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In this work, the cross-statistics of acceleration and wall pressure fluctuations generated 
by an incompressible jet interacting with a tangential flat-plate are presented. The results 
are derived from an experimental test campaign on a laboratory-scale model involving 
simultaneous velocity and wall pressure measurements. The pressure footprint of the 
jet on the surface was measured through a cavity-mounted microphone array, whereas 
pointwise velocity measurements were carried out by a hot wire anemometer. The time 
derivative of the velocity signal has been taken as an estimation of the local acceleration 
of the jet. The multivariate statistics between acceleration and wall pressure are achieved 
through cross-correlations and cross-spectra, highlighting that the causality relation is 
more significant in the potential core where the Kelvin–Helmholtz instability is dominant. 
The application of a conditional sampling procedure based on wavelet transform allowed 
us to educe the acceleration flow structures related to the energetic wall-pressure events. 
The analysis revealed that, unlike the velocity, the acceleration signatures were detected 
only for positions where the jet had not yet impinged on the plate, their shape being 
related to a convected wavepacket structure.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access 
article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The increasing size of aircraft engines is bringing about strong concerns for their conventional under-wing installation 
due to the interaction between the exhausting jet and the airframe components. As pointed out by Huber et al. [1,2], the 
increase of the radiated acoustic emissions due to the jet–wing interaction can jeopardize the noise breakdown achieved 
by the jet velocity reduction consequent to the increase of the By-Pass Ratio (BPR) in the new engine models. On the 
other hand, the pressure fluctuations generated by the jet impinging on the fuselage play a fundamental role in terms 
of panels structural strength and generation of interior noise. Indeed, the jet impact on the fuselage induces panel stress 
and vibrations, these vibrations being partially re-emitted in the aeroacoustic field and partially transmitted to the aircraft 
cockpit, causing passengers’ annoyance. Hence, manufacturers are investing in research to develop appropriate technologies 
to mitigate the installation effects in the future aircraft configurations. As a consequence, a deeper insight on the complex 
mechanism underlying the jet–surface interaction is needed.
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Many studies in the literature were devoted to the investigation of the effect of a surface on the emitted far-field noise 
(see, e.g., Papamoschou & Mayoral [3] and Podboy [4]). The shielding/scattering effect of a flat-plate tangential to the nozzle 
axis of a compressible jet was studied by Cavalieri et al. [5], where the acoustic emissions of the jet were computed through 
a wavepacket source model. More recently, Piantanida et al. [6] highlighted that a strong deformation of the aerodynamic 
field is expected when the mutual distance between the jet and the surface becomes of the order of the nozzle diameter, 
the jet–surface interaction being consequently stronger. Hence, the investigation of the incident pressure field in addition 
to the scattered one can provide a better understanding of the interaction phenomena between the jet and the surface [7]. 
Indeed, as pointed out by Di Marco et al. [8], the characterization of the spectral content of the wall pressure fluctuations 
is essential to develop appropriate tools for noise prediction and verification of the structural strength of the panels.

The discussion above motivated the authors to carry out a series of experimental tests on a laboratory-scale model to 
characterise the installation effects of a flat plate tangential to an incompressible jet [9]. The jet–surface interaction was 
mainly studied in terms of statistical and spectral features of the wall-pressure field, laying the foundations for the mod-
elling of the wall-pressure fluctuations. The jet flow conditions as well as the geometry were significantly simplified with 
respect to the real industrial problem. Nevertheless, the novelty of the approach offered the basis for an improved physical 
understanding of the jet–plate interaction phenomena. Furthermore, as reported by Di Marco et al. [8], the weak depen-
dence of the wall pressure features on Mach and Reynolds numbers of the flow suggested that the outcome obtained in 
incompressible conditions could be likely extended to jet–surface configurations with higher velocities. Such aspect encour-
aged the authors to extend the previous work in Mancinelli et al. [10,11], where simultaneous velocity and wall pressure 
measurements were carried out on the same configuration. The aerodynamic field was characterised through pointwise 
single-component hot-wire (HW) anemometer measurements, whereas the streamwise evolution of the wall-pressure fluc-
tuation field was measured by a cavity-mounted microphone array. The plate effect on the velocity field was addressed as 
well as the multi-variate statistics between velocity and wall-pressure fields were provided. The conditioned statistics were 
also achieved through the application of a wavelet-based conditional sampling procedure that revealed the velocity and 
wall-pressure signatures underlying the interaction phenomena between the jet and the flat-plate.

