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The behavior of standing waves near the end
of an open pipe with low mean flow
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Abstract: The acoustic standing wave near the end of an open pipe is investigated using spectrally analyzed high-speed trans-
mission electronic speckle pattern interferometry. It is shown that the standing wave extends beyond the open end of the pipe
and the amplitude decays exponentially with distance from the end. Additionally, a pressure node is observed near the end of
the pipe in a position that is not spatially periodic with the other nodes in the standing wave. A sinusoidal fit to the amplitude

of the standing wave inside the pipe indicates that the end correction is well predicted by current theory. © 2023 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

The behavior of acoustic standing waves at the termination of an open pipe has been studied for centuries. Understanding
the nature of these waves is important for many applications, and studies have been performed in contexts ranging from
industrial applications to musical instruments.

In the simplest approximation, the open end of a pipe is considered to be the location of a node of an acoustic
standing wave inside the pipe. It is well known, however, that the frequency of the standing wave inside the pipe indicates
that the acoustic length of the pipe is greater than its physical length. This difference between the physical length and
acoustic length is attributable to the nonzero acoustic impedance of the atmosphere outside the pipe. The reactive part of
the atmospheric impedance induces a phase shift of the wave reflected from the end of the pipe, and this phase shift leads
to an acoustic length that exceeds the physical length with a commensurately lower resonance frequency than is predicted
by assuming that the final node occurs at the end of the pipe. This effect has led to the concept of the end correction, a
length that is added to the physical length of the pipe to predict the correct resonance frequency of a standing wave inside
the pipe.

The identification of the end correction dates back to at least 1877 when it was noted by Rayleigh." All of the
subsequent investigations of the effect appear to be experimental until 1948, when Levine and Schwinger proposed a the-
ory that predicted the value of the end correction for a thin-walled pipe open to the atmosphere.” This theory predicted
that the end correction for a long-wavelength low-frequency pipe resonance is 0.6133a, where a is the pipe radius, which
was in agreement with previously published experimental values. Further work in the second half of the 20th century and
the early 21st century has led to a more complete understanding of the behavior of acoustic standing waves at the end of
an open pipe, including accounting for different end conditions and the presence of flowing gas.”

Here, we report experimental observations of the acoustic standing wave in an open pipe using a recently devel-
oped variation on transmission electronic speckle pattern interferometry (TESPI).” This method produces images of stand-
ing waves inside a transparent pipe in the presence of flowing gas, enabling a close observation of the standing wave in a
pipe initiated by oscillations from gas flowing over a sharp edge. Studying this type of oscillation in the presence of a flow-
ing gas allows for observation of the acoustic standing wave inside of and beyond the end of the pipe. Using TESPI, we
have observed the presence of the standing wave outside of the pipe as well as an internal acoustic node near the pipe
end, which is not spatially periodic with respect to the other nodes in the standing wave.

2. Experimental procedure

To study the standing wave inside of a pipe with an open end, the fipple of an organ pipe was three-dimensionally (3D)
printed with dimensions similar to those of an existing wooden organ pipe. The printed fipple was fit with a transparent
square pipe having internal dimensions of 12.7mm on each side. The length of the entire resonating cavity was
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approximately 36 cm, with a transparent region of approximately 25cm. The imaging system is described in detail else-
where,” but it is useful to briefly outline the process to ensure that the data presented here are understandable.

The TESPI process depends on detecting a change in the optical path length of coherent light from a laser that
propagates through the transparent pipe in a direction perpendicular to the flow. To enhance the optical effect, the flowing
gas in the experiments described here was Freon R152a (1,1-difluoroethane) instead of air. The light propagating through
the flow is then combined with coherent light from a reference beam that did not propagate through the flow. The speckle
pattern produced by combining the two beams is captured by a high-speed digital camera with an acquisition rate of
9.9kHz and fitted with a commercially available zoom lens. The images are then stored for later analysis.

The pressure variations created by the standing wave inside the pipe cause the gas to compress, creating a peri-
odic spatial and temporal change in the optical path length of the light propagating through the pipe. The change in the
optical path length is linearly proportional to the pressure of the gas, hence, the optical path length of the light changes
with the oscillating pressure of the standing wave. A time-averaged image of the standing wave is obtained by filtering the
images from the high-speed camera at the frequency of the acoustic standing wave. An image of the final 22.5cm of the
standing wave within the pipe oscillating in the eighth longitudinal mode is shown in Fig. 1(a). The image in Fig. 1(a) was
produced by spectrally filtering 4096 images at the resonance frequency of 2.90 kHz.

