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ABSTRACT – Impinging jets are widely used in ventilation systems to improve the mixing and
diffusion of airflows. When a rectangular jet hits a slotted plate, an acoustic disturbance can be
generated and self-sustained tones produced. Few studies have looked at the Turbulent Kinetic
Energy (TKE) produced by the aerodynamic field in such configurations and in the presence of
self-sustaining tones. The aim of this work is to investigate the energy transfer between the
aerodynamic and acoustic fields generated in a rectangular jet impinging on a slotted plate. The
present paper methodology is based on experimental data measurements using 3D tomographic
Particle Image Velocimetry (PIV) technique and microphones. It was found that the spectrum of
the TKE for Re=5294 (configuration of self-sustained tones) is fRe=5294 = 148 Hz which is
smaller than that of the acoustic signal F0,Re=5294 = 164 Hz. A negative peak of correlation
CRe=5294 ≈ −0.24 is obtained between the acoustic signal and TKE for Re = 5294. These
results may lead to conclude that the acoustic cycle should be covered by the TKE period and the
two signals of both fields are in opposition of phase in order to obtain an optimal configuration for
energy transfer.
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INTRODUCTION
Impinging jets are encountered in many applications such as drilling [1] and ventilation and were widely studied
numerically as in [2]. Ventilation systems in buildings are of vital importance for the provision of suitable air quality
while meeting stringent energy requirements. Impinging jets are encountered in many ventilation systems, and these can
have a major impact on the acoustic comfort and energy consumption [3-5]. In impinging jet, a flow coming from a jet
exit hits an obstacle (perpendicular or at an angle). An impinging jet is crowded by vortices where fluid-structure
interactions may be accompanied by a high level of acoustic generation due to the development of self-sustaining tones
[6-9]. When a flow hits a wall, a "stress" on the fluid is created in the impingement contact area, generating a disturbance
which travels upstream to the point where the vortices originated and regulates their detachment at the same frequency
as that of the excitation produced at the obstacle.
Like the parameters of the flow, the geometry of the jet orifice or the nozzle plays a critical role in the production of
self-sustaining tones [10-17]. Sondhauss et al. [18] showed that the Strouhal number relative to the frequency transmitted
depends both on the distance between the jet outlet and the slotted plate, and on the speed of the jet, while remaining
within the upper and lower limits of the velocity range that corresponds to the appearance of self-sustaining sounds.
Chanaud et al. [19] noted the presence of pure and harmonic sounds in a laminar regime (between Re = 1000 and Re =
2500).
The acoustic field is related to the irrotational part of the velocity field. For low Mach number flows and a periodic
acoustic field of period 𝑇0 , Howe's energy corollary [20] can be used to evaluate the acoustic power generated or absorbed
in a flow using the vorticity, the velocity and the acoustic velocity which must be obtained using experimental data
(difficult to access the acoustic velocity) or numerically. When a self-sustaining loop is optimized, energy transfer from
the aerodynamic field to the acoustic field occurs in a geometric configuration that allows optimal interactions between
the acoustic field and the aerodynamic fluctuations.
Many studies have been performed to study self-sustaining tones or to estimate the turbulence kinetic energy produced
in 2D-PIV. Assoum et al. [21] used 2D PIV which leads to incomplete results because azimuthal component of velocity
has an important effect in these configurations. Alekseenko et al. [22] also considered the Turbulent Kinetic Energy in an
impinging jet and the authors calculated the dissipation term from instantaneous Stereo-PIV velocity fields in order to
compare swirling and non-swirling impinging jets. A few studies, such as those by [23-25], considered the Turbulent
Kinetic Energy in Tomographic-PIV velocity fields. In this work, we studied the Turbulent Kinetic Energy (denoted by
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TKE) in High Speed 3D Tomographic-PIV, and the acoustic signal was measured with a microphone. The main objective
of this work was to investigate the optimal conditions for the transfer of energy from the aerodynamic to the acoustic field
at different Reynolds numbers (Re=4632, Re=5294 and Re=5956). The Reynolds numbers selected had relatively high
and low levels of acoustic generation with the presence of self-sustaining tones.
New insights about energy transfers were revealed. Higher amplitudes of fluctuations near the jet exit were obtained
for high noise configurations what could facilitate the upstream propagation of the perturbation of control created at the
impinging wall. The acoustic cycle was smaller than the TKE one, indicating adequate conditions energy exchange. This
work should be very useful in understanding the energy transfer mechanism in such configurations, which will in turn
contribute to the development of noise reduction techniques.

