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high-speed cross-schlieren observation of the screeching jet shows the occur-
rence of an asymmetrical shock-cell structure that is generated by the flap-
ping mode in the screeching jet. This contributes to the generation of a
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1. Introduction

Since the finding of screech tone by Powell in 1953 [1], this topic of interest has
been studied by many researchers, and the results are well summarized in some
review papers [2]-[7], which covers a wide range of research from fundamental
to applications. It is known that the screech tone is generated by the interaction

of the unsteady jet shear layer of high-speed flow and the train of shock cells in
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the jet, where the instability wave propagates downstream and is amplified by
the feedback mechanism of the acoustic wave propagating upstream [1] [2]. It
has a high-intensity discrete frequency tone in the order of tens of kilohertz in
frequency with directivity of tone upstream [2] [3]. Therefore, the generation of
screech tone in the jet has a crucial impact on the environmental issue. Because
this is the fundamental topic of interest in the field of aeroacoustics, further
study on the mechanism of screech-tone generation [8] [9], selection mechanism
of oscillation modes [10] [11] [12] [13], and the shock-cell structure in the jet
[14] [15] are investigated experimentally. Furthermore, the flow characteriza-
tions of screeching jet were performed by introducing the particle image veloci-
metry [14] and frequency analysis by high-speed schlieren imaging [15]. Note
that these characteristics of screech tone were well reproduced in the numerical
simulations [16] [17].

To understand the mechanism of the screech tone emission in the jet, schlie-
ren imaging combined with the high-speed flow observation was utilized as a
tool of flow visualization for studying the unsteady high-speed flow field, there-
by enabling the understanding of the shockwave formation and acoustic sound
field in the screeching jet [15]. This experimental technique allows the characte-
rization of an acoustic wave generated in the screeching jet, and the screech tone
is emitted toward the upstream, indicating the directivity of the sound in the
plane along the jet axis upstream. The shock-cell structure in the jet shear layer
starts oscillation normal to the jet axis at fourth to fifth shock cells to generate
the acoustic waves of a screech tone [3]. It should be mentioned that these pre-
vious studies pertaining to the acoustic field of the screeching circular jet are li-
mited to the axial plane, which shows the screech tone emission directing up-
stream [2] [3]. However, the three-dimensional behavior of the acoustic field in
the circumferential direction normal to the axial plane has not been investigated
in the literature because of the experimental challenge.

In this paper, a three-dimensional acoustic field of a screeching circular jet
was first investigated experimentally based on high-speed cross-schlieren imag-
ing and microphone measurements around the screeching jet. Furthermore, the
circumferential observations of the screech tone emission and frequency spec-
trum were evaluated experimentally. This enables the first observation of the
acoustic behavior of the screech tone in the circumferential plane normal to the

jet axis of the underexpanded circular jet.

2. Experimental Apparatus and Method

Figure 1 shows the experimental setup for investigating an underexpanded air jet
issued from a circular converging nozzle into a still atmospheric environment
comprising air. This flow configuration shows a choked flow in the nozzle. Com-
pressed air was provided from a compressor operating up to 7 = 0.4 MPa and
passed through a filter, valve, and flow meter, which were connected by a pipe of
inner diameter 7.5 mm and discharged into the atmospheric air environment at

P, = 0.1 MPa. Therefore, the pressure ratio /P, = 4, which corresponds to the
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Figure 1. Experimental setup for screeching jet.

fully expanded jet Mach number A = 1.56. A converging nozzle with a circular
exit cross-section of diameter d = 3 mm was attached downstream of the pipe
and the flow spreads in vertical direction (z direction) in an atmospheric envi-
ronment to facilitate the cross-schlieren imaging along the jet axis. The pressure
ratio of the nozzle exiting the atmospheric environment can be varied to gener-
ate an underexpanded circular jet downstream of the nozzle. It is noteworthy
that the mass flow rate of air was set to 0.36 kg/min, as measured using a digital
flow meter, at pressure ratio 4 for the schlieren imaging and microphone mea-
surement, whereas the microphone measurement was conducted at a lower mass
flow rate 0.18 kg/min at low pressure ratio 2 for comparative purpose. The
sound pressure level (SPL [dB]) was detected by a 1/2 inches microphone with a
flat frequency response up to 100 kHz, and the sampled data after converting to
the digital data were analyzed to measure the SPL and frequency spectrum using
the fast Fourier transformation algorithm.

