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The effect of small-sized conical reflectors on the screech emission of supersonic underexpanded jets was studied experimentally. The investigation focused on two closely spaced
fully-expanded Mach numbers, M j =1.32 and 1.34, and included reflectors with four cone halfangles, from 90◦ to 60◦ . The acoustic far-field was surveyed by a microphone phased array that
included a continuously-scanning microphone, the latter enabling high spatial resolution. The
isolated jets contained well-known screech mode B (flapping) and its harmonics. Addition of
the reflectors caused significant changes in the modal emission pattern, with mode switching
B to C (helical) occurring at M j =1.34 but not at M j =1.32. New modes E and F emerge at
both Mach numbers when the cone half-angle is 70◦ or 60◦ . The tones are generally unsteady,
undergoing fluctuations of as much as 5 dB with time. However, some strong tones that result
from the reflection are nearly steady-state. The noise source distribution generally elongates
with decreasing cone angle of the reflectors. Some modes show clear scattering from the reflectors, while others do not. The study underscores the complexity that initial conditions can
impart on the modal structure of screech.
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ambient speed of sound
nozzle exit diameter
cyclic frequency
full-expanded Mach number
time
fully-expanded jet velocity
axial coordinate
transverse coordinate
polar angle relative to jet axis
acoustic wavelength of screech emission

II. Introduction
The acoustic emission of imperfectly-expanded supersonic jets contains turbulent mixing noise and noise due to the
interaction of turbulence with the shock cells in the jet plume. Shock-associated noise has a broadband component and
a tonal component referred to as screech. All these sources can influence noise emission, but strong screech tones can
increase annoyance as well as cause structural damage to surfaces in the vicinity of the jet, e.g., airframe components
near the exhaust of a jet engine. The generation mechanisms of screech tones have been theorized and investigated
during the last decades. The feedback loop process that sustains the screech generation was first delineated by Powell
[1] who argued that flow disturbances that form at the nozzle lip travel downstream and interact with the shock-cell
structure. This interaction leads to the generation of acoustic waves that travel in the upstream direction, eventually
reaching the nozzle lip. When they reach the nozzle lip, they excite the shear layer and cause additional disturbances,
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closing the feedback loop. Studies have shown that screech generation occurs at a distance of several shock-cells
downstream of the nozzle lip [2], and might even occur at multiple downstream locations [3].
The aeroacoustics community has been interested in predicting the directivity and intensity of screech tones since
they were first discovered. In his pioneering work, Norum [4] used Powell’s theory of spatially stationary monopoles
located at the ends of the shock cells, with a phase difference between them, to determine the peak emission for the
screech tones and its harmonics. Norum’s approach could predict reasonably well the direction of emission for the
fundamental screech tone and the second harmonic for some jet oscillation modes. Since then, multiple experimental
measurements have been performed on round and rectangular nozzles [5, 6] to study the screech directivity. In addition,
numerical simulations have also proven to be helpful in the analysis of the screech generation and emission [2, 7].
More recently, Tam et al. [2] made use of the weakest link theory to predict the main directions of emission for the
screech tones and their harmonics. The weakest link theory relates the non-linear instability wave in the jet and the
shock-cell structure, and allows for the prediction of the principal directions of screech radiation for the fundamental
frequency and the harmonics. Predicted emission directions and experimentally measured peak emission directions
agree reasonably well for jet oscillation modes A1 (toroidal) and B (flapping).
The geometry upstream of the nozzle exit has been shown to enhance or reduce the screech tone levels. Raman et
al. [8] studied the feedback and receptivity of screech in a rectangular nozzle by using a circular reflector positioned
upstream of the nozzle exit. They showed how the reflector plate changes the location of the pressure node or anti-node
of the standing wave pattern in the vicinity of the nozzle exit. This translates into a screech enhancement or reduction, as
captured by near-field microphones. More complex geometries such as spherical reflectors have also been investigated
[9]. A number of additional experiments have shown how the geometry at the vicinity of the nozzle exit strongly
influences the screech feedback loop, even causing mode switching or screech cessation and reactivation [10].
The unsteady behavior of screech tones has been previously investigated using a variety of techniques. Raman [11]
performed a periodogram analysis of multiple screech tones to identify modes that are coexisting and modes that are
mutually exclusive. Chen et al. [12] used the Short-Time Fourier Transform to capture the time-dependence of the
screech tones emitted from rectangular nozzles with different aspect ratios. Walker et al. [13] used the Morlet wavelet
transform to investigate the multiple screech tones emitted from a convergent-divergent nozzle operated at off-design
conditions. Berman et al. [14] also used a wavelet transform to detect the screech mode switching. A general finding
of these studies is that the unsteadiness of screech tones is associated with a decrease in the strength of some of the
shock cells responsible for the screech generation. The appearance of weaker and competing modes has also been
related to changes in the shock cell strength.
This work investigates the effect of conical reflectors, placed around the nozzle exit, on the space-time emission
of screech noise from an underexpanded jet issuing from a convergent nozzle. The modal content, directivity, and
unsteadiness of the screech tones are investigated at four cone angles and two fully-expanded jet Mach numbers.
The investigative tools comprise conventional sound pressure level spectra, short-time spectra, and beamforming. In
addition to microphones fixed in space, a continuously-scanning microphone allows high spatial resolution in the
assessments of tonal directivity and source location from the beamforming maps.