In the present work, the investigation on the same installed configuration is further extended, performing a cross-
statistical and conditional sampling analysis between the wall-pressure and the acceleration fields. A preliminary analysis 
of the acceleration field in free-jet conditions is also provided. To the best of the authors’ knowledge, this represents the 
first attempt to characterise experimentally the acceleration field of a jet. The main motivation of such an approach lies 
in the Euler’s equation, where the pressure gradient, i.e. a term related to vorticity and entropy fields as well as strictly 
associated with noise emissions ([12] and [13]), is a function of the acceleration. According to Camussi & Grizzi [14], the 
time derivative of the velocity signal has been taken as an estimation of the local acceleration of the jet, the computation 
of the convective term related to the spatial velocity gradient through parallel double-component HW or PIV measurements 
being a task for future applications. The cross-statistics between acceleration and wall pressure fluctuations are provided in 
both the time and frequency domains. A wavelet-based cross-conditioning technique permitted to educe the coherent accel-
eration structures associated with the energetic wall pressure events. The outcome was compared with the results obtained 
in Mancinelli et al. [10,11] using the velocity instead of the acceleration.

The paper is organised as follows. In §2, the experimental set-up is briefly described, and details about the initial state of 
the jet flow are given, whereas in §3 the conditional sampling procedure based on wavelet transform is summarised. §4 is 
devoted to the presentation of the main results concerning the characterisation of the acceleration field, the multi-variate 
and the conditioned statistics between acceleration and wall pressure. Final remarks are addressed in §5.

2. Experimental set-up

The experiments were performed in the Aerodynamic and Thermo-fluid dynamic Laboratory of the Department of Engi-
neering of University Roma Tre. The facility reproduces the one presented in [15] and is briefly described in the following. 
The flow is generated by a centrifugal blower and is guided into a wide-angle diffuser, then it issues in a plenum cham-
ber where honeycomb panel and turbulence grids are installed. The fluid finally flows into a quiescent ambient through a 
convergent nozzle with a diameter D = 52 mm. A sketch of the facility is represented in Fig. 1.

The experiments were carried out at a nominal jet velocity U j = 42 m·s−1, to which correspond Mach and nozzle 
diameter-based Reynolds numbers of 0.12 and 1.5 · 105, respectively, which classify the jet as a moderate Reynolds number 
jet [16]. The mean velocity and turbulence intensity profiles close to the nozzle exhaust at the streamwise position x/D = 1
are shown in Fig. 2. As outlined by Zaman [17], the laminar Blasius-like shape of the mean velocity profile is associated with 
a high turbulence intensity peak of the order of 10%. Such feature implies that the jet was in a transitional highly disturbed 
initial state, or nominally turbulent according to Bogey et al. [16,18]. For a more detailed description of the facility and for 
the characterization of the jet flow, the reader can refer to Di Marco et al. [9].

Simultaneous velocity and wall pressure measurements were carried out in an installed configuration. A flat plate was 
placed tangentially to the jet at different radial distances H from the nozzle axis, spanning a range from 1 D to 2.5 D with 
a step of 0.5 D . The area of interest was divided into five measurement stations, each station being constituted by five 
measurement locations along the streamwise direction, in order to cover the range x/D = [1,25]. The streamwise evolution 
of the wall pressure fluctuation field was provided by cavity-mounted 5-microphone array measurements, while the velocity 
field was characterised by hot-wire anemometer measurements, the HW being moved along the z-direction orthogonal to 
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Fig. 1. Representation of the jet facility. Hon# and S# indicate the honeycomb panel and the turbulence screens, respectively.