Figure 2 shows the experimental setup, which comprises two sets of
high-speed schlieren systems equipped with light-emitting diodes (LEDs) with
700 Im for illumination, concave mirrors, and high-speed complementary met-
al-oxide semiconductor (CMOS) cameras with camera lenses of focal length 200
mm. It is noteworthy that these schlieren systems are equipped in horizontal
plane (x-y plane) to observe the vertical screeching jet in still air. The diameter
and focal length of the concave mirror were 150 and 1200 mm, respectively, and
the cameras were operating at 100,000 frames/s at a spatial resolution of 256 x
160 pixels for a sampling period of 0.4 s. These cameras were placed in ortho-
gonal directions along the jet axis in the horizontal plane, and they were parallel
with the LED lights through the concave mirrors and pin-hole type knife-edges,
which were placed in front of each camera to increase the sensitivity of the
schlieren images [18] [19]. The diameter of the pin hole was 1 mm. The shutter
speed of the camera was set to 250 ns, which was the shortest exposure time of
the camera, whereas a higher shutter speed might be better suited for capturing
high-speed flow events. The two CMOS cameras were operated synchronously
using a pulse controller. It is noteworthy that schlieren images 1 in the x-z plane
and schlieren images 2 in the y-z plane were captured by cameras 1 and 2, re-

spectively, as illustrated in Figure 2.
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Figure 2. High-speed cross-schlieren imaging system (Top view).

Image processing and enhancement of schlieren images were performed using
contrast correction, edge enhancement, and noise reduction [15]. To eliminate
the imperfections of the images, no-flow image was subtracted from the original
schlieren images. The frequency spectrum was obtained from these images by
introducing the fast-Fourier-transformation analysis at the sensing position in
the images.

3. Results and Discussion

3.1. Three-Dimensional Flow Field of Circular Screeching Jet

To confirm the formation of an axisymmetric flow field in the screeching circu-
lar jet at pressure ratio Py/P, = 4, the total pressure distributions were measured
by traversing the total pressure tube with 1 mm inner diameter along the x- and
y-axes normal to the jet axis at several vertical positions z/d, where z is the ver-
tical distance from the nozzle exit, and d is the nozzle exit diameter. Note that
the uncertainty of the pressure measurement is 1%, and that of the position
measurement is 0.1 mm. The experimental results are shown in Figure 3 for
several vertical positions z/d = 0.3 - 6.3. It is noteworthy that 7, is the total pres-
sure, and Pp is the total pressure at the nozzle exit. Although the centerline
pressure decreased immediately at a short distance from the nozzle, it recovered
downstream, and the total pressure distribution exhibited a maximum at the jet
centerline downstream. This indicates the peculiar feature of the screeching jet
near the nozzle exit down to z/d = 5, which was caused by the compressible air
jet. It is expected that the decrease in total pressure at immediate downstream of
nozzle exit (z/d = 1.3) can be caused by the effect of jet expansion to the outside
of the jet axis of the underexpanded jet and the resulted low velocity along the jet
centerline. However, the total pressure distributions remained axisymmetric
with respect to the jet axis, suggesting the formation of an axisymmetric flow
field in the screeching circular jet. Note that the scattering of the data was small-

er than the size of the marks in Figure 3.
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Figure 3. Cross-sectional total pressure distributions at several down-
stream positions z/d.