The pixels in the image that are inside the pipe can be averaged in the direction perpendicular to the flow to
produce a graph of the amplitude of the acoustic standing wave. This is displayed in Fig. 1(b) along with a fit to a sine
function modified by a Gaussian envelope using a Levenberg-Marquart algorithm. The Gaussian envelope is necessary to
account for the variation in the intensity of the laser beam. While there is significant noise in the measurement of the
pressure amplitude, which is a by-product of the random nature of optical speckle, the fit results in an uncertainty in the
wavelength of less than 1%. The distances on the horizontal axis in Fig. 1(b) are measured from the end of the pipe and,
as expected, the fit indicates that the final node of the standing wave occurs outside the pipe. The distance from the end
of the pipe to the position of the external node of the standing wave, as determined by the sinusoidal fit to the data, is
AL = 0.66a * 0.04a.

To investigate the behavior of the standing wave at the end of the pipe, the final 2cm of the pipe were imaged.
An image of the standing wave at the end of the pipe is shown in Fig. 2(a), where the extension of the standing wave
beyond the end of the pipe is obvious. Surprisingly, there is also a node of the standing wave inside the pipe near the end.
This can also be observed in Fig. 1(a), although it is less obvious. Averaging the pixel values inside the pipe in Fig. 2(a)
results in the graph depicted in Fig. 2(b). The vertical line indicates the end of the pipe, which occurs after the internal
node and before the end of the standing wave outside of the pipe. The curve in Fig. 2(b) is an exponential fit to the final
8 mm of the detectable standing wave.

3. Discussion

The functional fit shown in Fig. 1(b) indicates that the measured end correction agrees with existing theory for thin-
walled open pipes. Equating the cross-sectional area of the square pipe to a circular area to determine an effective pipe
radius, the Helmholtz number for the experimental situation analyzed in Fig. 1(b) is ka=0.48, where k is the wave num-
ber. An approximate value for the end correction can be calculated by”

5 = a(0.6133 — 0.1168[kal’), (1)

resulting in only a slight difference from the value predicted by Levine and Schwinger for ka < 1.
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Fig. 1. (a) Image of the final half of the eighth longitudinal mode of the open pipe resonance, where the resonance frequency is 2.90 kHz, (b)
average pressure amplitude plotted as a function of position from the end of the pipe. The line represents a nonlinear least squares fit to the
measurement.
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Fig. 2. (a) Image of the standing wave in the final 2 cm of an open pipe oscillating in the fourth longitudinal mode, where the resonance fre-
quency is 1.52kHz, and (b) average pressure amplitude plotted as a position from the end of the pipe. The vertical line indicates the end of
the pipe, and the curve is an exponential fit to the final 8 mm of the detectable standing wave.

The agreement between the measurement of the end correction and the theory is attributable to the end correc-
tion being determined by fitting the internal standing wave to a sinusoid, not by measuring the distance from the end of
the pipe to a clearly defined final node. Making a measurement of the extension of the standing wave beyond the pipe
end is difficult because the decay of the standing wave beyond the pipe end is exponential and not sinusoidal, although
there does appear to be a transition region that is neither exponential nor sinusoidal. While it is sometimes assumed that
the amplitude of the portion of the standing wave that exists outside of the pipe is a continuation of the sinusoidal depen-
dence inside, the results shown in Fig. 2(b) indicate that this is not the case. Indeed, because the end correction is attribut-
able to the nonzero phase of the atmospheric impedance, it is not obvious that the standing wave should continue beyond
the end of the pipe. The fact that the standing wave is found outside of the pipe and the amplitude decays exponentially
with distance are phenomena that require further investigation.

More surprising than the existence of the exponentially decaying standing wave beyond the end of the pipe is
the unexpected node occurring inside the pipe close to the end. To ensure that this node is not an artifact of the optical
system, the flow was imaged by subtracting the images obtained after the flow reached steady-state from an image
obtained before the flow began.”” The resulting series of images have fringes representing the change in optical path
length through the flow as depicted in Fig. 3. These fringes oscillate at the acoustic frequency as the pressure in the stand-
ing wave varies periodically, and the direction of the motion indicates whether the pressure is increasing or decreasing.
The video in Mm. 1 is an example of this type of interferogram and was obtained with a frame rate of 9.9kHz and played
back at a frame rate of 10 Hz. The video shows that the vertical direction of the periodic motion of the fringes in the flow
changes direction at the position of the final node inside the pipe in Fig. 2(a), indicating that the amplitude of the pressure
variations are indeed 7 out of phase on either side of the node.