Fig. 2. Mean velocity and turbulence intensity profiles at the streamwise position x/D = 1: � refer to the mean velocity, ◦ refer to the turbulence level.

Fig. 3. Scheme of the jet–plate installation and of the instrumentation disposition.

the plate for different axial distances x. The minimum transverse distance between the HW and the surface is referred 
hereinafter as ζ , its value being equal to 5 mm. The wall pressure measurements were performed by Microtech Gefell 
M360 microphones, whereas the single-component hot-wire probe Dantec 55P11 was connected to a Constant Temperature
Anemometer AN1003 Lab-System. Data were acquired by a digital scope Yokogawa DL708E at a sampling frequency of 
50 kHz for an acquisition time of 20 s. A scheme of the jet–plate installation and the instrumentation disposition as well as 
of the reference system adopted is depicted in Fig. 3 (for more information, the reader can refer to Mancinelli et al. [10,11]).

3. Wavelet-based cross-conditioning procedure

The eduction of the acceleration flow structures was achieved by the application of a wavelet conditioning procedure 
based on the detection of energetic pressure events. The main concepts of the procedure are discussed in Camussi & Guj 
[19], whereas, for a comprehensive review on wavelet transform and its application, the reader may refer to Torrence & 
Compo [20] and Farge [21].

The Continuous Wavelet Transform (CWT) of a given time function f (t) consists of a projection over a basis of compact 
support functions obtained by dilations and translations of the mother wavelet � (t). The mother wavelet is localized in both 
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the physical and transformed spaces, the resulting wavelet coefficients being a function of the time t and of the scale s, 
which is inversely proportional to the frequency [22]. According to Meneveau [23], the CWT of a time signal can be defined 
as follows:

w (s, t) = C−1/2
ψ s−1/2

+∞∫
−∞

f (τ )�∗
(

t − τ

s

)
dτ (1)

where C−1/2
ψ is a constant allowing one to take into account the mean value of � (t) and �∗ ( t−τ

s

)
is the complex conjugate 

of the dilated and translated � (t).
In the present work, the CWT was computed using a Mexican Hat kernel by means of the Matlab© wavelet toolbox. 

As previously outlined by Farge [21] and Camussi et al. [24], the independence of the educed signatures from the mother 
wavelet adopted was verified, such a result being not reported herein for the sake of brevity. The CWT was applied to time 
signals in order to select a set of reference times of high-energy events. Indeed, the extraction of the coherent signatures is 
based on an energetic criterion. As pointed out by Farge [21], the normalized energy content of a time signal at the scale s
and the instant t can be evaluated computing the Local Intermittency Measure (LIM):

LI M (s, t) = w2 (s, t)

〈w2 (s, t)〉t
(2)

where the symbol 〈〉t denotes a time average. The coherent structures identification procedure is based on the idea that the 
passage of a high-energy flow structure of a characteristic size si at the instant tk , should induce a burst in the LIM at the 
corresponding time-scale location [25]. The LIM can be thresholded, fixing a proper trigger level T , to select relative maxima 
that satisfy the condition LI M (si, tk) > T . Once reference time instants t∗

k fulfilling the triggering condition are selected, a 
set of signal segments centred in the time instants t∗

k is extracted, and an ensemble average of the set is performed, 
revealing the time signatures hidden in the original signal. The independence of the educed signatures from the selected 
threshold level T has been verified (see also Camussi et al. [26,24] and Mancinelli et al. [11]).

In the present approach, the cross-conditioning procedure is based on the selection of events from the wall-pressure 
time series p (t) and the conditional average of the acceleration signal segments a (t), as formally reported in the following:

〈a | p〉 = 1

Ne

Ne∑
k=1

a
(
t∗
k − �t, t∗

k + �t
)

(3)

where Ne is the number of events corresponding to the condition LI M (si, tk) > T and �t is a proper time window de-
pendent on the estimated persistence of the effect of the detected singularity (see Mancinelli et al. [10,11]). The educed 
signatures 〈a〉 represent the shape of the coherent content embedded in the chaotic time signal a (t) related to energetic 
events in the signal p (t).

