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Abstract: Motivated by the problem of the installation effects of modern turbofan engines,
we experimentally investigated the interaction between a compressible subsonic jet and a tangential
flat plate. Measurements of wall pressure fluctuations were performed in a semi-anechoic
environment addressing the effect of several governing parameters, such as the stream-wise and
span-wise location, the jet Mach number and the radial distance of the plate surface from the jet axis.
The statistical properties of the wall pressure signals were analyzed in terms of both power spectra
and cross-correlations, with the latter providing the estimation of the phase speed. The analysis is
also carried out in the time-frequency domain through the application of the wavelet transform to
further characterize the dynamics of the wall pressure signatures.
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1. Introduction

One of the most important topics of current research into aircraft engines concerns the reduction
of noise and pollutant emissions. The strategy used by aircraft manufacturers to mitigate CO2 release
is to reduce the mass-flow rate passing in the engine’s combustion chamber, thus exhausting from
the primary nozzle. In order to keep the same level of thrust, the reduction of jet velocity must be
compensated by increasing the mass-flow rate passing outside of the engine primary body. Given that
the noise emissions from the engine jets are essentially proportional to the eighth power of the velocity
according to Lighthill [1], the mass-flow increase in the secondary flow must be achieved by increasing
the nozzle size rather than the exhausting jet velocity.

The ultra-high by-pass ratio (UHBPR) engine concept provides this solution, achieving a reduction
of jet velocity and an increase of the fan/nacelle diameter. Design constraints in terms of ground
clearance cause a more aggressive close-coupled architecture for the under-wing installation of the
engine and thus a stronger jet-wing/flap interaction.

The interaction between the exhausting jet flow and the wing surface induces an increase of the
radiated noise, thus jeopardizing the noise reduction due to the jet velocity decrease. On the other
hand, the increasing size of the fan/nacelle diameter will lead to stronger jet–fuselage interactions as
well, thus generating more severe concerns in terms of panel stress and vibrations. These vibrations
underpin the transmission of interior noise in the fuselage, causing passenger annoyance, as well as
the re-emission of vibration noise in the exterior aeroacoustic field. Aircraft and engine manufacturers
are investing in research to mitigate these installation effects in the design of future under-wing
engine configurations.
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For the above-mentioned reasons, installation effects have been the subject of several works
in the past and recent literature [2–5]. In this context, an important link between the wall pressure
fluctuations and the far-field noise was addressed by Amiet [6], who developed a model to predict the
far-field noise from the wall pressure fluctuations.

The effect of a surface on the emitted far-field noise was provided by[7], and the scattering
effect of a tangential flat plate was also investigated by Cavalieri et al. [8] using a wavepacket
noise-source model. The modification induced by a tangential flat plate on the jet aerodynamics
was studied by [9,10] who outlined how the jet bent towards the surface when the mutual distance
between the jet and the flat plate was of the order of the nozzle diameter. The tonal dynamics that
occur when an isothermal turbulent jet interacts with a flat-surface edge were investigated through
hydrodynamic and acoustic pressure measurements [11]. Studies on small-scale jet wing configurations
were performed numerically [12] and experimentally [13].

The investigation of the wall pressure field induced by a jet over a surface located nearby seems to
be the missing piece of this puzzling problem. This configuration has been studied in incompressible
conditions by [14], laying the foundations for wall pressure fluctuation modeling by deriving scaling
laws for pressure autospectra and coherence functions. The effects of the jet–plate distance on the cross
and conditioned statistics between velocity and wall pressure fields were explored in [9]. More recently,
the effect on the wall pressure statistics of different jet Mach numbers spanning the compressible
subsonic regime was investigated in [15], whereas the effect of the jet Reynolds number was addressed
by [16] (see also [17] for a general overview).

The objective of the present work is to explore, in a systematic fashion, the dependence of the
jet–plate complex flow physics upon the main governing parameters, namely the jet Mach number
Mj, the radial distance H of the flat plate from the nozzle axis and the spatial location of the pressure
transducers on the surface in both the stream-wise (x) and span-wise (y) directions.