3.2. High-Speed Cross-Schlieren Imaging

Figure 4 shows three examples of high-speed cross-schlieren images 1 in the x-z
plane and images 2 in the y-z plane, which were captured by cameras 1 and 2,
respectively, of the underexpanded circular air jet issuing into the still air envi-
ronment. Note that time interval of each sequential image is set to 10 ps. It is
noteworthy that the black circle in the picture was caused by the center mark
printed on the mirror surface in advance. Both schlieren images showed
shock-cell structures along the shear layer downstream of the nozzle. Schlieren
images 1 showed a staggered arrangement of the shock-cell structure down-
stream of the jet, whereas schlieren images 2 showed a shock-cell structure that
developed straight along the jet axis in z direction. Hence, a set of cross-schlieren
images showed the formation of a flapping mode, which could be caused by a
pair of helical modes of shock cell structures downstream of the nozzle along the
jet axis [12]. The shock-cell structure was extremely distorted at the fourth to
fifth cell by the formation of flapping mode. The position of distortion is at z/d =
6 from the nozzle in agreement with the previous observation [3].

Therefore, the screech tone can be generated radially from the position z/d= 6
along jet axis directing far upstream, as evident by the high intensity variation of
acoustic waves upstream in schlieren images 1 on the left-hand-side of the im-
age, but not clearly visible in schlieren images 2.

Figure 5 shows the corresponding cross-schlieren images 1 and 2 in the un-
derexpanded circular jet after image processing and enhancement. These images
show the formation of acoustic waves propagating upstream from the position

z/d = 6 along the jet centerline in the underexpanded circular jet. However, the
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Figure 4. High-speed cross-schlieren images of screeching jet (direct images).
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Figure 5. Analyzed schlieren images of screeching jet after image processing
(A: sensing position).

intensity distribution of schlieren images 1 and 2 near the nozzle exit indicated a
clear difference, whereas the intensity variations were similar in the downstream,
Le., images 1 showed a higher intensity contour near the nozzle than images 2.
This result indicates that high-amplitude acoustic waves were generated in im-
ages 1 and were directed upstream consistent with the observation in the litera-
ture [2] [3], whereas the magnitude was lower in image 2 near the nozzle. This

result suggests that the directivity of the acoustic waves was generated not only
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in the axial plane, but also in the circumferential plane of the underexpanded
circular jet, which might result in different noise levels around the jet axis. It
should be noted that this result is only available by the cross-schlieren imaging

on two orthogonal planes of observation.

3.3. Frequency Spectra and SPL Measurements

Figure 6(a) and Figure 6(b) show the frequency spectra obtained from
time-series schlieren images 1 and 2, respectively, and they are compared with
those of the microphone measurements. The frequency spectra in the schlieren
images were obtained at sensing position A marked by red circle in Figure 5.
This corresponds to the high intensity of the acoustic waves along the line of §=
—135° at a distance 30 mm from the position (z/d = 6) along the jet axis. Mean-
while, the microphone measurements were performed at the same line of 8 =
—135° but at a different distance 200 mm from the position (z/d = 6) to minim-
ize the physical interaction with the screeching jet. It is noteworthy that the in-
tensity amplitudes obtained from the schlieren images are shown as arbitrary
unit (a.u.) herein because of the difference in schlieren image intensities arising
from the minor knife-edge effects and camera settings. However, the relative
magnitude of the intensity peaks with respect to the surrounding noise level in
each image might not be sensitive to the experimental setting. A comparative
study of the frequency spectra of schlieren images 1 and 2 showed a substantial
difference in the spectral distributions. Both results showed high peaks at the
same frequency (f= 42 kHz), but the peak amplitude was higher in the spectrum
of schlieren images 1 than that of schlieren images 2. This result reflects the
higher intensity amplitude of the screech tone in schlieren images 1 than that in
images 2, suggesting the circumferential directivity of the screech tone in the
underexpanded circular jet. Furthermore, the second peak was observed at 17
kHz in the spectrum of schlieren images 1, although it did not appear in the
spectrum of schlieren images 2.