4. Results

4.1. Characterization of the acceleration field

In this section, a statistical and spectral characterization of the acceleration in the jet plume is provided in both free 
and installed configurations. For an analogous analysis of the velocity field, the reader may refer to Di Marco et al. [9]
and Mancinelli et al. [10,11]. As outlined in §1, the acceleration has been estimated as the time derivative of the velocity 
signal measured by the HW anemometer. The time derivative was computed by means of a Finite Difference Method with 
a forward scheme. The kth acceleration element is evaluated according to the following formula:

ak = ∂u

∂t

∣∣∣∣
k
= uk+1 − uk

Ts
(4)

where u is the axial velocity and Ts is the sampling time. The accuracy of the acceleration estimation performed was 
checked by comparing the results obtained with the forward scheme against the ones obtained using a higher-order centred 
scheme. No significant discrepancies were detected between the two computation schemes, such an outcome being not 
reported herein for the sake of conciseness.

4.1.1. Free-jet conditions
Fig. 4 shows the axial evolution along the nozzle axis of the acceleration statistical moments up to the fourth order. The 

mean and fluctuating accelerations were normalized, dividing by a characteristic flow acceleration estimated by the ratio 
between the square jet velocity U 2

j and the nozzle diameter D . As expected, the mean acceleration is zero for all the axial 
positions. The standard deviation value remains almost zero for small axial positions, then it increases, reaching a maximum 
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Fig. 4. Streamwise evolution along the nozzle axis of the acceleration statistical moments in free-jet conditions. (a) Mean and fluctuating acceleration: 
� refer to the mean acceleration, ◦ to the standard deviation. (b) skewness and flatness factors: � refer to the skewness factor, � to kurtosis.

Fig. 5. Profiles along the z-direction of the acceleration standard deviation at different axial distances in free-jet conditions.

downstream of the potential core end (i.e. x/D ≈ 5–6 according to previous results presented in [9]). On the contrary, the 
skewness factor shows negative values for small stream-wise locations and positive ones for large axial distances, whereas 
the kurtosis exhibits values larger than 3 for all the axial positions considered. Both the third- and fourth-order statistical 
moments exhibit a singularity for the axial position x/D = 4, i.e. just before the potential core end.

The profiles of the acceleration standard deviation along the z-direction for different axial distances x are reported 
in Fig. 5. It is observed that, in the potential core, the fluctuation intensity is small in the central part of the jet and 
larger in the proximity of the mixing layers. It has to be underlined that, unlike the velocity profile shown in Fig. 2, 
a slight asymmetry of the fluctuating acceleration profile is detected for x/D = 1. Such a behaviour could be due to a 
larger statistical uncertainty in the computation of the acceleration standard deviation, this feature being a consequence 
of the time derivative operation. For axial positions downstream of the potential core end, a Gaussian-like profile shape 
appears. It has to be pointed out that the acceleration standard deviation profiles exhibit a shape similar to the canonical 
one of the turbulence intensity profiles [9]. The resemblance between the fluctuating acceleration and velocity profiles could 
be explained by considering the mathematical process reported in the following. The variance of the acceleration can be 
written as:
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Fig. 6. Streamwise evolution along the nozzle axis of the dimensionless acceleration spectra in free-jet conditions.

If the hypothesis 
∑

k u′ 2
k+1 ≈ ∑

k u′ 2
k is assumed, the acceleration variance can be finally defined as:
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where Ns and Ruu (τ ) are the number of samples and the auto-correlation function of the velocity signal, respectively. The 
development reported above shows that the acceleration fluctuation intensity is related to the difference between the ve-
locity auto-correlation at zero and first time-lags, i.e. the de-correlation speed of the velocity signal. Hence, the acceleration 
fluctuation amplitude is larger when the velocity de-correlation is faster, that is when the velocity signal has a stronger 
stochastic nature, i.e. where turbulence and non-linear effects are more significant as in the shear layer or downstream of 
the potential core end. Such a behaviour corroborates the relevance of acceleration as an interesting parameter to look at in 
jet flow analysis.

