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In this Letter, simultaneous imaging of flow and sound
by using parallel phase-shifting interferometry and a
high-speed polarization camera is proposed. The proposed
method enables the visualization of flow and sound simul-
taneously by using the following two factors: (i) injection of
the gas, whose density is different from the surrounding air,
makes the flow visible to interferometry, and (ii) time-
directional processing is applied for extracting the small-
amplitude sound wave from the high-speed flow video.
An experiment with a frame rate of 42,000 frames per second
for visualizing the flow and sound emitted from awhistle was
conducted. By applying time-directional processing to the
obtained video, both flow emitted from the slit of the whistle
and a spherical sound wave of 8.7 kHz were successively
captured. © 2018 Optical Society of America

OCIS codes: (110.3175) Interferometric imaging; (120.5050) Phase

measurement; (120.5475) Pressure measurement.
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interaction between flow and sound is crucially important in
aeroacoustic problems. Modern aeroacoustics started with
Lighthill’s study [15]. Thus far, numerous studies have been
dedicated to understanding the physical process in aeroacous-
tics [16] and reducing the noise caused by, e.g., high-speed
trains [17] and wind turbines [18]. Generally, flow measure-
ment is performed by using optical methods such as particle
image velocimetry [19–21] and the Schlieren method [22–24],
and sound is measured by a traversing microphone [25]
or a microphone array [26,27] placed outside the flow field.
Although far-field sound pressure can be measured, capturing
the sound field inside of and near the flow is difficult. This
prevents the direct observation of the interaction of flow
and sound. Contrary to this, optical methods have been applied
to measure sound [8–10,28–33], and these have the potential
to achieve direct imaging of a sound field around flow due to
their contactless nature. Nakazono et al.measured the intensity
map of acoustic standing waves near a screeching jet, exhaust-
ing from a nozzle by using a scanning optical laser microphone
[34]. The Schlieren method has been used for simultaneous
imaging of flow and pressure waves, such as jet screech [35,36].
Until now, high-speed and simultaneous imaging of flow and
sound in the audible range has not been achieved. As aeroa-
coustic problems in the audible range include aeroacoustic
noise and aerophone sounds, which are critical to human hear-
ing, the development of a simultaneous imaging method for
those is required.

As PPSI has been used for the measurement of gas flow [6]
and sound [8,9] independently, it is expected that PPSI can be
applied to simultaneous aeroacoustic measurements. In fact, as
its sensitivity does not depend on the frequency of sound, it is
effective for measuring low-frequency sound. However, simul-
taneous measurement is difficult to achieve, due to the follow-
ing: (i) in most cases, the flow-induced audible sound is caused
by an incompressible air flow, and thus, such a flow is invisible
to interferometry, and (ii) as variation in the optical phase
caused by the audible sound is much smaller than 2π rad (typ-
ically, less than 0.5 rad for very powerful sounds), the sound
cannot be recognized as the deformation of fringes of a period
of 2π. Thus, to remove background phase orientation from
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Over the past decades, optical interferometry has been one of 
the most important measurement methods; it has been used for 
various applications in science and engineering. The progress in 
optical technologies has been expanding the applicable domain 
of interferometry. Particularly, the use of parallel phase-shifting 
interferometry (PPSI) [1,2] enables quantitative observation of 
dynamic phenomena such as vibration [3–5], gas flow [6,7], 
sound [8–10], electric discharge [11], and microscopic phe-
nomena [12–14].

As interferometry is capable of measuring various phenom-
ena, it is reasonable to consider measuring complex phenomena 
that involve the interaction of multiple physical processes. 
Simultaneous measurement of these processes can contribute 
to the understanding of the underlying physics of these complex 
phenomena. As properties of these processes are considerably 
different, special attention should be given to the measurement.

If we consider sound generation induced by flow, under-
standing the process and feedback mechanisms due to the
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the obtained phase map and to emphasize the sound, post-
processing is necessary.

In this Letter, we propose a gas injection method with time-
directional processing for the simultaneous measurement of
flow and sound, by using PPSI and a high-speed camera. A
quantitative optical phase map can be obtained from measure-
ment by PPSI. In order to observe the flow by PPSI, the gas,
whose density is different from the surrounding air, is injected
into the flow in place of the air. The gas causes the refractive
index to change, and the flow is observed as a variation in the
optical phase map. In order to recognize sound waves in the
phase image, the background phase orientation has to be re-
moved. As the background phase orientation exceeds 2π in
most cases, it is required to unwrap the phase. For unwrapping
of the phase image, two-dimensional methods are commonly
used [37,38]. For the interferometric imaging of flow, as the
phase contains fine patterns of the flow, the two-dimensional
unwrapping becomes difficult. Considering that the measured
data are presented as a high-speed video of the two-dimensional
phase map, for the post-processing, we propose the use of a
time-directional one-dimensional processing instead of a
two-dimensional unwrapping. The time-directional processing
is effective because both flow and sound are dynamic phenom-
ena. The advantages of processing are avoiding the risk of fail-
ure of the unwrapping and the reduction in computational time
for the unwrapping. By applying our two proposals, both flow
and the audible sound can be captured; thus, the simultaneous
imaging is achieved for aeroacoustic problems where sound is
critical in the human hearing range. The following experiment
was conducted to verify the feasibility of the proposed method.