The pressure signals, measured by a pair of pressure transducers flush-mounted over the plate,
are characterized in terms of single-point and two-point statistics in the time and frequency domains.
The study is mainly devoted to a very aggressive jet–plate configuration, i.e., with the plate positioned
at H/D = 0.75 from the nozzle axis. For such a small jet–plate distance, the jet plume heavily interacts
with the plate, and a turbulent boundary layer (TBL)-like zone develops. A complete characterization
of the wall pressure fluctuations in this region is carried out, and the results are compared with those
obtained from a less aggressive jet–plate architecture, i.e., H/D = 2. Furthermore, a wavelet analysis
is performed using the continuous wavelet transform (CWT) in order to provide a more complete
characterization of the wall pressure signatures induced by the compressible jet over the flat plate.

The paper is organized as follows: Section 2 is devoted to the experimental set up and
instrumentation description, the results are presented in Section 3 and conclusions are discussed
in Section 4.

2. Experimental Setup

Experiments were carried out in the laboratory of fluid dynamics “G. Guj” of University Roma Tre.
Measurements were performed in an acoustically treated chamber that measured 2 m × 4 m × 3 m.
The characteristics of the semi-anechoic chamber have been amply described in previous papers
(see, among many, [15,16,18]). A jet connected to a 2 m3 air tank at 8 bar was installed in the
semi-anechoic chamber. The connection was provided through a series of valves, and the duct
was equipped with mesh screen and a honeycomb. An electronic pressure regulator was used for
the remote control of the jet flow and maintained the nozzle pressure ratio to within 1% of the
desired set point. Static pressure and temperature were continuously measured at the nozzle inlet.
A J-type thermocouple was used to measure the air temperature inside the duct, whereas the static
pressure was measured using properly calibrated ICSensor pressure transducers (50 p.s.i full scale).
The determination of the pressure and temperature at the inlet section of the nozzle allowed us to
determine analytically the jet Mach number Mj at the nozzle exhaust through isentropic relations.
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A rigid flat plate was placed parallel to the nozzle axis with a traverse system that permitted the
correct plate positioning with respect to the jet axis in the z direction. The plate was made of aluminum
to obtain a stiffness comparable to the metal alloy of the aircraft external structures. The plate surface
was pre-drilled with 200 taps whose spacings in the stream-wise and span-wise directions were equal
to the jet diameter D, that is 12 mm. A picture of the experimental setup, previously reported in [16],
is shown in Figure 1.

Figure 1. Experimental setup.

Wall pressure measurements were performed using two miniaturized pressure transducers
(Kulite-Mic190M) whose size fit the pressure taps. These sensors have a sensitivity of 0.128 V/µbar,
a dynamic range up to 194 dB and a frequency response up to 125 kHz, which corresponds to the
mechanical resonant frequency. Pressure taps not involved in the measurement were covered to avoid
spurious effects on the acquired signals. The pressure signals were acquired by a Yokogawa digital
scope DL780E at a sampling frequency of 200 kHz with a cut-off filter set at 70 kHz and for a duration
of 10 s. A more complete description of the experimental setup and instrumentation adopted can be
found in [15,16].

Measurements were performed varying the radial position H of the flat plate from H/D = 0.75 to
H/D = 2. The jet Mach number was varied from Mj = 0.5 up to Mj = 0.9. The pressure transducers
were positioned for 1 ≤ x/D ≤ 25 in the stream-wise direction and for 0 ≤ y/D ≤ 3 in the span-wise
direction. The nozzle diameter-based Reynolds numbers of these experiments were of the order of 105.

3. Results

3.1. Single-Point Statistics

The wall pressure statistics were characterized in the frequency domain through the power
spectral density (PSD) evaluated with the Welch method [19] and presented as a function of the
Strouhal number, defined as follows:

St =
f D
Uj

, (1)

where f is the frequency and Uj is the nozzle exhaust velocity.
The axial evolution of the pressure spectra for two different plate positions (H/D = 0.75 and

H/D = 2) is reported in Figure 2.
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Figure 2. Axial evolution of the wall pressure autospectra at Mj = 0.5: (a) H/D = 0.75; (b) H/D = 2.