The streamwise evolution of the acceleration spectral content is reported in Fig. 6, which shows the dimensionless Power 
Spectral Densities (PSDs) along the nozzle axis. The PSDs were normalized by dividing by a characteristic flow time scale, 
i.e. D/U j , and by dividing by the square of the ratio U 2

j /D , the resulting scaling parameter being U 3
j /D . Spectra are plotted 

against a Strouhal number based on the jet velocity and the nozzle diameter. The spectra show a steep ascent at low 
frequencies with a more significant energy content in the high-frequency range. Such a behaviour is related to the time 
derivative operation that implies in the Fourier domain the multiplication of the velocity signal by the quantity i ω. The 
effect of this operation is the enhancement of the energy content at middle/high frequencies, where, according to previous 
results on the spectral characterization of the velocity field presented by the authors in [9], the Kelvin–Helmholtz instability 
mode was found to be dominant for axial positions within the potential core. This assertion is supported by the emergence 
of an energy peak for a Strouhal number ≈ 0.47 for x/D ≤ 6, such a behaviour being the signature of the roll-up of the 
shear layer. The spectral characterization of the acceleration field is further provided in Fig. 7, which shows the normalized 
PSD map along the z-direction at different axial distances. It is observed that for small axial distances within the potential 
core the spectral energy is mainly concentrated in the mixing layers of the jet. A significant tonal component clearly appears 
for the typical Strouhal number associated with the Kelvin–Helmholtz instability for all the crosswise positions. As the axial 
distance increases, the energy content reduces and spreads on a wider range of transverse positions z.

4.1.2. Plate effect on the acceleration field
Fig. 8 shows the contour maps of the dimensionless standard deviation of the acceleration field in the plane x–z. It is 

observed that the acceleration fluctuation intensity is almost zero in the potential core region and is larger in the mixing 
layers. As already underlined for the mean and fluctuating velocity fields [10,11], the effect of the plate is to modify the 
axisymmetry of the jet. The Coanda effect induces the bending of the jet over the surface, such a behaviour being more 
significant for closer jet–plate configurations.

The characterization of the acceleration field in the installed configuration is further provided by the contour maps in 
the plane x–z of the third- and fourth-order statistical moments shown in Figs. 9 and 10, respectively. The skewness factor 
is close to 0 in the jet plume, with the exception of the inner and outer shear layers, where negative and positive values 
are found, respectively. The positive values in the outer shear layers are ascribed to the entrainment effect of the jet that 
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Fig. 7. Acceleration PSD map along the transverse direction z at different axial distances in free-jet conditions.

Fig. 8. Contour maps of the normalized acceleration standard deviation in the plane x–z for all the jet–plate configurations. Dash-dotted lines refer to the 
nozzle axis.

brings about local accelerations of the flow due to the injection of the ambient fluid in the jet. On the contrary, the neg-
ative skewness values define the potential core shape. Likewise, kurtosis exhibits large values associated with high-energy 
intermittency regions only in the shear layers, the amplitude being larger in the external shear layers. It is observed that 
the presence of the plate prevents the development of the shear layer in the jet region close to the surface, thus reducing 
the generation of intermittent events in such region.

4.2. Multi-variate statistics between acceleration and wall pressure

The cross-statistics between acceleration and wall pressure were achieved considering the HW probe and microphone 
at consecutive streamwise locations. Specifically, the acceleration signal at the ith axial position was correlated with the 
wall-pressure signal measured at the (i + 1)th axial location.

