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ABSTRACT

An investigation into the installation noise from a semi-
finite flat plate next to a jet was performed. The experi-
ment was carried out in the ISVR’s anechoic Doak Labo-
ratory, at the University of Southampton, using wall pres-
sure transducers flush mounted on the plate surface and a
far-field microphone array. In order to reproduce a setup
representative of a real scaled jet-wing configuration the
plate trailing edge was located at three nozzle exit diame-
ters axially downstream of the jet exhaust. The radial po-
sition of the plate was varied from 0.76 to 1.50 nozzle exit
diameters from the jet axis to the plate surface. The jet
Mach number was also varied from 0.3 up to 0.9. The
wall pressure transducers were positioned in the stream-
wise direction parallel to the jet center-line on the plate
surface, including one position upstream of the nozzle ex-
haust. Data analyses were performed using multivariate
statistical quantities in the time and frequency domains.
Wall pressure data were correlated with the far field sig-
nals illustrating the propagation effects of the detected wall
pressure signatures.

1. INTRODUCTION

In the last 50 years the number of people that are demand-
ing to fly is increased, this induced a growing of the air-
ports and aircraft size. This provides a significant increase
of the environmental noise pollution around airports. In
order to enhance these noise emissions stringent regula-
tions are released by the international civil aviation, mov-
ing manufactures to reduce the noise emissions.

One of the main noise sources in the commercial air-
craft is jet noise. This source was massively studied in the
last century determining an high dependence of the noise
emitted by jets on the nozzle exhaust velocity [1–3]. These
results, together to the necessity to improve the aero and
thermodynamic efficiencies of modern turbofans, moved
the engines industries to increase the nozzle by pass ratio
producing now Ultra-High-Bypass-Ratio engines, hence
maintaining the same level of thrust and reducing the jet
exhaust velocity. Nevertheless, the introduced configura-
tion has an higher nozzle exhaust diameter and in order
to respect the ground clearance this engines configuration

leads to a closer coupled jet-wing layout. That said, nowa-
days the interactions effects, called installation effects are
an important research topic.

Several studies were performed in the last years on the
installed jet configuration, most of these mocking up the
wing with a tangential flat plate and analyzing the modifi-
cation of the far-field noise (see e.g. [4–6]).

A series of investigation on the modification of the jet
velocity field due to the vicinity of a flat plate were re-
ported in the literature, highlighting the presence of a soft
Coandă effect [7, 8].

The interaction between the jet and a infinite flat plate
was investigated in terms of wall pressure fluctuations, use-
ful to understand the fluctuating wall pressure load over the
wing and the vibro-acoustic response of the aircraft struc-
tural surfaces (see e.g. [9–13]). In the last few years some
studies were performed on a real small scale jet-wing con-
figuration [14–17], repeating the analysis also with an in-
duced flight stream, provided by a wind tunnel.

The task of this work is an investigation of the instal-
lation effects in terms of both wall pressure fluctuations
and far-field noise. The analysis was performed at differ-
ent jet Mach numbers from Mj = 0.5 to Mj = 0.9 thus
investigating the high subsonic regime. The position of the
the semi-finite flat plate was varied from H/D = 0.76 to
H/D = 1.5, thus considering different jet plate interaction
levels.

Wall pressure fluctuations were investigated using flush
mounted wall pressure transducers installed on the projec-
tion of the jet center-line over the wing pressure side, fix-
ing also one axial position before of the nozzle exhaust.
Far field measurements were performed using a polar ar-
ray ofB&K microphones. Data analysis was performed in
terms of multivariate statistics in both time and frequency
domain, performing also a study of the coherence between
wall pressure and far-field signals.

Details about the experimental setup are given in Sec.II
and the results dealing with the pressure statistics are re-
ported in Sec. III. Final conclusions are presented in Sec.
IV.