EXPERIMENTAL METHOD
Airflow Facilities
A jet impinging on a slotted plate was generated in the laboratory at a free stream velocity denoted by U0 . A 4 mm
thick aluminium plate equipped with a 10 mm high slot was set up in order to achieve the configuration of a jet impinging
on a slotted plate. The experimental setup of our study is shown in Figure 1. The subsonic airflow is produced by a
SIEMENS compressor (type VFD : variable frequency drive in order to produce different Reynolds numbers) and then
the airflow passes through a damping chamber before a 1250 mm long rectangular tube (equipped with a honey comb in
order to reduce the flow fluctuations before it exit from the nozzle) which was prolonged by a rectangular convergent.
Hence, the setup creates a free jet of H = 10 mm high and a length Lz = 190 mm in Z direction. A 4 mm thick aluminum
plate was fixed with a beveled slot of the same dimensions as the convergent outlet and perfectly aligned with the latter
using a displacement system. The exit to plate distance is denoted by L (Where L=40 mm). The ratio between L and H,
L
(confinement ratio) is = 4. The Reynolds number is based on the hydraulic height of the nozzle, Hh , the maximum
H
stream-wise velocity at the jet exit U0 (obtained using PIV technique described below), and the kinematic viscosity of air.

Figure 1. Experimental setup (all dimensions are in mm).
High Speed 3D Tomographic-PIV
L

In order to study the characteristics of an impinging jet on a slotted plate for a confinement of = 4 and different
H
Reynolds numbers in the presence of self-sustaining tones, a High Speed 3D Tomographic-PIV system was employed to
measure the three velocity components. Time resolved Tomographic-PIV consists in cross-correlating two successive
recorded images order to obtain the kinematic field.
A 527 nm Nd: YLF LDY 300 Litron laser was used at 30 mJ per pulse, extended with a 1800 mm laser arm. The laser
arm was equipped with a volume generator formed by diverging lenses that generate a volume illumination. The volume
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measured in the present study was 40 × 60 × 10 mm3 following the reference system (x-axis, y-axis, z-axis: see Figure
1). Three Phantom V711 cameras with 1280 x 800 pixels were used. Two cameras were placed on the right side of the
jet exit, one above the other, and the third was placed on the left of the jet at the same level as camera 1 (see Figure 2).
(See the effect of cameras configurations in [26]).