To validate the different features of the frequency spectrum captured in
schlieren images 1 and 2, further microphone measurements were performed,
and the results were compared with the schlieren results shown in Figure 6. The
frequency spectrum obtained from microphone in x-z plane showed a high peak
at 42 kHz, as shown in Figure 6(a), whereas the result from the microphone in
y-z plane showed a small peak at 42 kHz, as shown in Figure 6(b). This peak
frequency agrees with that obtained from the schlieren-image analysis. There-
fore, the main features of the frequency spectrum obtained from the schlieren
images were well reproduced in the microphone measurements. However, the
second peak at 30 kHz in the microphone measurements deviated from that at
17 kHz in the schlieren-image analysis shown in Figure 6(a). This is likely ow-
ing to the effects of different sensing positions of the acoustic measurements.

To confirm the directivity of the screech tone from the underexpanded circu-
lar jet in the circumferential plane, SPL measurements were conducted for vari-

ous circumferential angles a in the cross-sectional plane using microphone
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Figure 6. Frequency spectra in orthogonal cross-sectional planes

(A: sensing position, a.u.: arbitrary unit).

measurements at a fixed distance 200 mm from the jet axis and the angle 8 =
—135°. Figure 7 shows the measured SPL distribution for various circumferen-
tial angles a. The error bars indicate the scattering of the repeated experimental
data. The maximum SPL (=122 dB) was observed at a = 90° (270°) in x-z plane,
and the minimum SPL (=110 dB) was recorded at @ = 0° (180°) in y-z plane.
Note that the difference of maximum and minimum of SPL is larger than the
scattering of the data. The maximum SPL occurs at the staggered arrangement of
shock cell structure (Figure 4(a)). Meanwhile, the SPL distribution at a lower
pressure ratio of 2 is shown in Figure 7 for comparative purposes. An almost
uniform SPL distribution is shown at this pressure ratio, independent of the cir-
cumferential angles a. However, the SPL distribution at a higher pressure ratio
indicates an asymmetrical distribution in the circumferential plane.

This result indicates that an asymmetrical sound field was generated from the
circular jet at the pressure ratio 4, and the screech tone was observed. Therefore,
the asymmetry of the sound field is closely related to the screech tone genera-
tion. It is noteworthy that the asymmetry of the sound field of the screeching jet
can be caused by the flapping mode due to a pair of helical modes, as shown in

Figure 4. This may be supported by the results of direct numerical simulation of
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Figure 7. SPL distributions with respect to circumferential

angles a by microphone measurements.

a supersonic jet [20] [21], which shows an asymmetric sound field caused by the
small disturbance of a pair of helical modes in the upstream, thereby resulting in
a flapping mode. However, the selection mechanism of the flapping mode was
unclear, and more studies pertaining to the mechanism of the circumferential

directivity of the screeching jet noise should be performed in the future.

4. Conclusion

The three-dimensional behavior of an acoustic field in a screeching underex-
panded circular jet was first investigated using high-speed cross-schlieren imag-
ing and microphone measurement. The experimental technique allowed the vi-
sualization of shock-cell structure, directivity of sound, and frequency spectrum
of the screeching jet through an analysis of sequential schlieren images captured
by two high-speed cameras and microphone measurement. The experimental
result indicated the directivity of the acoustic waves upstream, which is consis-
tent with the previous studies in the literature. Furthermore, the cross-schlieren
imaging showed that the shock-cell structure became asymmetrical in circumfe-
rential plane with respect to the jet axis. Then, the sound intensity distribution
became asymmetrical in the circumferential plane, and the peak frequency of the
screech tone was observed in both the schlieren images and microphone mea-
surement. The observed asymmetrical sound field in the circumferential plane of
the screeching jet could be caused by the occurrence of flapping mode of

shock-cell structure arising from a pair of helical-mode disturbances.
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Nomenclature

A sensing position

dnozzle diameter

ffrequency

M fully expanded jet Mach number

P total pressure

Py total pressure at nozzle exit

P, pressure in surrounding air

P, pressure upstream

SPL sound pressure level

X, ycoordinates normal to jet axis

z coordinate along jet axis

aangle in circumferential plane

fangle in axial plane
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