Fig. 11 shows the contour maps of the streamwise evolution of the cross-correlation coefficient between acceleration 
and wall-pressure signals along the nozzle axis for all the jet–plate configurations. It is observed that significant correlation 
levels were found only for axial positions within the potential core, the correlation exhibiting an oscillatory shape that could 
be ascribed to the Kelvin–Helmholtz instability. Such an inference is further supported by the decrease of the correlation 
level for further jet–plate distances, the amplitude of the Kelvin–Helmholtz instability mode being characterized by an 
exponential decay along r [27].

The axial evolution of the cross-correlation coefficient between wall pressure and acceleration signals at the HW trans-
verse position ζ for all the radial distances of the surface from the jet is shown in Fig. 12. It is noted that both correlation 
shape and amplitude depend on the jet–plate distance and the streamwise region of the jet considered, the larger correla-
tion values being found for increasing axial distances as the flat plate was moved away from the jet. For H/D = 1, a narrow 
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Fig. 9. Contour maps of the acceleration skewness factor in the plane x–z for all the jet–plate configurations. Dash-dotted lines refer to the nozzle axis.

Fig. 10. Contour maps of the acceleration flatness factor in the plane x–z for all the jet–plate configurations. Dash-dotted lines refer to the nozzle axis.

Fig. 11. Streamwise evolution of the cross-correlation coefficient between acceleration and wall-pressure signals along the nozzle axis for all the jet–plate 
configurations.
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Fig. 12. Streamwise evolution of the cross-correlation coefficient between acceleration and wall-pressure signals at transverse position ζ for all the jet–plate 
configurations.

Fig. 13. Cross-wise evolution of the cross-correlation coefficient between acceleration and wall-pressure signals at HW axial positions upstream the jet 
impact point on the surface for the jet–plate configuration H = 1 D .

oscillatory correlation shape was detected immediately downstream the nozzle exhaust. For further jet–surface distances 
the oscillations reduce and a dominant negative drop appears.

The evolution along the z-direction of the cross-correlation coefficient between acceleration and wall pressure is shown 
in Fig. 13. The jet–plate distance H = 1D has been considered here as the configuration representative of the strongest 
jet–plate interaction. The stream-wise locations x/D = 1, 2, 3, and 4 upstream of the jet impact point on the surface were 
taken into account, the correlation levels being negligible for larger x/D , as shown in Figs. 11 and 12. Significant correlation 
levels were found for transverse positions in the core of the jet and close to the plate. The oscillations in the correlation 
exhibit a phase shift between the central and the outer z-locations of the jet. Indeed, for such transverse positions, the 
oscillations reduce with increasing x/D .

The dominance of the Kelvin–Helmholtz instability mode in the potential core is further highlighted in Fig. 14, which 
shows the dimensionless Cross-Power Spectral Density (CPSD) between the acceleration and wall-pressure signals along the 
z-direction at different axial distances. The cross-spectrum was normalized by dividing by the time scale D/U j , the char-
acteristic acceleration U 2

j /D and a reference pressure pref, whose value was set to 20 μPa, the resulting scaling parameter 
being U j pref. For the sake of brevity, only the results concerning the plate radial distance H = 1 D were considered, the 
trend obtained being similar for the other jet–plate distances. It is observed that, for small axial distances within the po-
tential core, a strong energy peak for StD ≈ 0.47 is clearly detected for almost all z-positions, its signature being stronger 
for transverse locations in the core of the jet. For axial positions further downstream in the jet plume, the spectral energy 
reduces significantly, its value being almost negligible.
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Fig. 14. Crosswise evolution of the normalized cross-spectra amplitude between acceleration and wall-pressure signals at different axial distances for the 
jet–plate configuration H/D = 1.

Fig. 15. Acceleration signature conditioned on wall pressure at HW axial position x/D = 1, transverse position z/D ≈ −0.6 for the jet–plate configuration 
H = 1D . Wavelet scale/pseudo-frequency corresponds to StD ≈ 0.47, i.e. the one at which occurs the roll-up of the shear layer.