10.48465/fa.2020.0214 719 e-Forum Acusticum, December 7-11, 2020



y

x

Figure 1. Experimental setup

2. EXPERIMENTAL SETUP

Experiments were carried out in the ISVR Doak Labora-
tory at the University of Southampton. The ISVR Doak
Laboratory is an anechoic chamber, fully anechoic above
400 Hz. The facility has dimensions approximately of
15 m-long, 7 m-wide and 5 m-high. Details are reported
in [4]. A single stream unheated jet with a diameter (D)
of 38.1mm is installed in the anechoic chamber and con-
nected to high-pressure compressor reservoir system, with
a maximum pressure of 20 bar. The jet spreading half
angle, evaluated via hot-wire measurements of the jet ve-
locity field, is around 7◦, as reported in previous works
[18, 19].

In order to simulate a wing surface, an horizontal semi-
finite flat plate was installed close to the jet flow and
aligned using a 2-axis traverse system. The total length
of the plate was 20D, while the span lengthy was around
25D, hence being sufficiently large to prevent the addi-
tional noise from the flow passing over the side edges. The
plate was termed semi-finite and the plate trailing edge was
machined down (at an angle of 60◦) to a thickness of 1mm.
The initial thickness was 1cm. A series of holes were
manufactured over the plate surface to insert wall pressure
transducers. Measures were performed fixing the position
of the plate trailing edge at L/D = 3 from the nozzle ex-
haust, thus simulating a configuration close to a real scaled
jet-wing architecture. A picture of the experimental setup
is reported in Figure 1. The frame of reference is fixed
at the nozzle exhaust on the jet center-line and oriented as
reported into the Figure 1

The jet Mach number was varied from Mj = 0.5 to
Mj = 0.9, thus carrying out a complete investigation from
the slightly-compressible regime to the highest subsonic
flow region. The radial position of the flat-plate was also
varied from H/D = 0.76 to H/D = 1.5 investigating
different jet-plate interaction levels.

Measures were performed in terms of wall pressure
fluctuations and far-field signals. The wall pressure fluc-
tuations were acquired using flush mounted wall pressure

-1 0 1 2 3

x/D

100

110

120

130

140

150

160

O
A

S
P

L
 [

d
B

]

H/D=1.50

H/D=1.25

H/D=1

H/D=0.76

(a)

-1 0 1 2 3

x/D

100

110

120

130

140

150

160

O
A

S
P

L
 [

d
B

]

H/D=1.50

H/D=1.25

H/D=1

H/D=0.76

(b)

Figure 2. Axial evolution of the wall pressure OASPL for
different radial positions of the flat plate: (a) At Mj = 0.5.
(b) At Mj = 0.9

transducers (Kulite Type XT-190) with a sensing diameter
of 2mm. Signals were acquired at a sampling frequency
of 50kHz and for a time of 9s. Far-field signals were ac-
quired using an array of B&K microphones for an acqui-
sition time of 9s. The sampling frequency was set like for
the wall pressure fluctuations at 50kHz.

3. RESULTS

3.1 Wall pressure field

The first part of the results is presented in terms of Overall
Sound Pressure Level (OASPL) evaluated as follows:

OASPL = 10 log10

(
σ2
p

P 2
ref

)
, (1)

where σp is the standard deviation of the pressure signal (p)
and Pref is the reference pressure that measures 20µPa.

According to [11] the trend of the OASPL is not af-
fected by different jet Mach numbers, as shown in Figure
2 (a)(b). Moreover, moving the flat plate closer to the jet
flow an important increase of the OASPL is detected, spe-
cially at higher x/D. Nevertheless, considering the pressure
transducers positioned at x/D = −0.94, signals are soft
affected by the different plate positions, for both jet Mach
numbers. The over all statistical analysis is deepened using
kurtosis evaluated as follows:

k =
E(p− µ)4

σ4
p

, (2)
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Figure 3. Axial evolution of the wall pressure kurtosis for
different radial positions of the flat plate: (a) At Mj = 0.5.
(b) At Mj = 0.9

where µ is the mean of the signal p and E() is the expected
value. Wall pressure kurtosis trends are reported in the Fig-
ure 3.