III. Experimental Setup
A. Phased Microphone Array
Noise measurements were conducted in the UCI Aeroacoustics Facility depicted in Figs. 1 and 2. The microphone
array comprises twenty-four 1/8-inch condenser microphones (Brüel and Kjaer, Model 4138) with frequency response
up to 120 kHz. The microphones are connected, in groups of four, to six conditioning amplifiers (Brüel and Kjaer,
Model 2690-A-0S4). The outputs of the amplifiers are sampled simultaneously, at 250 kHz per channel, by three
8-channel multi-function data acquisition boards (National Instruments PCI-6143) installed in a computer with an Intel
i7-7700K quad-core processor. National Instruments Labview software provides the interface for signal acquisition
and filtering, as well as control of the experiment. The microphone signals were conditioned with a high-pass filter set
at 350 Hz to remove any spurious noise. Temperature and humidity inside the chamber were recorded to enable the
calculation of the effects of atmospheric absorption.
Far-field noise measurements were conducted with the microphones mounted on a linear inclined holder and
covering a polar aperture from θ = 19◦ to 101◦ , with the polar angle θ measured from the jet centerline with reference
the nozzle exit (see Fig. 1). The minimum distance from the nozzle exit was R = 0.9 m. Twenty-three microphones
were fixed and one was scanning continuously along a line very close to the line of the fixed sensors. The scanning
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microphone was mounted on a linear traverse consisting of a belt drive (Igus ZLW-0630) powered by a servo motor
(ClearPath MCPV). The trajectory of the scanning microphone was parallel to the fixed microphone line, with a lateral
offset ∆z = −6 mm. The position of the scanning microphone was determined from the encoder signal of the motor
(ClearPath MCPV) powering the traverse and verified by a laser displacement sensor (SICK OD1000). The servo was
programmed to rotate at fixed revolutions per minute with a velocity ramp-up and ramp-down to prevent damage to the
scanning microphone. The steady-state speed was of 75.94 mm/s, with a stroke length of 900 mm. A total of 3 × 106
samples were acquired for each channel, corresponding to an acquisition time of 12 s. Further details on the scanning
microphone setup can be found in Ref. [15].
Sound Pressure Level (SPL) spectra were computed from the microphone signals using a Fast Fourier Transform
(FFT) size of 4096, giving a frequency resolution of 61 Hz. The SPL spectra were corrected for actuator response,
microphone free-field correction, and atmospheric absorption. They are referenced to a constant radius of 0.305 m
from the nozzle exit.
Beamforming utilized only nine of the fixed microphones in combination with the scanning microphone, as shown
in Fig. 3. This arrangement covered the polar sector 55 ≤ θ ≤ 101◦ , which is relevant to the screech emission of
the jet flows considered here. The noise source maps were computed using the Direct Spectral Estimation method of
Ref. [15] with the variable block division according to the guidance of Ref. [16]. The noise source is modeled as a
linear distribution of uncorrelated monopoles and is obtained by minimizing the difference between the modeled and
the measured cross-spectral matrices using a Bayesian inversion approach.
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Fig. 1

Diagram of the UCI anechoic chamber. The scanning microphone is indicated in red.

