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I. Introduction

I N the development of the next generation’s supersonic trans-
porter, environmental compliance is strongly required. In partic-

ular, a noise reduction system with a small loss is one of the key
technologies for supersonic jet engines. From such supersonic jet
engines, an underexpanded supersonic jet is exhausted, leading to
strong screech radiation.1−12

A tab mounted at the nozzle exit is one of the most promising de-
vices in screech reduction. The noise reduction performance and the
mechanism were investigated by many researchers.4−8 Kim et al.9

and Araki et al.10,11 investigated the effect of small jet injection on
screech reduction of a supersonic jet, instead of mechanical tabs. In
Refs. 9–11, it is shown that the screech can be removed completely.
When practical applications of such aerodynamic tabs are consid-
ered, it is necessary to investigate 1) with how small a mass flow
rate of the aerodynamic tab the screech can be removed and 2) what
the criteria of the phenomena are. In the present study, the effects
of the number, nozzle exit diameter, and mass flow rate of the aero-
dynamic tab on screech reduction of an underexpanded supersonic
jet are investigated experimentally.

II. Experimental Setup and Procedure
A. Main and Secondary Jet Nozzles

Figure 1 shows a schematic of the nozzle exit. The compressed
air for the underexpanded supersonic jet (main jet) is introduced to
the nozzle through a settling section with honeycombs and screens.
The total pressure is designated as P10. The main jet nozzle is a
converging round nozzle whose exit diameter D = 8.0 mm. At the
exit of the main jet nozzle, a straight section (secondary jet flange)
is attached, from which the secondary jets are injected. Note that
the nozzle lip used is relatively large, which may affect the screech
tone feedback loop.1

The compressed air for the aerodynamic tab (secondary jet) is
introduced to the secondary jet flange, in which eight converging
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round nozzles are mounted with a pitch of 45 deg. The total pressure
is designated as P20. The exit diameter of the secondary jet nozzles
is 1/8D and 1/16D. The secondary jet is injected in the normal
direction to the main jet. It is possible to choose the arbitrary nozzles
from which the secondary jet is injected.

A cylindrical coordinate system is applied. The origin is set at the
center of the main jet exit, and the x , r , and θ coordinates are set
along the streamwise, radial, and circumferential directions. One of
the secondary jet nozzles is set as the reference nozzle, and θ is set
to be zero along the nozzle axis.

The pressure ratio of the main jet is set at 2.25, whose correspond-
ing jet Mach number M j = 1.14. In the present study, the pressure
ratio is kept constant even when the secondary jets are injected.
When the secondary jets are injected, the substantial exit area of
the main jet is reduced due to the blockage effect. It is considered
that the mass flow rate of the main jet is slightly reduced during the
secondary jet injection. Table 1 shows the secondary jet conditions.
The number of the secondary jets is two or four, with a pitch of 180
and 90 deg, respectively. The mass flow rate of the secondary jet
is measured by a hot-wire flow meter, and each jet mass flow rate
is varied from 0.25 to 4.0% of the main jet. In this estimation, the
decrease in the main jet flow rate due to the secondary jet injection
is not considered.

B. Measurements
In the sound pressure measurement, a piezoelectric pressure trans-

ducer (Piezotronics, 112A22) was used. The diaphragm diameter
of the pressure transducer is 5.5 mm. The measured sound pres-
sure is the average value over the diaphragm area. The natural fre-
quency of the pressure transducer is about 250 kHz, which is large
enough when compared with the jet noise frequency range in the
present study. The sound pressure history is acquired with a digital

Table 1 Secondary jet conditions

Mass flow rate of
Nozzle exit each secondary jet,

Number diameter % of main jet

Without secondary —— 0.0
jet (SJ)

2SJ 1/8D, 1/16D 0.25–4.0
4SJ 1/8D, 1/16D 0.25–4.0

Fig. 1 Schematic of main and secondary jet nozzles.
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oscilloscope at a sampling clock of 2.5 μs. The data are processed by
fast Fourier transform, and the sound spectra are obtained. The mea-
surement was carried out at the position of x/D = 2.5, r/D = 5.0,
and θ = 0 and 90 deg. The measurement position was determined so
that the sound pressure level (SPL) near the third shock cell could
be acquired because the screech SPL has the largest value around
the third shock cell.12 Note that the sound pressure measurements
were carried out at a near field of the sound source.

In the Mie scattering method, a pulsed Nd: YAG laser (532 nm)
was used. The thickness of the laser sheet at the measurement region
is about 1 mm. Ethanol droplets were seeded into the main jet as
the scattering particles. Ethanol vapor was mixed into the airflow
through a mixing duct that is installed upstream of the main jet
stagnation chamber. The ethanol vapor condenses into fine droplets
due to the static temperature drop through the acceleration in the
nozzle.13 The mass fraction of the methanol was set to be about 3%.
Scattered light was acquired with a charge-coupled device camera.
Because the laser pulse duration is 12 ns, the acquired images are
instantaneous.

In the total pressure measurement, a 0.3-mm o.d. pitot tube,
mounted on a two-dimensional stage, was used. The pitot pressure
distributions of the flow are obtained by scanning the stage. The
pitot tube is scanned with a spacing of 0.2 mm (r/D = 0.025) in
the r direction and 2.5 deg in the θ direction. The total pressure at
each measurement position was calculated using Rayleigh’s pitot
tube formula.