In order to perform simultaneous and instantaneous imag-
ing, a two-dimensional optical phase map has to be obtained by
a single-shot at high speed. For this, PPSI [1,2] combined with
a high-speed polarization camera [39] was used. Figure 1 illus-
trates the schematic of the experimental instruments. The
optical system included a Fizeau-type polarized interferometer
[40]. Note that any type of PPSI is acceptable for this appli-
cation. Here, we chose the Fizeau type because it is less sensitive
to sound-induced vibration of the optical components. A con-
tinuous-wave (CW) YAG laser with a wavelength of 532 nm
and power of 70 mW was used as a light source. The distance
between the reference plane and the mirror was 0.7 m. The
quantitative phase map was calculated from the four phase-
shifted interference fringes in a single image captured by a
high-speed polarization camera (CRYSTA PI-1P developed
by Photron Limited), the size of one pixel of which was
20 μm × 20 μm. This system detects the line integral of the
refractive index along the optical path between the reference
plane and the mirror.

A whistle with resonant structure was chosen as a specimen
of this experiment. The whistle is classified as an air-reed
instrument, which generates sound by vibration of airflow.
The mechanism of air-reed instruments has long been studied
[41,42]; however, the physics of the underlying phenomena has
not been completely understood. Thus, experimental observa-
tion of the dynamics of the flow and sound is important. The
whistle was placed at the center of the optical path and at the
bottom of the imaging area. For selecting the induced gas, mo-
lar mass is important because it affects the visibility of the flow.
As the difference between the molar mass of the gas and the
surrounding air increases, the change in optical phase increases.
Therefore, one can adjust the visibility of the flow by changing
the molar mass of the gas. In this experiment, 1,1-difluoro-
ethane, with a molar mass of 66.05 g∕mol, was used because
it induces a sufficiently large change in the optical phase to visu-
alize the gas flow in our case. The frame rate of the high-speed
polarization camera was set to 42,000 frames per second, which
was determined with respect to the frequency of the generated
sound. The measurable area was 56 mm × 35 mm, and the
pixel dimensions were 256 × 160. Figure 2 shows an example
of the measured image to illustrate the position and the struc-
ture of the whistle. The whistle was positioned at the bottom of
the imaging area, and its input port was on the right side. As
interference fringes did not appear when the whistle intercepted
the light, the position of the whistle could be distinguished
from the other parts in the measured image. Both the flow
and the sound were emitted from the slit near the edge of
the whistle. The length of the cavity was approximately
7 mm, and its cross section was a circle. The sound was re-
corded by a microphone for reference. For calculating the phase
values from the obtained pixel values of the camera, the hyper-
ellipse fitting in the subspace method was used, because it can
reduce the random noise and the phase-shifting error due to the
imperfections of the optical components [43–45].

Figure 3(a) shows four successive obtained images. The peri-
odical slanging lines are the phase discontinuities due to the
wrap of phase. One period of the slanging lines corresponds
to a phase variation of 2π. The gas flow emitted from the slit
of the whistle is captured, while no sound appears on the
images, because the phase variation caused by sound is much
smaller than 2π. As the wrapped phase maps are largely
distorted by the existence of the flow, the two-dimensional un-
wrapping develops a risk of failure. Instead of two-dimensional

Fig. 1. Schematic of the experimental apparatus.