B. Jet Flow
This study examined underexpanded round jets issuing from a convergent nozzle with exit diameter D = 14.22
mm and lip thickness of 0.4 mm. The nozzle was supplied by air at room temperature at a variety of total pressures
p0 . Conical reflector surfaces were mounted around the exit of the nozzle as depicted in Fig. 4. All the surfaces had
the same base diameter of 60.0 mm (4.22D) and cone half-angles of 90◦ (flat plate), 80◦ , 70◦ , and 60◦ . The surfaces
were 3D printed using a Formlabs Form 2 printer, and polished so that their surface roughness was much smaller than
the screech acoustic wavelength. Structures upstream of the nozzle were covered with anechoic foam to minimize any
reflections towards the nozzle (Fig. 2).
Operation of the isolated nozzle (without reflector) at sweep of total pressures, from 239 kPa to 335 kPa, identified
strong screech tones within a narrow range of total pressure associated with fully-expanded Mach numbers of M j = 1.32
(p0 = 289 kPa) and M j = 1.34 (p0 = 297 kPa). Consequently, experiments with reflectors were run at these two closely
spaced Mach numbers. The corresponding fully-expanded jet velocities were U j = 392 m/s and 397 m/s. The Reynolds
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Fig. 2

Photograph of the anechoic chamber. The nozzle, microphone array and scanning sensor are marked.

Fig. 3 Coordinates of the fixed sensors (black cicles) and initial and final position of the scanning sensor (red
circles) used in beamforming.

number based on nozzle exit diameter was 6.5 × 105 for the average of the two conditions. During each experimental
run, the total pressure was held to within 1% of its target value.

Fig. 4

Photographs of the nozzle and conical reflectors. (a) 90◦ ; (b) 80◦ ; (c) 70◦ ; and (d) 60◦ .
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IV. Results
(n)