4.3. Signatures of acceleration conditioned on wall pressure

Previously to the presentation of the acceleration signatures, some of the peculiar features concerning the velocity signa-
tures conditioned on the wall pressure events presented in Mancinelli et al. [10,11] are briefly recalled. Specifically, positive 
spike-shape velocity signatures related to coherent ring-like vortices convected by the mean flow were detected for axial 
positions downstream of the jet impact on the plate and for transverse positions close to the surface.

Indeed, the comparison of the outcome obtained between the velocity and the acceleration sheds light on the physics 
of the jet–plate interaction phenomena. The acceleration signatures reported hereinafter are represented in dimensionless 
form, the normalization being achieved by dividing by the local standard deviation of the conditioned time signal. For 
the sake of brevity, the plate positions H/D = 1 and 1.5 are considered, the acceleration signatures being noisier and less 
significant for the furthest jet–plate distances. Likewise the cross-statistical analysis, consecutive positions in the streamwise 
direction were considered for the HW and microphone probes in the conditional statistic analysis.

An example of the cross-conditioned acceleration signatures obtained for the jet–plate distance H/D = 1 at the HW 
axial and transverse locations equal to x/D = 1 and z/D ≈ −0.6, respectively, is shown in Fig. 15. As recently performed by 
Camussi et al. [28], the wavelet scale/pseudo-frequency of the LIM of the wall-pressure signal here considered is the one 
corresponding to the characteristic Strouhal number of the roll-up of the shear layer, that is StD ≈ 0.47. The educed acceler-
ation structure exhibits a dumped oscillatory signature, its phase speed based on the separation distance between the HW 
and microphone probes and the time delay of the ensemble average peak being of the order of the jet velocity (≈ 0.5 U j). 
On account of the features just described and of the outcome reported throughout the paper, it is reasonable to assert 
that the ensemble average educed by the wavelet-based approach is the signature of the Kelvin–Helmholtz hydrodynamic 
wavepacket [29].

It is interesting to point out that the shape of the educed signature does not significantly depend on the wavelet 
scale/frequency considered in the LIM of the wall-pressure signal, as highlighted in Fig. 16. It is observed that the am-
plitude of the educed signature reduces as the Strouhal number decreases so that no appreciable ensemble averages are 
detected for StD < 0.3. Such a behaviour could be related to the time derivative operation performed on the velocity signal 
which, as underlined above, implies the enhancement of the high-frequency energy content, and to the poor resolution of 
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Fig. 16. Evolution along the wavelet scales/pseudo-frequencies of the acceleration signature conditioned on the wall pressure at HW axial position x/D = 1, 
transverse location z/D ≈ −0.6 for the jet–plate distance H/D = 1.

Fig. 17. Crosswise evolution of the normalized acceleration signatures at different axial distances for the jet–plate configurations: (a) H/D = 1, (b) H/D =
1.5.

the wavelet basis approaching the coarsest scales [30]. Indeed, as recently outlined by Sasaki et al. [31], the wavepacket 
signature in the jet flow can be found for high Strouhal numbers up to 4. It has to be pointed out that the characteristic 
time scale of the ensemble average enlarges as the frequency decreases, such a behaviour bringing about the reduction of 
the phase speed of the acceleration structure in agreement with previous results reported in the literature [32,33].

It has to be underlined that appreciable signatures were educed only for transverse positions in the proximity of the 
outer shear layer in the jet side region close to the surface. Furthermore, unlike the velocity, non-zero acceleration signatures 
were detected only for axial positions where the jet had not yet impinged on the plate. This result is clearly represented in 
Fig. 17, which shows the crosswise evolution along the z-direction of the extracted acceleration signatures at different axial 
distances and for both jet–plate distances H/D = 1, 1.5. For the sake of clarity of the representation, the LIM frequency 
at which the acceleration structure is computed is the one associated with the largest amplitude of the ensemble average, 
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that is StD ≈ 1.9. On account of the spreading of the jet in the streamwise direction, it is observed that the region where 
non-zero wavepacket signatures were educed was found at lower transverse positions z for increasing x/D , the associated 
structure being ‘broken’ as soon as the jet impinged on the plate. The pictures of the contour maps in the z–t domain 
of the extracted signatures appear as the snapshots of the same flow structure captured in its spatial evolution along the 
streamwise distance x, the spatial track of the flow signature in the x–z space being highlighted with an arrow.