Fig. 2. Example of the measured image and the photo of the whis-
tle. The whistle was located at the bottom of the imaging area. Its edge
can be seen in the lower right of the image.
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unwrapping, we used the time-directional processing, which
involves the following steps. First, the one-dimensional
unwrapping to each pixel is performed, following which the
values at each pixel of each time frame are subtracted by those
of the next frame. This operation of taking the differences
between two successive images corresponds to the temporal
differential operation of the discrete signals. This operation
can eliminate the background phase orientation, and can save
time, compared to two-dimensional unwrapping for every
frame. Furthermore, because the differential operation can be
regarded as time-directional high-pass filtering, low-frequency
components contained in the flow pattern are suppressed.
Consequently, the differential operation can emphasize the
sound and attenuate the flow. The differential images are shown
in Fig. 3(b), and the corresponding movie is presented in
Visualization 1. The range of the color was chosen with respect
to the amplitude of the sound wave. The periodic slanging lines
due to the background phase orientation are eliminated, and
the spherical waveform, whose origin is near the slit of the whis-
tle can be seen clearly. As shown in Visualization 1, the spheri-
cal wave propagates outward from the origin, and the flow
propagates along the whistle. Moreover, it is clear from the
movie that the spherical wave is much faster than the flow.
In the next paragraph, we discuss whether the spherical pattern
is a sound wave. In both Figs. 3(a) and 3(b), the flow is visu-
alized as the translation and deformation of the specific pat-
terns. The interferometric visualization of flow, as in Fig. 3(a),
has been used for observing the characteristics of the flow field,
such as velocity and vortex [46–48]. Thus, a similar analysis can
be applied to the results of Fig. 3(a). For the flow in Fig. 3(b),
the visualized patterns are related to the motion of the fluid
particles because of the temporal differential operation. In both
cases, pointwise quantitative values may be obtained by
applying a holographic reconstruction technique [47] or a
tomographic reconstruction technique [49].

In order to confirm that the obtained spherical pattern in
Fig. 3(b) is the sound emitted from the whistle, the power
spectra calculated from the PPSI and the microphone data
are plotted in Fig. 4. The PPSI spectrum is calculated from
the averaged values of 10 pixels × 10 pixels in the upper-right
part of the images. Both spectra show two peaks at 8.7 kHz
and 17.4 kHz. The difference in the lower frequency region
arises from the difference in the noise characteristics of the

instruments. The small peak at 15.9 kHz in the PPSI spectrum
is due to the aliasing of the third-harmonic components. As
the frequency of the third-harmonic components is 26.1 kHz
and the sampling frequency of PPSI is 42 kHz, its aliased com-
ponent appears at 15.9 kHz. This occurs because the high-speed
camera does not have anti-aliasing filters. The audio files
extracted from the microphone and PPSI data are given as
Visualization 2. Since their lower-frequency regions differ, as
can be seen in Fig. 4, we applied a high-pass filter, which elim-
inates frequency components less than 4000Hz. Visualization 2
contains the four types of audio data: the microphone data,
microphone data with filtering, PPSI data, and PPSI data with
filtering. The duration of each type of audio data is 0.1 s.
Whistling tones are audible in all of them. For the PPSI data
without filtering, a low tone is heard. Both types of filtered data
sound very similar. According to the above discussions, it can be
said that the circular patterns in the images are the sound waves
emitted from the whistle. Thus, PPSI successively measured the
flow and the sound waves simultaneously.

Finally, in order to see the long-term trend of the phenom-
ena, differential images with an interval of 200 frames are
shown in Fig. 5, and a movie, which contains only one in every
10 frames of the images, is presented in Visualization 3. The
origin of the time was set to coincide with the beginning of the
flow emission. The temporal evolution of the gas flow is clearly
visualized. The gas flow is emitted toward the upper-left then,
and it gradually falls and propagates along the whistle. The
sound appears approximately 30 ms after the beginning of
the flow emission. It can be seen in the movie that the ampli-
tude of sound gradually increases. This transient characteristic

Fig. 3. Imaging results. (a) Phase images of four successive frames. (b) Differential images of the images in (a). The color range was chosen with
respect to the amplitude of the sound wave (see Visualization 1).

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency [Hz] × 104

-60

-40

-20

0

R
el

at
iv

e 
po

w
er

 [d
B

]

PPSI
Mic

Fig. 4. Power spectrum of PPSI and microphone data. The PPSI
spectrum was calculated from the averaged waveform of 10 pixels ×
10 pixels in upper-right area in the images.
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represents the acoustic resonance in the whistle cavity induced
by the gas flow. Furthermore, other characteristics of the
phenomenon, such as the difference in propagation speeds
and propagation manners of the flow and sound, also can
be seen in the obtained movie.

In summary, we proposed a gas injection method with time-
directional processing for the simultaneousmeasurement of flow
and sound, by using PPSI and a high-speed camera. The gas was
injected for the visualization of the incompressible air flow, and
the time-directional processing was used to remove the back-
ground phase and to emphasize the sound. The experiment
confirmed that the proposed method achieved simultaneous
imaging of the flow and sound in the audible range. This
method expands the field of experimental imaging for aeroa-
coustic problems to the audible sound range, application of
which includes the investigation of aerophones and aeroacoustic
noise caused by vehicles and machines [16–18]. The future di-
rection of this research includes considering appropriate time-
directional filters for the extraction of sound, quantitatively
evaluating the flow field, and applying this method to various
aeroacoustic problems. Furthermore, as the idea of using
high-speed optical interferometry and time-directional process-
ing can be applied to measure other complex physical phenom-
ena, it can be applied to various domains, including acoustics,
fluid dynamics, thermodynamics, and applied mechanics.
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