In the presentation of the results the notation X is used to designate a screech tone, where X is the mode and n
is the harmonic. The mode notation of Ref. [17] is followed. Modes A1 and A2 denote torroidal oscillation. Modes B
and C describe lateral and helical oscillations, respectively. Reference [17]) also identified an “unknown" mode E as
well as a mode that was not labeled.
A. SPL Spectra
SPL spectra are presented based on the full record of the microphone signals (12 s). They will be plotted for polar
angle θ = 87.4◦ , at which one encounters a richness of tones for the various nozzle configurations examined. Figure
5 compares the SPL of the isolated jet with that of the jet with the 90◦ reflector at M j =1.34 and 1.32. It is seen that
the isolated jet has four prominent tonal components B(1) , B(2) , B(4) and B(6) . The jet at M j = 1.34 with the reflector
undergoes a mode switch, with tone C(1) replacing B(1) , and tone C(2) partially replacing B(2) . Tone F(1) is also seen and
appears to result from the interaction between B(1) and C(1) . Its frequency follows approximately fF(1) ≈ fB(1) + fC(1) .
This behavior has been seen before in rectangular jets [18, 19] and is the result of a nonlinear phase locking between
tones and multiple instability modes present in the shear layer. The jet at M j = 1.32 does not undergo a mode switch.
Tonal emission is enhanced, with harmonics B(1) through B(8) arising. Their frequencies are lower than for the isolated
jet, indicating an increase in the shock-cell spacing that increases the screech wavelength. Note that the broadband
shock-associated noise source levels are higher for the cases with the reflector.
Figure 6 shows the SPL spectra for the isolated jet and the jet with the 80◦ reflector. The effects are similar to
those for the 90◦ reflector: a mode switch (from B to C) and emergence of F(1) for M j = 1.34; no mode switch but
enhancement of tones for M j = 1.32. The frequency of F(1) again follows fF(1) ≈ fB(1) + fC(1) .
The results for the 70◦ reflector are shown in Fig. 7. For M j = 1.34, the reflector causes a partial mode switch with
tone B(1) changing to C(1) , and the higher harmonics of mode B not being shifted. The reflector effect at M j = 1.32
is different from the previous cone angles. Tone E(1) appears very prominently, B(1) is almost completely suppressed,
and F(1) makes a weak appearance with fF(1) ≈ fB(1) + fE(1) . The latter suggests an interaction between modes B and E.
In general, the tones at M j =1.32 are not uniformly enhanced as with the previous reflectors.
The effect of the 60◦ reflector on the SPL is seen in Fig. 8. There is no mode switch, but the fundamental tone
of mode E becomes prominent at both jet Mach numbers and its second harmonic E(2) (unseen in the previous cases)
is now significant. Tone B(1) is practically suppressed at M j = 1.34 and appears weak at M j = 1.32. Tone F(1) , at
the frequency fF(1) ≈ fB(1) + fE(1) , appears for both jet Mach numbers. Again, it appears that mode F is the result
of interaction of modes B and E. Note that the broadband shock-associated noise is significantly lower with the 60◦
reflector. The dynamics of this configuration appear quite distinct from those of the higher-angled reflectors.
The results seen in the above figures are summarized in a plot of normalized screech-tone wavelength of the
fundemental mode, λs /D, versus fully-expanded Mach number M j , shown in Fig. 9. The plot comprises the present
data as well as the data of earlier works [17, 20]. For the present data, the plot includes the full M j range for the isolated
nozzle and the specific investigations of the nozzle with reflectors at M j = 1.32 and 1.34. The screech wavelengths for
the isolated jet line up well along mode B (lateral oscillation) of the past works. The reflectors trigger modes C, E, and
F, as was seen in the SPL plots. At M j = 1.32, there is no mode switching with the 90◦ and 80◦ reflectors, and the tones
of mode B are manifested at lower frequency, indicating an increase in the shock-cell spacing; modes E and F appear
for the 70◦ and 60◦ reflectors. At M j = 1.34, the 90◦ and 80◦ reflectors cause mode switching from B to C as well as
the emergence of tone F(1) ; the 70◦ reflector causes partial mode switching from B to C; and the 60◦ reflector causes
no mode switching and strong emergence of mode E. The screech tones for the 60◦ reflector are similar at M j = 1.32
and 1.34. Note that the frequencies of the tones of mode B of the jet with the 60◦ reflector are coincident with those
of the isolated jet. For the cases in which mode E and mode B were present, the two fundamental frequencies could
be seen at some of the polar stations surveyed. However, when mode B and mode C were present, the fundamental
frequency for mode B could not be seen and was inferred from its second harmonic.
To the authors’ knowledge, the dynamics of mode E have not been investigated before. The frequencies of what we
named mode F, which appears due to the complex interaction between modes B and C or B and E, are close to those
of the unlabeled mode of Seiner et. al [17]. In addition, the dynamics of the generation of modes B/C, E, and F appear
to be different, as discussed in next sections.
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Fig. 5 SPL spectra for the isolated jet (black lines) and the jet with the 90◦ reflector (red lines). (a) M j = 1.34;
(b) M j = 1.32.
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Fig. 6 SPL spectra for the isolated jet (black lines) and the jet with the 80◦ reflector (red lines). (a) M j = 1.34;
(b) M j = 1.32.