Different shapes are detected for H/D = 0.75 (Figure 2a) with respect to H/D = 2 (Figure 2b).
This difference is ascribed to the different level of jet–surface interaction, which is related to the jet
impact position over the flat plate. According to Grizzi and Camussi [18], the jet spreading angle
is about 10◦; therefore, in the case of H/D = 0.75, the jet is expected to impact the plate surface at
about x/D ≈ 1.5. In agreement with [15,16], the jet impact point seems to be neither influenced by the
different jet Mach numbers nor by the nozzle exhaust Reynolds numbers. Figure 2a shows peaks at
x/D = 5 in the frequency range associated with the jet Kelvin–Helmholtz mode (i.e., between St = 0.2
and St = 0.5). At larger x/D, far downstream of the impact point, the shapes of the spectra becomes
similar and the energy content decreases moving downstream. As reported in [15], the spectral
shape follows the classical behavior expected for a fully developed TBL. Concerning the jet-plate
configuration H/D = 2, the jet impacts the plate surface at about x/D ≈ 8.5 [15], thus inducing the
development of a TBL-like zone further downstream with respect to the H/D = 0.75 configuration.
The spectral behavior and the energy content vary accordingly with the more limited jet-surface
interactions; three different interaction zones are presented in Table 1 [15,16,20]. Figure 2b shows
that a significant energy bump is present at low frequencies for small axial distances (x/D ≤ 10)
(i.e., free-jet zone), and this feature is the signature of the hydrodynamic pressure field, whereas the
change in the spectral energy decay observed at high frequencies can be ascribed to the dominance of
the acoustic pressure in the near region of the jet [21]. Furthermore, comparing x/D = 5 at H/D = 0.75,
Figure 2a, with x/D = 10 at H/D = 2, Figure 2b, we point out that both positions were close to the jet
impact point, although they showed a different spectral behavior influenced by the jet flow conditions.
Indeed, we observe, at x/D = 5, a peak related to the Kelvin–Helmholtz roll-up, whereas at x/D = 10,
a bump can be observed at lower St numbers due to the larger-scale turbulent structures generated by
the jet development.

Table 1. Jet-plate interaction zones. TBL: turbulent boundary layer.

H/D Free Jet Zone Impact Zone TBL-Like Zone

0.75 Not appreciable 1D-7D 7D-25D
2 1D-10D 10D-20D 20D-25D

The effect of the jet Mach number at H/D = 0.75 is reported in Figure 3a,b. It is shown that,
for a fixed x/D, the spectral shape is weakly affected by Mj , in agreement with the results presented
in our previous studies [15] where this behavior was observed for larger H/D vales.



Appl. Sci. 2020, 10, 4605 5 of 11

10
-3

10
-2

10
-1

10
0

10
-2

10
-1

10
0

10
1

10
2

10
-3

10
-2

10
-1

10
0

10
-2

10
0

10
2

Figure 3. Mach number effect on the pressure autospectra for the jet–plate radial distance H/D = 0.75:
(a) x/D = 5; (b) x/D = 25.

The wall pressure fluctuations were investigated in the span-wise direction as well, and results for
two different stream-wise positions—i.e., x/D = 5 and x/D = 25—are reported in Figure 4. We note that
both spectral energy and shape are affected by the different transverse position considered at x/D = 5
(see Figure 4a). Specifically, the energy content significantly decreases as the span-wise distance
increases, and this behavior could be likely ascribed to the lower flow–surface interaction far away
from the core of the jet. This interpretation is further supported by the results reported in Figure 4b,
where the span-wise evolution is reported for a much larger stream-wise position; i.e., x/D = 25.
We note that the differences in spectral shape among all the transverse positions observed for x/D = 5
disappear here, and the amplitude discrepancy is significantly reduced. This behavior is likely ascribed
to the jet development far away from the nozzle exhaust, which induces a much wider footprint over
the flat plate.
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Figure 4. Span-wise evolution of the pressure autospectra for the jet–plate distance H/D = 0.75 and the
jet Mach number Mj = 0.5: (a) x/D = 5; (b) x/D = 25.