Kurtosis close to 3 is detected when the radial position
of the flat plate is positioned at H/D = 1.5, whit a slight
increase going close to the trailing edge. This means that in
this configuration the wall pressure field over the flat plate
is few influenced by the jet hydrodynamic field. Moreover,
a softly higher kurtosis is detected at the lower jet Mach
number, Figure 3(a) at H/D=1.5.

On the other hand, a different trend is detected at
H/D = 0.76 and H/D = 1, where the kurtosis starts to
increase from the firsts axial locations downstream of the
nozzle exhaust. In this two configurations a kurtosis peak
is highlighted, in the transducer positioned before than the
trailing edge, with a subsequent rapid decay. This effect is
not present using an infinite plate [9, 11] it is probably due
to the interaction between the jet flow and the plate trailing
edge. Comparing Figure 3(a) and 3(b) the kurtosis trend,
is slightly affected by different jet Mach numbers.

For all the plate locations and all the jet flow conditions
a kurtosis close to three is detected using the signal pro-
vided by the pressure transducers positioned upstream of
the nozzle exhaust.

The single point statistics were evaluated in the fre-
quency domain using the Sound Pressure Level (SPL), as
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Figure 4. Pressure autospectra at x/D = −0.94 for dif-
ferent radial positions of the flat plate: (a) At Mj = 0.5.
(b) At Mj = 0.9

following reported:

SPL = 10 log10

(
PSD∆fref

P 2
ref

)
, (3)

PSD is the power spectral density evaluated using the
Welch method, ∆fref = 1Hz is the bandwidth. SPLs are
plotted using the Strouhal number evaluated as follows:

St =
fD

Uj
, (4)

where D is the nozzle exhaust diameter and Uj the nozzle
exhaust velocity.

In the Figure 4 are reported the pressure autospectra
at x/D = −0.94, thus in a upstream position, respect
to the nozzle exhaust, not influenced by the jet hydrody-
namic field. A series of peaks are detected at all the ra-
dial positions of the flat plate only at Mj = 0.9, Figure
4(b). These are probably related to upstream jet travelling
modes as discussed by Jordan et al. [20] for near field mea-
surements. According to [14], which investigates the pres-
ence of these modes using the wall pressure fluctuations
in real scaled wing configurations, the frequency range of
these peaks varies from St = 0.5 to St = 1. Peaks look
not influenced by the radial position of the flat plate ex-
cept at H/D = 0.76, where an higher energy content is
detected. On the other hand, according to [20] peaks are
not detected at Mj = 0.5, although a broadband energy
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Figure 5. Pressure autospectra at x/D = −2.73 for dif-
ferent radial positions of the flat plate: (a) At Mj = 0.5.
(b) At Mj = 0.9

content increase is highlighted reducing the distance be-
tween the plate and the jet axis, as pointed out in Figure
4(a). Taking into account again Figure 4(a) soft peaks are
detected at H/D = 0.76 , this effect is probably related to
the presence of a series of less energetic upstream modes
generated by the interaction between the jet flow and the
plate trailing edge. To carry out a complete physical expla-
nations further investigations are necessary.

The autospectra were also reported in Figure 5 consider-
ing the pressure transducer closer to the wing trailing edge.

Spectra shape are slightly influenced by the jet Mach
number. As reported in the Figure 5 (b) the increase of the
jet Mach number reduces the hydrodynamic bump at the
range of the St comprises between St = 0.1 and St = 0.8.
At both jet Mach numbers the shape of the spectra reported
in the Figure 5 are very influenced by the various positions
of the flat plate, this is ascribed to different interactions
between the plate surface and the jet exhausted flow struc-
tures.

Two point statistics were used to evaluated the wall
pressure phase speed, as reported in the following equa-
tion:

Uph =
ξ

τ
, (5)

where ξ is the distance between two consecutive pressure
transducers and τ is the cross-correlation first peak time
delay.