B. Tone Unsteadiness
We use the “instantaneous” SPL spectra to identify the temporal behavior of screech tones and their interactions,
similarly to Ref. [11]. The steps involved in its calculation are summarized as follows. Each microphone signal is
divided into 365 blocks with 50% overlap. Each block contains 16384 samples, corresponding to a block time of 0.066
seconds, which defines the temporal resolution. At the fully-expanded jet velocity of U j = 394 m/s, this translates to
a distance of about 1830 jet diameters, which is deemed sufficient to obtain converged statistics. The SPL spectrum is
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Fig. 7 SPL spectra for the isolated jet (black lines) and the jet with the 70◦ reflector (red lines). (a) M j = 1.34;
(b) M j = 1.32.
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Fig. 8 SPL spectra for the isolated jet (black lines) and the jet with the 60◦ reflector (red lines). (a) M j = 1.34;
(b) M j = 1.32.

computed for each block using an FFT size of 4096, with a frequency bandwidth of 61 Hz. Waterfall plots of SPL versus
t
will be presented for θ = 87.4◦ , the same angle for which the full-record
frequency f and dimensionless time D/c
∞
SPL spectra were presented earlier, and for M j = 1.32 and 1.34. The spectra will be plotted for two frequency ranges
that contain some of the tones seen in the spectra of Figs. 5-8. Only the first 6 seconds of the experiment will be shown
to aid the visualization of the results.
Figure 10 plots the “instantaneous” SPL spectra for the isolated jet and for the jet with the 60◦ reflector at M j = 1.34.
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(a)

Fig. 9 Normalized screech wavelength versus fully-expanded Mach number for underexpanded jets. (a) Solid
circles extracted from Ref. [20]; solid triangles extracted from Ref. [17]; open symbols are for the present
experiments: blue for the isolated jet; pink, orange, green, and red for the 90◦ , 80◦ , 70◦ , and 60◦ reflectors,
respectively. (b) Close up of the range M j ∈ [1.30, 1.36] showing only the present measurements.

For the isolated jet, in the frequency range covered, tones B(1) and B(2) are evident, the latter being significantly stronger.
The amplitudes of tone B(2) and B(1) undergo strong variations. With the 60◦ reflector installed tone B(1) is suppressed
and tone E(1) emerges at high amplitude and minimal variation with time. Lower-amplitude tones F(1) and E(2)
replace B(1) and undergo significant variations with time. No mode switching versus time was noted for any of the
configurations covered here at M j = 1.32 and 1.34, with all modes coexisting.
The tone variation with time can be further quantified by evaluating the tonal “energy" for each block. This is
done by integrating the power spectral density over a short frequency interval that includes the tone, with reference the
broadband level around the tone. The results are presented in the form of an overall sound pressure level (OASPL) and
units of decibels. Figure 10 plots the time evolution of OASPL for tones B(1) and B(2) for the isolated jet; and tones
E(1) and E(2) of the jet with 60◦ reflector. The tones for the isolated jet undergo significant variations, as much as 5 dB,
with time. Preliminary spectral analysis of the OASPL time variation indicates a dominant time scale of ∼ 0.25s for
the unsteadiness. Installation of the 60◦ reflector triggers the fundamental tone of mode E which is much steadier than
tones B(1) and B(2) of the isolated jet. The variation of its second harmonic, E(2) is similar to those of B(1) and B(2) . It
appears that tone E(1) has little “competition" that would cause unsteadiness. The slight decrease of the amplitude of
tones E(1) and E(2) is associated with an increase in the total pressure p0 of about 1 kPa (0.3%).
C. Tone Directivity
The directivity of the screech tones was investigated using the continuously-scanning sensor. Instantaneous SPL
spectra, as defined in the previous section, were used to infer the variation of tone levels versus polar angle with high
spatial resolution. The signal of the scanning sensor was divided into 299 blocks with 50% overlap. Each block
contained 20000 samples, corresponding to a duration of 0.08 seconds. During this time, the sensor traversed 6.1 mm,
yielding an angular resolution ∆θ ≈ 0.3◦ for the polar sector covered. A Fast Fourier Transform with size 4096 was
used to calculate the SPL spectra. This space-time procedure for producing highly resolved SPL(θ) can be affected by
the time intermittency of the tones, discussed in the previous section. It is thus expected that the polar directivity may
contain spurious variations due to the tone unsteadiness. Results will be presented as waterfall plots of SPL versus f
and θ for fully-expanded Mach numbers M j = 1.32 and 1.34.
Figure 12 presents the directivity of the SPL spectra for the isolated jet. Only mode B is present, with B(2)
dominating the highest polar angles for both M j . The fundamental tone B(1) is present for the enrire polar sector
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Fig. 10 Instantaneous SPL of (a) the isolated jet and (b) the jet with 60◦ reflector. Both jets are at M j = 1.34
and the polar angle is θ = 87.4◦ .
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Fig. 11 OASPL versus time for (a) tones B(1) and B(2) of the isolated jet; and (b) tones E(1) and E(2) the jet with
60◦ reflector.