3.2. Two-Point Statistics

The two-point statistics of the wall pressure fluctuations were characterized in the time domain
in terms of the cross-correlation computed between two contiguous pressure transducers in both the
stream-wise and span-wise directions. The cross-correlation function is defined as follows:

Rpp =< p(x, t), p(x + ξ, y + η, t + τ) > (2)

where ξ and η are the stream-wise and span-wise separations, respectively (in the present study,
ξ = η = 1D), τ is the time lag and the symbol <> denotes the ensemble average. The cross-correlation
is normalized by dividing by the product of the standard deviations of the two pressure signals,
providing the non-dimensional cross-correlation coefficient.

The axial evolution of the cross-correlation coefficient at plate radial distances of H/D = 0.75
and H/D = 2 is reported in Figure 5. The oscillatory pseudo-periodic trend observed at the axial
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distances x/D = 5 and x/D = 6, is probably related to the jet hydrodynamic field (i.e., Kelvin–Helmholtz
instability). At any rate, further analyses are required to better clarify this issue.

Figure 5. Axial evolution of the wall pressure cross-correlation coefficient at Mj = 0.5: (a) H/D = 0.75;
(b) H/D = 2.

This effect is more evident at H/D = 0.75, because of the vicinity of the pressure transducers to the
jet plume. For increasing axial distances, the negative bump observed for a small x/D progressively
disappears and the time scale of the cross-correlations increases due to the development of large-scale
structures in the jet plume. Comparing Figure 5a against Figure 5b, we note that a reduction of the flat
plate radial position (H) induces a narrowing of the cross correlations. This is due to the breakup of
the large-scale turbulent structures as the plate approaches the jet. In both configurations, the time
delay of the cross-correlation peak increases for larger x/D, thus inducing a reduction of the phase
speed of the associated flow structures. This effect is more perceptible at H/D = 0.75.

The effect of the jet Mach number on the cross-correlation coefficient is analyzed at x/D = 5 and
x/D = 25 and reported in Figure 6a,b, respectively. Figure 6a shows that the oscillatory trend detected
at x/D = 5 seems to be slightly reduced with increasing Mach numbers. We observe a reduction in the
time delay associated with the first peak for increasing jet Mach numbers, thus revealing a dependence
of phase speed upon the jet velocity—an effect that will be discussed in the next section. As reported
in Meloni et al. [15], a similar behavior was observed at H/D = 2.

-3 -2 -1 0 1 2 3

10
-3

-0.4

-0.2

0

0.2

0.4

0.6

Figure 6. Mach effect on the wall pressure cross-correlation coefficient for the jet–plate distance
H/D = 0.75: (a) x/D = 5; (b) x/D = 25.

Cross-correlations were evaluated also in the span-wise direction at two different axial locations
x/D = 5 and x/D = 25, reported in Figure 7a,b, respectively. We observe an oscillatory trend that
is slightly influenced by the different span-wise location in Figure 7a. Figure 7b shows an increase
of the cross-correlation peak amplitude for increasing y/D—a trend that can be ascribed to the
reduction of the turbulence level of the jet and hence the randomness of the associated time signal.
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Furthermore, the time delay of the cross-correlation peak is close to zero and remains about constant
in both Figure 7a,b, confirming that the convection effect is not relevant in the span-wise direction.
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Figure 7. Span-wise evolution of the wall pressure cross-correlation coefficient for the jet-plate distance
H/D = 0.75 and jet Mach number Mj = 0.5: (a) x/D = 5; (b) x/D = 25.

3.3. Wall-Pressure Phase Speed

The phase speed was evaluated from the time delay of the first cross-correlation peak by using
the following equation:

Uph =
ξ

τ
, (3)

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

The phase speed normalized with respect to the nozzle exhaust velocity is reported in Figure 8.
In agreement with the results presented in [15], the evolution of the phase speed is not influenced by the
jet Mach number (Figure 8a), whereas Figure 8b shows that the plate radial position has a significant
effect on the phase speed. When H/D is small, the phase speed decreases for a larger x/D due to
the development of larger-scale turbulent structures as well as the reduction of the mean jet velocity.
On the other hand, at larger H/D values, the propagation of acoustic waves at a velocity larger than
the speed of sound is related to a motion of the acoustic wave front that is not parallel to the plate
surface.

Figure 8. Wall pressure phase speed trends: (a) Mach effect at H/D = 0.75; (b) H/D comparison at
Mj = 0.7.