Mm. 1. High-speed TESPI video showing the oscillation of fringes due to the periodic variation in pressure of the standing
wave. The direction of the fringe motion indicates whether the pressure is increasing or decreasing. The point at which the
vertical motion of the fringes changes direction indicates a node in the standing wave. This is a file of type “mp4” (3.8 kB).

The use of Freon as the gas instead of air appeared to have no influence on the sound other than to decrease
the resonance frequencies. However, to ensure that the presence of the final internal node and exponential decay of the
pressure amplitude outside of the pipe are not attributable to the gas being Freon, the experiment was repeated using air.
When using air, the signal-to-noise ratio (SNR) is significantly lower than when using Freon, but by cooling the air, it is
possible to image the standing wave at the end of the pipe with clarity. A plot of the average pressure amplitude in the
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Fig. 3. Subtracted TESPI image of the flow from the end of the pipe. The lines are fringes of equal optical path length imaged through the
flow. The solid vertical line represents the end of the pipe, and the dashed line indicates the position of the final internal node. This is a single
frame from video Mm. 1, where the position of the 7 phase shift in the pressure oscillations can be determined to be at the position of the
dashed line by the change in the direction of motion of the fringes.

pipe using air as the flowing gas is shown in Fig. 4. The final internal node and exponential decay are evident in spite of
the low SNR. Experiments with air at ambient temperature also show the presence of the node before the end of the pipe,
but the SNR is too low to accurately fit an exponential decay to the region beyond the pipe end. Additionally, experiments
with cylindrical pipes also show similar results, indicating that the presence of the final node inside the pipe as well as the
exponential decay of the standing wave beyond the pipe end is independent of the shape of the pipe.

To our knowledge, the presence of a final nonperiodic node and the exponential decay of the standing wave
beyond the pipe end have not been reported in the literature. However, there are two issues that may account for this
lacuna. First, we can find only one measurement of the standing wave outside of the pipe,'’ hence, the appropriate experi-
ments may not have been performed. Additionally, to detect the final internal node with a microphone, the positioning
must be precise and the resolution must be on the order of 1 mm or less.

The second possible explanation for the lack of a previous observation is that the experiments reported here did
not include standing waves at the lowest resonance frequencies. It was difficult to force the oscillations associated with the
lowest order modes using the fipple that was 3D printed, therefore, the observations reported here are of high-order longi-
tudinal modes. Previous investigations have typically investigated the fundamental mode or a few of the lowest order
modes. In no case was there any indication of a higher-order transverse mode, indicating that the internal wavefronts
were planar in all of the experiments, but we were unable to produce standing waves below the fourth longitudinal mode
of the pipe using either air or Freon.

It is disappointing that currently there appears to be no physical explanation for these observations. However,
there are indications in the literature that the behavior may be expected. At least one report of simulations of an open
pipe resonating at frequencies well above the fundamental frequency appears to predict the presence of the internal node
near the end of the pipe.” Because the purpose of this investigation was to develop computational methods, there was no
comment on the shape of the predicted standing wave under the conditions described here. The presence of the anoma-
lous node was noted in the simulations with high flow rates and high-order radial modes; however, Fig. 3 of Ref. 4 indi-
cates the presences of an internal node near the pipe end when a high-order longitudinal mode with planar wavefronts is

Amplitude (norm)

2 -1 0 1
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Fig. 4. Average pressure amplitude plotted as a position from the end of the pipe. The gas driving the oscillation was air, and the frequency of
oscillation was 1.85kHz. The vertical line indicates the end of the pipe. The curve is an exponential fit to the final 8 mm of the detectable
standing wave.
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simulated without flow. Other recent reports of simulations do not predict the presence of a spatially nonperiodic node,’
and the final internal node is not predicted for a pipe oscillating in the fundamental mode in either simulation.

Extensive experimental and computational work may be required before the behavior of an acoustic standing
wave at the end of an open pipe is fully understood. Experimental observations of standing waves driven by a speaker
may lend insight into the process but, unfortunately, we have found it difficult to image the standing wave in this configu-
ration using TESPI. When the standing wave in the pipe is driven by a speaker, the Freon near the end is expelled from
the pipe, and the pressure amplitudes of the standing waves created by the speaker are not sufficiently high to observe
them in air. Therefore, by necessity, the results presented here are in the presence of flowing gas.

Now that these effects have been observed using TESPI, and it appears likely that they occur with higher-order
modes that are seldom investigated, future investigations with microphones may find that they are detectable in air at
lower acoustic amplitudes. These experimental investigations combined with further numerical simulations should lead to
a better understanding of the complicated behavior of standing waves in open pipes.
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