covered and is 15 to 20 dB lower than B(2) . This is in line with previous experimental results [2, 4]. The directivity of
B(1) appears irregular.
The effect of the 90◦ reflector is shown in Fig. 13. For M j = 1.34, there is mode switching from B to C; tone C(2)
peaks at the highest polar angles while tone C(1) peaks near θ = 60◦ and is 10 to 20 dB lower. Tone F(1) appears at the
highest polar angles and is about 15 dB lower than C(2) . For M j = 1.32, there is no mode switch; the downstream
emission of B(1) in enhanced and the directivity of B(2) remains mostly unchanged.
The overall trends for the jet with 80◦ reflector, shown in Fig. 14, are similar to those of the 90◦ reflector. The
directivity of C(2) and C(1) remain mostly unchanged at M j = 1.34, with tones B(2) and F(1) becoming more prominent.
Figure 15 shows the SPL spectra for the jet with the 70◦ reflector. For M j = 1.34, modes B and C coexist. Tone
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B(1) is not detected in the surveyed polar sector; however, B(2) is very prominent, peaking at the upstream-most angles.
Tone C(1) is very weak, peaking near θ = 60◦ . For M j = 1.32, tone B(2) becomes prominent in the upstream-most
directions; tone E(1) emerges in the entire polar sector and peaks near θ = 50 to 70◦ ; and tone F(1) makes a weak
appearance and peaks near 90◦ .
The directivity patters for the jet with 60◦ reflector, shown in Fig. 16 are similar for the two Mach numbers. Modes
B and E coexist, the latter producing a very prominent E(1) tone throughout the polar sector. Tone E(2) appears for
θ > 75◦ at lower levels than E(1) . Tone F(1) is present and peaks near 90◦ . Tone B(1) is very weak but is present
throughout the polar sector. Tone B(2) peaks near θ = 90◦ for both cases.
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Fig. 12 Directivity of SPL for the isolated jet (a) M j = 1.34; (b) M j = 1.32.
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Fig. 13 Directivity of SPL for the jet with the 90◦ reflector. (a) M j = 1.34; (b) M j = 1.32.
Some general directivity trends are inferred from the results presented. Tones B(2) and C(2) radiate at large polar
angles, starting at about θ = 80◦ . If mode E is present, its fundamental tone E(1) is measured throughout the polar
sector and its second harmonic E(2) is present for θ > 70◦ . Tone F(1) peaks near θ = 90◦ , independently of the reflector
or the jet Mach number.
D. Beamforming
The beamforming method described in Section III.A allows measurement of the space-frequency distribution of the
noise source with high spatial resolution. The source distribution ψ(x, f ) is coherence-based. At a given frequency, it
10

(2)

C

(1)

F

(2)

(2)

B

B

(1)

C

(1)

B

(a)

(b)