3.4. Wavelet Analysis

The wavelet transform is used to highlight and identify intermittent events induced by the
interaction between the compressible jet flow and the flat plate in the time–frequency domains.
The analysis is performed using the continuous wavelet transform (CWT), consisting of the projection
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of the pressure signal over a basis of compact-support functions obtained by the translation and dilation
of a so-called mother wavelet function. The definition, according to [9,22], is reported as follows:

w(s, t) = C
−1
2

ψ s
−1
2

∫ ∞

−∞
p(τ)ψ∗( t − τ

s
)
, (4)

where s is the wavelet scale , τ is a time shift, C
−1
2

ψ is a constant that takes into account the mean
value of ψ(t) and ψ∗( t−τ

s
)

is the complex conjugate of the dilated and translated mother wavelet ψ(t).
The bump kernel is chosen as the mother wavelet; its analytic description is reported in [22,23].

Examples of wavelet scalograms, normalized by the maximum amplitude of the wavelet
coefficients as a function of time and Strouhal, are reported in Figure 9 for different stream-wise
locations, radial positions of the flat plate and jet Mach numbers. For the sake of conciseness,
we only report the scalogram evolution for 0.1 s of time acquisition, which corresponds to about
103 characteristic flow times, thus ensuring the statistical representativeness of the results reported.
We note that for a large jet–plate distance—that is, H/D = 2—the most energetic pressure events
are located for a St number range lower than that associated with H/D = 0.75 (see the comparison
between Figure 9a–d). This feature could be likely ascribed to the excitation of flow structures
of a smaller scale as the plate approaches the jet, in agreement with the results shown above
(see Figures 2a, 5a and 6a). We then underline that the effect of the jet Mach number on the appearance
of the energetic wall-pressure events seems not to be significant (see the comparison between
Figure 9a,c and Figure 9b,d). We finally note that, as expected, the distribution of energetic pressure
events moves to a lower St for large x/D as a consequence of the flow development and the generation
of large-scale flow structures for large stream-wise positions. This fits with the results presented in
Figure 2a,b.

Figure 9. Cont.
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Figure 9. Wavelet scalograms—on the left, H/D = 0.75, on the right, H/D = 2—for: (a) x/D = 5 and
Mj = 0.5; (b) x/D = 5 and Mj = 0.5; (c) x/D = 5 and Mj=0.9; (d) x/D = 5 and Mj=0.9; (e) x/D = 25 and
Mj = 0.5; (f) x/D = 25 and Mj = 0.5.

4. Conclusions

The wall pressure fluctuations induced by a compressible jet over a tangential flat plate were
experimentally investigated in the stream-wise and span-wise directions at different jet Mach numbers
and radial positions of the flat plate. The pressure field over the plate was measured using two
flush-mounted pressure transducers.

A spectral characterization was performed to characterize the wall-pressure energy content in the
frequency domain. We showed that the interaction of the jet with the plate induces the development of
TBL-like dynamics for the close-coupled configuration that modify both the spectral shape and energy
content. The increase of the jet Mach numbers induces an increase of the spectra amplitudes without
modifying their shape. Finally, the important influence of the jet development on the span-wise wall
pressure spectra has been determined.

The analysis in the time domain was performed by computing the cross-correlation. The time
delay and the shape of the cross-correlations are influenced by the position of the jet impact point
as well as by the jet Mach number. Indeed, the development of a TBL-like zone over the plate
leads to narrower cross-correlations, highlighting the breakup of jet turbulent structures due to the
presence of the rigid plate. The wall pressure phase speed computed from the cross-correlation is
weakly influenced by the Mach number but strongly dependent on the plate radial position in the
region close to the jet exit. Moreover, as expected, irrelevant convection effects are detected in the
span-wise direction.

A wavelet analysis was finally performed. The scalogram showed significant differences in terms
of the excitation of flow scales between small and large jet–plate distances for stream-wise positions
close to the nozzle exhaust. Conversely, at a large x/D, the different radial positions of the flat plate
slightly affected the scalogram dynamics. No significant jet Mach number effects on the wavelet
scalogram were observed for both jet–plate distances.
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