III. Results and Discussion
A. SPL

Figure 2 shows typical results of the sound pressure measure-
ments. Figures 2a, 2b, and 2c show the results for without a sec-
ondary jet (SJ), 2SJ,1/8D, and 2% at θ = 0 deg; and 2SJ, 1/8D, and
2% at θ = 90 deg, respectively. The horizontal axis indicates the fre-
quency and the vertical axis the SPL. The frequency is nondimen-
sionalized to a Strouhal number based on the nozzle exit diameter
and exit velocity.

In Fig. 2a, an intensive peak of a screech is observed at a fre-
quency of about 28 kHz. The screech SPL is about 130 dB. The
corresponding overall SPL (OASPL) is 107.4 dB. In Figs. 2b and
2c, it is observed that the screech is completely removed and that the
OASPL is reduced by about 1 dB. It is shown that the aerodynamic
tab is effective in noise reduction in an underexpanded jet.9−11 When

a)

b)

c)

Fig. 2 SPL as function of frequency: a) without SJ, b) 2SJ, 1/8D, and
2% at θ = 0 deg, and c) 2SJ, 1/8D, and 2% at θ = 90 deg.

a) Without SJ

b) 2SJ, 1/8D, and 2%

Fig. 3 Typical instantaneous Mie scattering images.

a) Without SJ b) 2SJ, 1/8D, and 2%

Fig. 4 Total pressure contours at x/D = 0.25.

Figs. 2b and 2c are compared, the sound spectra are similar. It is
considered that the difference in the SPL distribution according to
the measurement angle θ is relatively small. In the latter part of this
Note, the data obtained at θ = 0 deg are used as the representative
SPL of the main jet.

B. Vortex Structures
Figure 3 shows typical instantaneous Mie scattering images.

Along the x axis, the main jet cross section is shown. Two images
that were obtained at different timings are connected at x/D = 2.2.
Figures 3a and 3b show the images for without SJ and 2SJ,1/8D,
and 2%, respectively. In Fig. 3a, it is shown that periodic large-scale
structures (indicated with arrows) are formed in the shear layer be-
tween the main jet and ambient air. The vortices have an axisym-
metric configuration, which has been observed in underexpanded
jets oscillating in the toroidal mode.1,2,4−8 In contrast, in Fig. 3b,
the periodicity of the large structures are removed. It is considered
that the SJ injection suppresses the periodicity of the large structure
and that the shock/vortex feedback loop is removed.

C. Total Pressure Drop
Figure 4 shows the total pressure contours at x/D = 0.25.

Figures 4a and 4b show the results for without SJ and 2SJ,1/8D,
and 2%, respectively. The one-quarter area of the jet cross section
is indicated. In Fig. 4a, an axisymmetric total pressure distribution
is clearly observed. In contrast, in Fig. 4b, a pressure defect due to
the SJ is observed. Because the SJ, which initially does not have
the x-axis velocity component, penetrates into the main jet, the total
pressure drop occurs locally. The magnitude of the total pressure
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Fig. 5 Average total pressure of main jet as function of total mass flow
rate from all SJs.

a)

b)

Fig. 6 Reduction in screech SPL as function of a) total mass flow rate
and b) momentum flux ratio.

drop due to the secondary jet is estimated by averaging the total
pressure distribution through the main jet cross section. The aver-
age total pressure of the main jet P10,av is defined as follows:

P10,av =
∫ ∫

P10,local(r, θ) dr dθ

/
A (1)

where P10,local(r, θ) is the local total pressure calculated from the
pitot pressure and A is the main jet exit area.

Figure 5 shows the average total pressure of the main jet P10,av as
a function of the total mass flow rate from all of the SJs. The vertical
axis is normalized by the value for without SJ, and the error bar is
estimated from the variation of the main jet total pressure P10. It is
shown that the average total pressure P10,av decreases monotonously
with the increase in the total mass flow rate of the SJs. It is natural
that smaller mass flow rates are preferable from the viewpoint of
the thrust losses in the engine.

D. Screech Reduction Performance
Figure 6 shows a reduction in the screech SPL with SJ conditions.

Figures 6a and 6b show the effects of the total mass flow rate from
all of the SJs, and the momentum flux ratio J = (ρu2)SJ/(ρu2)MJ,
respectively. In Fig. 6a, it is shown that, when compared to the 1/8D
nozzle, the screech SPL decreases more rapidly for the 1/16D noz-

zle, which indicates that screech reduction can be achieved with
smaller losses in the total pressure. Both the screech and overall
SPLs were reduced, at the maximum, by 30 and 6 dB, respectively,
with the total mass flow rate of 2%, for 4SJ and 1/16D. In Fig. 6b,
it is shown that, though there is some scattering, the plots collapse
onto one curve regardless of the number or exit diameter of the noz-
zle and that screech is completely removed at around J = 1.2. It is
considered that the momentum flux ratio J is one of the most impor-
tant criteria in the noise reduction performance of the aerodynamic
tab, and it is believed that the penetration height of the SJ plays an
important role in the phenomenon.

IV. Conclusions
Effects of the SJ from the nozzle wall on screech reduction of

an underexpanded supersonic jet were investigated experimentally.
The number, nozzle exit diameter, and mass flow rate of the SJ
were varied, and the screech reduction performance was examined.
When the SJ is used, the screech SPL decreases, which is possibly
attributable to suppression of the periodicity of large structures in
the underexpanded jet. The total pressure drop of the underexpanded
jet increases monotonously with the increase in the total mass flow
rate of the SJs. The screech SPL decreases with the increase in the
momentum flux ratio between the SJs and main jets.
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