Figure 2. Cameras’ Position for tomographic PIV.
The three cameras were placed 40 cm from the volume of interest located at the median plane between the nozzle and
the plate. They were set up at an angle θ relative to the normal of the laser plane, which was chosen to optimize the
quantity of light received. Moreover, they have a Scheimpflug arrangement that optimizes the sharpness of the particles.
The views from the different cameras must be triangulated in order to obtain a tomographic reconstruction. Selfcalibration algorithm for tomographic PIV ([27] was developed to eliminate residual calibration discrepancies using
recorded particle images). The volume self-calibration process requires two steps: in the first, the vector map of disparities
is calculated, and in the second the calibration is corrected. These two steps must be repeated several times until the
disparity (volume error) is less than 0.1 voxel in all sub volumes.
Particle Image Velocimetry (PIV) image pairs were acquired at a sampling frequency of 2 kHz. Once the particle
density was optimized, the time interval Δt between the first and second exposure was adjusted so that the particles moved
a maximum of about 7 to 10 pixels. Olive oil particles were seeded using a TOPAS SLG 270 condenser aerosol generator
which produced particles of an average size of 4 μm in diameter.
The self-calibration process consists in using the correspondence of 3D particles by triangulation. The residual
triangulation error, called "disparity", is then used to update and correct the mapping functions of all the cameras.
Calibration is carried out in two steps: first, the 3D mapping function is determined experimentally by recording images
of the three-dimensional calibration pattern. Subsequently, the calibration map is refined by the self-calibration technique
to minimize the disparity fields. This process reduces the calibration error to less than 0.1 voxel, which is acceptable for
accurate tomographic reconstruction. Volumetric self-calibration was developed on the basis of calculating the 3D
position of the corresponding particles by triangulation. The residual triangulation error ("disparity") is then used to
correct the mapping functions of all the cameras. To summarize, the self-calibration of the volume is based on two
successive stages (calculation of disparity vector and correction of the calibration). These two steps are repeated until a
disparity of less than 0.1 voxel is obtained for all sub-volumes.
The three-dimensional distribution of the light scattered by the tracers (particles) is reconstructed in the form of a 3D
matrix of voxels representing the luminous intensity of the object plane (physical space) from its projection on camera
sensors. This reconstruction is carried out using MART ("Multiplicative Algebraic Reconstruction Technique"), which is
an iterative technique, as already mentioned. The accuracy of reconstruction depends heavily on several factors, including
the number of recording cameras and the density of recorded images. The kinematic field was reconstructed by the
algorithm in the DaVis 8.3.0 software of LaVision that was used for our measurements.
The "calculation of correlation peaks" operation associated with the "tomographic PIV" module calculates the velocity
vector field from the reconstructed volume. The reconstructed image distribution in the volume was analysed with an
iterative multi-grid volume deformation scheme, attaining a final interrogation box size of 48 voxels.
Acoustic Measurements
The acoustic pressure was measured simultaneously with the velocity measurements. A microphone was placed
behind the plate (away from the aerodynamic disturbances) to measure the sound pressure. The Brüel & Kjær ½ inch
(type 4189) microphone used has a sensitivity range of 7Hz to 20kHz. For sound field measurements, the sampling
frequency was 10 KHz. Microphone signals were processed with a B&K Nexus amplifier/conditioner before being
recorded via a National Instruments PXI-6224 acquisition board mounted on a National Instruments PXI 1044l data
logger. This microphone has an uncertainty value of 0.2 dB.
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RESULTS AND DISCUSSION
Self-sustaining tones may be accompanied by very high acoustic levels. The Sound Pressure Levels as function of
Reynolds number and confinement ration (L/H) is given in Figure 3[28]. In this work L/H=4 is considered and the Sound
L
Pressure Levels (SPL) obtained by the jet are shown in Table 1 as a function of the Reynolds number for = 4. The
H
maximum streamwise velocity is denoted by U0 . The increase of U0 from 7 to 8 m/s shown in Figure 4(a) and (b) (from
Re=4632 to Re=5294 ) resulted in an increase in the acoustic level from 90.8 dB to 97.3 dB. A further increase of U0
from 8 to 9 m/s shown in Figure 4(b) and (c) (from Re=5294 to Re=5956 ) was responsible for a decline in the acoustic
level by 3.6 dB, as shown in Table 1 (from 97.3 dB to ~93.7 dB). For each Reynolds number, self-sustaining tones were
produced, as can be seen in Figure 5(b), Figure 6(b) and Figure 7(b) from the peak of frequency in the acoustic power
spectrum. Actually, the acoustic level started to increase when the Reynolds number increased from Re=4632 to a peak
at Re = 5294 . Thereafter, the acoustic level decreased despite an increase in the Reynolds number. This Reynolds
number (Re = 5294 ) is optimal for the feedback loop of the acoustic excitation, as shown by [20], and could promote
energy transfer from the dynamic to the acoustic field. In this study, we considered three Reynolds numbers (Re=4632,
Re=5294 and Re=5956 ) in order to analyse the TKE in each configuration, before and after an acoustic peak, using High
Speed 3D Tomographic-PIV measurements.

Figure 3. Acoustic level for different Re and L/H [25].