Fig. 14 Directivity of SPL for the jet with the 80◦ reflector. (a) M j = 1.34; (b) M j = 1.32.
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Fig. 15 Directivity of SPL for the jet with the 70◦ reflector. (a) M j = 1.34; (b) M j = 1.32.
∫
satisfies ψ(x)dx = 1, where the integration covers the entire source region. As such, it portrays the relative strength
of sources at a given frequency, but not the absolute level. All the results shown here pertain to the jet at M j = 1.34,
which underwent mode switching for several of the reflectors used.
Figure 17 plots the noise source distributions for the jets at M j = 1.34 versus x and f . The nozzle exit and the
reflection surfaces are located at approximately x = 0 m. Thin horizontal layers containing periodic-like patterns
represent the locations of screech tones. In the high-frequency region of the plots ( f > 30 kHz) periodic vertical
streaks, starting at x = 0 m, are evident for all the jets. Their spacing is approximately one nozzle diameter and they
are discernible to about x/D = 6. These “shock sources” are associated with the turbulence that is being convected
downstream interacting with the shock cell structure of the jet. This pattern has been seen to be approximately aligned
with the tips of the shock cells in Breen and Ahuja [21]. The high-frequency source region occupies approximately
8D for the isolated jet and the jet with 90◦ reflector, and spreads to as much as 11D with decreasing cone angle
of the reflector. This suggests distinct flow dynamics as the reflector angle decreases. In the mid-frequency range
(20 ≤ f ≤ 30 kHz), the reflectors cause a pattern where the source shifts downstream with increasing frequency, the
pattern becoming more pronounced with decreasing cone angle. The low-frequency range f < 20 kHz contains the
fundamental tones of modes B, C, and E. A weak source near x = 0 occurs for the isolated jet near 9 kHz. It is associated
with the interaction of the upstream-propagating waves of tone B(1) with the nozzle lip. Stronger sources near x =
0 are seen for the 90◦ and 80◦ reflector near 10 kHz, corresponding to the reflection of tone C(1) from the surfaces.
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Fig. 16 Directivity of SPL for the jet with the 60◦ reflector. (a) M j = 1.34; (b) M j = 1.32.

Significant sources associated with the reflection from the surfaces near x = 0 are seen for frequencies between 9 and
18 kHz for the 70◦ and 60◦ reflectors, hinting the presence of additional upstream-propagating components for those
configurations.
It is instructive to examine the source distributions for modes B, C, E and F. The source is presented normalized by
its maximum value ψ M . Figure 18 plots the normalized source distribution for tones B(1) and B(2) for the isolated jet
and the jet with the 60◦ reflector. Periodic sources are evident for B(1) of the isolated jet, extending from upstream of
the nozzle exit to x/D = 20. A localized peak near x/D = 0 marks the reflection from the nozzle lip. The upstream
sources may be “ghost" phenomena discussed at the end of this section. Installation of the 60◦ reflector causes a large
peak in the distribution of B(1) near x/D = −1, corresponding to the edge of the cone, and a weak quasi-periodic
pattern downstream. The source for tone B(2) for the isolated jet is centered near x/D = 6 and no reflection is apparent,
suggesting that this tone lacks upstream-traveling waves. The 60◦ reflector suppresses completely B(2) , so it is not
shown.
The source distributions for tones C(1) and C(2) are examined in Fig. 19 for the jet with 90◦ and 80◦ reflectors.
For both reflectors, the source of C(1) undergoes periodic oscillations that peak near x/D = 0, in the vicinity of the
reflectors, and decay rapidly downstream. Tone C(2) is centered at x/D = 5 and no significant reflections are noted.
Figure 20 plots the source distribution for tone E(1) for the 60◦ reflector. A very sharp peak is noted near x/D = -1.5,
corresponding to the edge of the 60◦ cone, approximately. This indicates the presence of upstream-propagating waves
that reach the reflector and close the feedback loop mechanism for this mode. Periodic oscillations at a much lower
level occur downstream. The strong periodic patterns seen for modes B(1) and C(1) are absent in mode E. Examination
of the source distribution of E(1) in the other cases of this study shows a similar pattern as that plotted in Fig. 20,
indicating that this mode has different dynamics compared to modes B or C.
Figure 21 plots the source distribution for tone F(1) for the jet with the 90◦ and 80◦ reflectors. Recall that tone F(1)
appeared to be the product of the complex interaction between modes B and C or modes B and E for the 90◦ and 80◦
reflectors, respectively. Peak generation for this tone is centered around x/D = 6. There are no sources nearx/D = 0,
indicating that there are no upstream-propagating waves associated with this tone.
The periodic sources seen for tones B(1) and C(1) have been observed earlier in the beamformed maps of an
underexpanded jet by Dougherty and Podboy [22] and in the acoustic source images of an overexpanded jet by
Papamoschou et al. [15]. A weak part of the periodic pattern has been observed at downstream stations where no
significant screech generation is expected. The presence of these sources has been named before as “ghost sources”.
It is not known whether these sources are real or are an artifact of the beamforming approach. Their appearance
may be related to the coherent nature of screech. Even though wave synchronization from multiple sources is not
a necessary requirement of screech, coherence has been experimentally detected by Ref. [3]. In addition, Powell’s
original hypothesis of screech [1], which required the waves from downstream sources had to synchronize with those
of the upstream sources, is accurate at predicting screech tones at some conditions, indicating wave synchronization
might be an important component in screech frequency selection. Edgington-Mitchell et. al. [3] have seen how screech
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Fig. 17 Coherence-based noise source distribution ψ for the M j = 1.34 jet. (a) Isolated jet. Jets with reflector
angles of (b) 90◦ ; (c) 80◦ ; (d)70◦; and (e) 60◦ .