The phase speed trends are reported in the Figure 6 for
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Figure 6. Axial evolution of the wall pressure phase speed
for different radial positions of the flat plate: (a) At Mj =
0.5. (b) At Mj = 0.9

different jet Mach numbers and different positions of the
flat plate.

The wall pressure phase speed looks not influenced by
different locations of the flat plate at Mj = 0.5, Figure 6
(a). Different results are detected atMj = 0.9, indeed con-
sidering only the Kulite locations downstream of the noz-
zle exhaust, the phase speed atH/D = 0.76 andH/D = 1
is the same with a value close to 0.6 of the jet velocity
and a slight decrease going more downstream. Whereas
an higher phase speed close to the sound speed velocity is
detected at H/D = 1.25 and H/D = 1. This is ascribed
to the different interaction between the flow and the flat
plate. As it is possible to see in the Figure 6 (b), the phase
speed at H/D = 1.25 decreases at the trailing edge taking
a trend similar to the lower H/D.

Whereas, considering the upstream microphone, a
phase speed close the sound speed is detected in all cases.
Observing, Figure 6 (b) a different trend at H/D = 0.76
is detected close to the nozzle exhaust, probably due to the
vicinity of the plate that induces some hydrodynamic ef-
fects over the pressure transducers.

3.2 Far-field

The far-field is investigated in terms of single point statis-
tics using the OASPL evaluated in the equation (1). In Fig-
ure 7 are reported the OASPL trends for different jet Mach
numbers and different H/D positions.
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Figure 7. Evolution of the far-field OASPL for radial po-
sitions of the flat plate: (a) At Mj = 0.5. (b) At Mj = 0.9

The OASPL in far-field is influenced by the different ra-
dial positions of the flat plate, specially at the lower Mach
numbers Figure 7(a). As it is possible to see, this effect is
more evident at the higher polar angles which are related
to microphones positioned upstream of the nozzle exhaust.
Whereas, considering lower polar angles, the different ra-
dial plate positions induce less evident effects. Observing
In Figure 7(b) it is clear that the plate’s influence decreases
with increasing the jet Mach number.

The far-field analysis, has been deepened evaluating the
pressure autospectra, reported in term of SPL as defined
in the equation (3). In Figure 8 are reported the pressure
autospectra at θ = 30◦

A not detectable effect is carried out varying the posi-
tion of the flat plate at both jet Mach numbers and for all
the frequencies range.

Furthermore, pressure autospectra at θ = 150◦ are re-
ported in the Figure 9. At this polar location the spectra
energy content is increased reducing the radial distance of
the flat plate from the jet axis, especially atMj = 0.5, Fig-
ure 9 (a). This effect is located at the highest frequencies.
While at Mj = 0.9, this spectra increasing is reduced and
localized in a series of peaks, Figure 9(b). Moreover an
energy peak localized St = 0.5 appears at H/D = 1 and
it is increased reducing the radial position of the flat plate.
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Figure 8. Far-field autospectra at θ = 30◦ for different
radial positions of the flat plate: (a) At Mj = 0.5. (b) At
Mj = 0.9
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Figure 9. Far-field autospectra at θ = 150◦ for different
radial positions of the flat plate: (a) At Mj = 0.5. (b) At
Mj = 0.9

10.48465/fa.2020.0214 723 e-Forum Acusticum, December 7-11, 2020



3.3 Wall pressure/Far-field coherence

In order to deepen the differences in terms of noise de-
tected at θ = 150◦, the coherence between wall pressure
fluctuations and far field noise is reported in this section.
According to [11] the coherence function was evaluated as
follows:

γ(ξ, ω) =
|CPSDp1p2

(ξ, ω)|
[PSDp1

(ω)PSDp2
(ω)]