Table 1. Sound Pressure Level (SPL) as a function of the Reynolds number.
SPL(dB)
90.8
97.3
93.7
Re
4632
5294
5956
Figure 5 to Figure 7 show the acoustic signals and their power spectra for Re=4632, Re=5294 and Re=5956 ,
respectively. The acoustic signal was periodical for Re=4632 (Figure 5(a)) with one excited frequency (Figure 5(b)).
Figure 6(a) indicates that the acoustic signal had a period displaying two successive peaks. The acoustic signal presented
in Figure 7 (a) was less organised for Re=5956. For Re=4632, the fundamental frequency (F0 ) of the acoustic signal was
F0,Re=4632 = 204 Hz (Figure 5 (b)). For Re = 5294 and Re = 5956 the fundamental frequency of the acoustic signal
decreased and was almost the same, as shown in Figure 6 (b) and Figure 7(b) with F0,Re=5294 = 164 Hz (with a harmonic
2 ∗ F0,Re=5294 = 328 Hz ) and F0,Re=5956 = 168 Hz, respectively.
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(a)

(b)

(c)
Figure 4. Mean streamwise velocity (color palette) in the central plane from Tomographic-PIV images superposed with
mean transverse velocity (flood contour type) for: (a) Re=4632, (b) Re=5294 and (c) Re=5956.
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(a)

(b)

Figure 5. The acoustic signal and its spectrum: Re = 4632 and L/H = 4.

(a)

(b)

Figure 6. The acoustic signal and its spectrum: Re = 5294 and L/H = 4.

(a)

(b)

Figure 7. The acoustic signal and its spectrum: Re = 5956 and L/H = 4.
Figure 7 presents the Root Mean Square components Vrms and Wrms for Re=4632, Re=5294 and Re=5956 . For the
V
three Reynolds number, rms started at 0.2 near the surface of impact.
U0

As explained in the introduction, self-sustaining tones are created by a feedback loop that is sustained by an excitation
which travels along the jet from the zone of vortex impact and reaches the jet exit, where the flow is very sensitive to any
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type of perturbation. This perturbation controls vortex generation and energy transfer between the aero-dynamic and
acoustic fields.
Y
X
W
Figure 8 shows that when ( ≈ ∓1.5 ) and near the jet exit (0 < < 1.5), rms is greater, with higher levels (
H

H

U0

Levelmaximum ≈ 0.05) for Re=5294, which is an optimal configuration for self-sustaining tones [20]. For Re=4632 and
W
W
Re=5956, there were lower levels of rms in this region of the jet (Levelmaximum ≈ 0.03). These lower levels of rms in
U0

U0

this region may be related to the propagation of the perturbation of control from the impact wall to the jet exit, and could
explain why it was stronger when the self-sustaining tones were in optimal conditions, as for Re=5294 (local peak of
acoustic level, Table 1).

(a)

(b)
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(c)
Figure 8. Root mean square components at the centre of the jet: (a) Re=4632, (b) Re=5294 and (c) Re=5956.
Figure 9 illustrates the 3D iso-contours of the vorticity and the distribution of the average normalized TKE. As can
be seen for Re=5294 and Re=5956 (Figure 9(b) and Figure 9(c)), TKE was highest near the surface of impact, where the
deformation of vortices occurs. Moreover, there was a symmetric mode for Re=4632 and Re=5345. However, an
antisymmetric mode was found for Re=5956 (see the vorticity and velocity vectors). The change of aerodynamic mode
(from symmetric to antisymmetric, as in our case) may be followed by a deterioration in the optimal conditions for energy
transfer, which could be related to the local acoustic peak at Re=5294.
2

The volumetric TKE (with TKE =

2

u′ +v′ +w′
2

2

) in Figure 9 was calculated on each voxel of the Tomographic-PIV

images in a selected volume, where U, V and W are the velocity components in X, Y and Z directions, respectively
(U = Umean + u′ , V = Vmean + v′ and W = Wmean + w ′ ). The Turbulent Kinetic Energy (TKE) was normalized by the
TKE
square of the maximum streamwise velocity U02 : 2 . Therefore, the change as a function of time of TKE was calculated
U0

in the volume shown in Figure 9(b) in such a way that it contained the vortices which hit the wall, as described previously
TKE
X
Y
Z
by [21]. Therefore, the sum of 2 in this volume, (3.5 < < 4, −1 < < 1 and − 0.5 < < 0.5 ) was divided by the
U0

H

H

H

volume considered. By performing this calculation for successive PIV images, we obtained the normalized TKE per unit
of volume as a function of time. Time was normalized by the acoustic period obtained from Figure 5, Figure 6 and Figure
7(T = 1/F); the volumetric normalized TKE was obtained as function of the acoustic period.