5. Conclusions

In this paper, an experimental investigation of an incompressible jet interacting with a tangential flat plate at different 
radial distances from the nozzle axis was carried out. Simultaneous velocity and wall pressure measurements were per-
formed by a hot-wire anemometer at different axial and transverse positions x and z and by a streamwise cavity-mounted 
microphone array, respectively. The analysis is the continuation of previous studies carried out by the same authors [9–11]. 
The objective of the present work was to characterize the cross- and conditioned statistics between acceleration and wall 
pressure fields. The local acceleration of the jet was estimated by the time derivative of the velocity signal measured by the 
HW anemometer.

A preliminary characterization of the acceleration field in free-jet conditions was provided in terms of statistical quanti-
ties and spectral content. To the best of the authors’ knowledge, this was the first attempt to investigate experimentally the 
acceleration in the jet plume. As expected, the mean acceleration is zero for all the axial and radial locations in the jet. On 
the contrary, the fluctuating component is definitely more significant, its amplitude being close to 0 in the potential core 
and large in the proximity of the mixing layers and downstream of the potential core end. The evolution of the acceleration 
spectra along the nozzle axis underlined that the spectral energy was concentrated at middle-high frequencies, where a 
significant energy peak associated with the Kelvin–Helmholtz instability clearly appeared.

The effect of the plate on the acceleration field was quantified in terms of variation of the first-, third- and fourth-order 
statistical moments in the plane x–z. The bending of the jet due to the Coanda effect emerged in the contour maps of the 
acceleration standard deviation. The skewness and flatness factors highlighted that the plate had the effect to prevent the 
development of the external shear layer in the jet side close to the surface, thus reducing the generation of high-energy 
intermittent events.

The trend of the cross-correlation between acceleration and wall-pressure signals was found to be dependent on the 
jet–plate distance and on the probes spatial location in the plane x–z. On the transverse locations corresponding to the 
nozzle axis, significant correlation levels were found for axial positions within the potential core, the oscillatory correlation 
shape being associated with the Kelvin–Helmholtz instability. As the jet–plate distance increased, the correlation amplitude 
lowered according to the decrease of the Kelvin–Helmholtz mode amplitude with the increasing radial distance from the jet. 
For HW transverse positions closer to the plate, the correlation oscillations reduced, exhibiting a dominant negative peak. 
The dominance of the Kelvin–Helmholtz instability was further confirmed by the trend of the cross-spectra.

A cross-conditioning procedure based on wavelet transform was applied in order to educe the acceleration structures 
related to the energetic wall-pressure events. The outcome was compared with the one obtained in previous works by 
the same authors (see Mancinelli et al. [10,11]) considering the velocity signals. Velocity signatures were detected only for 
axial positions downstream of the jet impact on the plate and for transverse positions close to the surface, their positive 
spike shape being associated with a ring-like vortex structure. On the contrary, acceleration signatures were found for axial 
positions before the impingement of the jet on the plate and for transverse positions in the proximity of the external shear 
layer. The dumped oscillatory shape of the signature was related to a wavepacket structure convected by the flow, the 
educed structure being ‘destroyed’ as soon as the jet impinged on the plate.

Future developments of the present work could concern the evaluation of the velocity gradient through parallel double-
component HW or PIV measurements in order to get an estimation of the convective term of the velocity derivative. It is 
authors’ opinion that the multi-variate and conditioned statistics between acceleration and near-field pressure can provide 
a deeper insight on the jet noise generation mechanism in isolated as well as installed configurations, especially if the 
decomposition of the near pressure field into its hydrodynamic and acoustic components is achieved (see Mancinelli et al. 
[34,13,35]).
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