1
2

, (6)

where ω is the angular frequency, CPSDpfarpwp is the
cross-spectrum between wall pressure and far-field signals,
while PSDpfar

and PSDpwp
are respective auto-spectra

of the signals considered, ξ is the separation distance. The
far-field microphone is fixed using the microphone posi-
tioned at θ = 150◦

Figure 10 shows the wall pressure/far-field coherence at
Mj = 0.5 for different radial positions of the flat plate. An
high coherence is detected at H/D = 0.76 between the
far-field signal at θ = 150◦ and the signals acquired by
wall pressure transducers positioned upstream of the noz-
zle exhaust, Figure 10(a). While at the trailing edged an
important coherence is detected only for a short frequency
range, probably cause of a strong presence of turbulent
boundary effects that not propagate toward the far-field. As
it is possible to see in Figure 10, moving the radial position
of the flat plate to H/D = 1.5 the coherence between far-
field and wall pressure at the trailing edge increase. This
is probably due to the reduction of the jet plate interaction
that erases the contribute of boundary layer on the wall
pressure spectra; confirming the assertion that boundary
layer effects are not correlated to the far-field noise. On the
other hand, considering the pressure transducers located
at a lower axial position the coherence between far-field
and wall pressure signal decrease within the increase of
the radial distance between the jet flow and the plate sur-
face probably due to the reduction of the jet trailing edge
interaction.

The analysis is repeated at Mj = 0.9 and reported in
the Figure 11.

The increase of the jet Mach number reduces the mag-
nitude of the wall pressure/far-field coherence for all the
radial positions of the plate. Although, the effects is terms
of coherence shape are generally not varied if compared
with the same at Mj = 0.5

4. CONCLUSIONS

An investigation in terms of wall pressure fluctuations and
far-field noise was performed mocking up the wing with a
semi-finite flat plate. Experiments were performed into a
semi-anechoic chamber varying both the radial position of
the flat plate and the jet Mach numbers. Different interac-
tion levels were detected in terms of wall pressure OASPL
for various plate locations, and various jet Mach numbers.
This difference is also observed in terms of kurtosis high-
lighting strong interactions between the jet flow and the
trailing edge only at lower H/D. The plate effects on the jet
pressure fields were deepened in the frequency domain us-
ing the SPL. Considering the pressure transducer located

(a)

(b)

(c)

(d)

Figure 10. Wall pressure/Far-field coherence at θ = 150◦

for different radial positions of the flat plate at Mj = 0.5.
(a) H/D = 0.76; (b) H/D = 1; (c) H/D = 1.25; (d)
H/D = 1.5;
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(a)

(b)

(c)

(d)

Figure 11. Wall pressure/Far-field coherence at θ = 150◦

for different radial positions of the flat plate at Mj = 0.9.
(a) H/D = 0.76; (b) H/D = 1; (c) H/D = 1.25; (d)
H/D = 1.5;

upstream of the nozzle exhaust an important influence of
plate position is highlighted at Mj = 0.5 in the higher
frequencies. This effect is reduced at Mj = 0.9. Never-
theless, a series of peaks slightly influenced by the radial
position of the flat plate are detected at Mj = 0.9. Two
point statistics were also evaluated investigating the effect
of the different plate positions on the wall pressure phase
speed. Results showed that the wall pressure phase speed
trend is very influenced by the plate location at Mj = 0.9,
while at Mj = 0.5 a not visible effect is detected.

Moreover the analysis has been completed by the far-
field investigation, highlighting an important influence of
the different plate locations at higher polar angles and at
the lowest jet Mach number.

Finally, wall pressure/far-field coherence is reported,
considering the microphone at θ = 150◦, thus in the po-
sition where the maximum installation effect is detected
in far-field analysis, and all the wall pressure transducers.
It is highlighted that the mechanisms which influence the
far-field noise are mostly related to both: the wall pressure
transducers positioned upstream of the nozzle exhaust and
at the wing trailing edge. A strong influence is detected
varying the jet Mach number and the radial positions of
the flat plate.
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