tones are generated through shock leakage at multiple axial stations. If screech emission from the shock-cell tips is
coherent (or synchronized), the beamforming process will incorrectly localize the noise sources, and “ghost sources”
might appear. However, this argument is difficult to validate from the beamforming results alone and additional data are
required. A different beamforming approach that allows for the imaging of coherent noise sources such as DAMAS-C
[23] or LORE [24] could shed some light into this problem. Future research will consider such methods.

V. Conclusions
This experimental investigation examined the effect of nozzle initial conditions, in the form of small-sized conical
reflectors with variable angle, on the screech emission of underexpanded jets issuing from a convergent nozzle. The
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(b)

Fig. 18 Normalized coherence-based noise source distributions for the M j = 1.34 isolated jet (black) and with
the 60◦ reflector (red). (a) Tone B(1) ; and (b) tone B(2) .

(a)

(b)

Fig. 19 Normalized coherence-based noise source distributions for the M j = 1.34 jet with the 90◦ (black) and
80◦ (red) reflectors. (a) Tone C(1) ; and (b) Tone C(2) .

Fig. 20 Normalized coherence-based noise source distribution of tone E(1) for the M j = 1.34 jet with 60◦
reflector.

investigation focused on two closely spaced fully-expanded Mach numbers, M j = 1.32 and 1.34. The acoustic far-field
of the jet was surveyed by a microphone phased array that included a continuously-scanning microphone. The latter
enabled high-spatial resolution in evaluating the directivity of sound emission and in assessing the source distribution
via beamforming.
The isolated jets contain well-known screech mode B. Addition of the reflectors causes significant changes in the
modal emission pattern, with mode switching B to C occurring at M j = 1.34 but not at M j = 1.32 for cone angle
90◦ or 80◦ . New modes E and F emerged at both Mach numbers when the cone angle is 60◦ . The tones are generally
unsteady, undergoing fluctuations of as much as 5 dB with time. However, a strong tone E(1) that emerges with the 60◦
reflector is nearly steady-state. The directivity of the tones displays a rich pattern, with the most intense tones peaking
near θ = 90◦ . The noise source maps show distinct sources associated with the shock-cell structure of the jet. The
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Fig. 21 Normalized coherence-based noise source distribution of tone F(1) for the M j = 1.34 jet with the 90◦
(black) and 80◦ (red) reflectors.

noise source generally elongates with decreasing cone angle of the reflector. The source distributions of some tones
show clear peaks near the reflectors, indicating the scattering of upstream-propagated waves. However other tones
do not show any scattering from the reflectors, suggesting the lack of upstream-traveling waves. It is noteworthy that
conical reflectors can in fact reduce screech noise, as is evident in Fig. 8.
More generally, this study underscores the profound effect that initial conditions can have on screech emission and
the sensitivity of the resulting modal structure on the details of the initial condition (here the cone angle) and the jet
fully-expanded Mach number.
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