in MATLAB.
The analysis code calculated the root mean squared (RMS) values for every data point and plotted
them versus the distance travelled horizontally in the tube. In Fig. 6 and Fig. 7 each measurement
of pressure oscillating over time is represented with a data point as an RMS pressure value with
arbitrary units at a distance from the end of the pipe in mm. These data were then input to MAT-
LAB’s curve-fitting toolbox that creates comparison plots, where custom equations can be added
to fit the data and exclude regions of data from the fitting parameters.

4. RESULTS AND ANALYSIS

From the end correction theory, the standing wave created inside the driven organ pipe is as-
sumed to be sinusoidal up until the acoustical end, (ω) away from the physical end of the pipe.
Beyond the acoustical end of the pipe, the wave can be expected to decay as 1/R since the then
travelling wave sound will decay spherically. When the pressure was expected to decay sinu-
soidally inside the end correction, the data was fit to a sinusoid,

y = A sin(kx+ ε) + z, (2)

where A, z, and ε are the curve-fitting parameters and k is the wave number that was calculated
from the measured frequency. The pressure inside of the pipe was measured when driven at the
low and high harmonic. The low harmonic data are plotted in Fig. 6a and the high harmonic data
are plotted in Fig. 7a. When the pressure was expected to decay as 1/R beyond the end correction,
the data was fit to the rational function,

y =
A

x+ ω
+ z, (3)

where A and z are the fitting parameters and ω is the value calculated using Eqn. 1. The pressure
in this region beyond the end correction was measured while the organ pipe was driven at the low
and high harmonic. These measurements were analyzed in MATLAB and the low harmonic data
are plotted in Fig. 6b and the high harmonic data are plotted in Fig. 7b.

From preliminary visual observation, both of these curves seem to be valid fits for the data
points in the respective regions. To quantify the goodness of fit, MATLAB calculates the sum of
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(a) Inside end correction where a standing wave is
assumed and a sinusoidal decay in pressure is ex-
pected, therefore the data is fit to Eqn. 2.

(b) Outside end correction where a travelling wave
is assumed and a 1/R decay in pressure is expected,
therefore the data is fit to Eqn. 3.

Figure 6: Low harmonic data: dashed blue line is physical end of the pipe at zero, green line
is the calculated end correction (ω= 0.6099 cm) value from Eqn. 1, the orange region indicates
where a standing is assumed, and the purple region indicates where the travelling wave is as-
sumed.

squared errors (SSE). A value close to 0 indicates that the fitting equation has a smaller random
error component, leading to a more useful prediction of behavior when using the fit. For the data
in Fig. 6a and Fig. 6b, the SSE values were both less than 0.0001, verifying the observations and
matching the expectations that the pressure is decaying sinusoidally inside the end correction and
as 1/R beyond the end correction.

Eqn. 2 fits the data in Fig. 7a well merely from visual observation. The SSE value for the fit
within the end correction region at the high harmonic is 0.0002, confirming the goodness of fit.
However, beyond the end correction, it is clear that Eqn. 3 is not a valid fit for the pressure decay
in this region and the SSE value confirms that equating to 0.025. Compared to the three other fits,
this SSE value is less close to zero.

5. DISCUSSION AND CONCLUSION

Aside from the two straightforward fits shown in the previous sections and either including the
data completely inside or outside the pipe, we are trying an array of other fit compositions. One
such fit is sin(kx + ε) + 1/R to represent the contribution from both the standing wave and the
traveling wave outside of the pipe. Not shown in this paper, the SSE value was sufficiently low,
however it is still better when applied to the low harmonic than to the high harmonic. Nevertheless,
in this preliminary stage, this mixed fit seemed to be an improvement from strictly the 1/R fit.

Overall, in this work, we explored the acoustical behavior at the end of the organ pipe using a
MicroFlown sensor. As expected, the pressure values oscillated sinusoidally inside the end correc-
tion region. After the end correction, we expected to see a clear 1/R decay in pressure but this was
only true for the low frequencies. The high frequencies on the other hand, had inconsistencies, as
was also noted by Moore et al. for which we do not yet have an explanation. It is possible that the
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(a) Inside end correction region where a standing
wave is assumed and a sinusoidal decay in pressure
is expected, therefore Eqn. 2 was fit to the data.

(b) Outside end correction where a travelling wave
is assumed and a 1/R decay in pressure is expected,
therefore Eqn. 3 was fit to the data.

Figure 7: High harmonic data: dashed blue line is physical end of the pipe at zero, green line is
the calculated end correction (ω= 0.5936 cm) value from Eqn. 1. Orange region indicates where
a standing is assumed, and purple region indicates where the traveling wave is assumed.

relatively poor agreement observed in Fig. 7b may be attributed to the sound radiation character-
istics at the pipe’s end. Specifically, as frequency increases, the sound radiation exhibits a more
extended nearfield, causing the transition to the 1/R farfield behavior to occur more gradually at
higher harmonics

In the future we plan to continue experimentally exploring different combinations of curve
fitting equations, such as the sin(kx+ ε) + 1/R, with the data we already measured. We also plan
to use the Microflown sensor to take measurements around the inside and outside edges of the tube
(as opposed to down the central axis) to better understand the behavior of the flow see whether this
sheds any more insight into the behavior that Moore at al. observed (such as the internal node).2

Computationally, we plan to compare our experimental results with various simulation models
such as the Lattice Boltzmann Method (LBM) as well as COMSOL models. The issue with the
computational models, for the time being, is that we will only be able to compare the low fre-
quency behavior due to the computational time/resources required. Nevertheless, computational
explorations will be useful (and necessary) to further understanding the behavior of the supposedly
simple musical instruments.
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