(a)
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(c)
Figure 9. Vorticity 3D iso-contours and TKE field derived from Tomographic-PIV images at the centre of the jet: (a)
Re=4632, (b) Re=5294 and (c) Re=5956.

(a)

(b)

(c)
Figure 10. Power Spectrum of normalized TKE: (a) Re=4632, (b) Re=5294 and (c) Re=5956.
In the present work, 3D High Speed Tomographic-PIV was performed at a sampling rate of 2 KHz. The main flow
vortices frequencies were below 0.4 KHz. Since TKE is very sensitive and can thus fluctuate a lot with time, we were
mainly interested in the spectrum of this fluctuation and the frequencies that could be excited in the presence of self-
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sustaining tones. In the present work, 3D High Speed Tomographic-PIV was performed at a sampling rate of 2 KHz. The
main flow vortices frequencies were below 0.4 KHz. Since TKE is very sensitive and can thus fluctuate a lot with time,
we were mainly interested in the spectrum of this fluctuation and the frequencies that could be excited in the presence of
self-sustaining tones. Figure 10 is a plot of the power spectra of TKE for each Reynolds number. The power spectra of
the TKE for Re=4632, Re=5294 and Re=5956 had peaks at fRe=4632 = 184 Hz, fRe=5294 = 148 Hz and fRe=5956 =
152 Hz and harmonics 2 ∗ f (for Re=4632 and Re=5294). Interestingly, all the excited frequencies were lower than the
frequency of the acoustic signal F0,Re=4632 = 204 Hz for Re = 4632 (Figure 5), F0,Re=5294 = 164 Hz for Re=5294
(Figure 6) and F0,Re=5956 = 168 Hz for Re=5956 (Figure 7). This may indicate that self-sustaining tones occur when the
period of TKE is larger than the period of the acoustic signal, enabling a better transfer of energy from the aerodynamic
to the acoustic field.
In Figure 11, the cross-correlations between the acoustic signal and TKE for each Reynolds number are shown. For
t
Re= 5294 (Figure 11(b)) the cross-correlation shows a negative peak delayed by = 0.16 with a correlation coefficient
T0

of CRe=5294 ≈ −0.24. However, for Re=4632 and Re=5956 , positive peaks of correlation were obtained with correlation
coefficients of CRe=4632 = 0.18 and CRe=5956 = 0.33. The negative peak of correlation for the optimal self-sustaining
tones configuration (Re=5294 , local peak of the acoustic level) may suggest that both acoustic and TKE fields should be
in opposition of phase for an optimal transfer of energy.

Coefficient of cross-correlation

(a)

Coefficient of cross-correlation

(b)
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Coefficient of cross-correlation

Figure 11. Cross-correlation of

𝐓𝐊𝐄
𝐔𝟎𝟐 ∗𝐕𝐨𝐥𝐮𝐦𝐞

(c)
with the acoustic signal: (a) Re=4632, (b) Re=5294 and (c) Re=5956.

CONCLUSIONS
The Turbulent Kinetic Energy (TKE) in a rectangular jet impinging on a slotted plate and the acoustic field generated
were investigated experimentally using High Speed 3D Tomographic-PIV and a microphone. Three Reynolds numbers
(Re=4632, Re=5294 and Re=5956) with optimal and less optimal configurations for self-sustaining tones were
considered. It was found that, in the case of an optimal configuration for self-sustaining tones (Re=5294, local peak of
the acoustic level), Wrms presented higher amplitudes near the jet exit region. The change in 3D representation of the
TKE as a function of time was calculated and its spectrum was analysed in order to detect if any frequencies were excited
in the presence of self-sustaining tones. It was found that the spectrum of TKE had peaks of frequencies such that the
period of the acoustic signal was smaller than that of the TKE for the three Reynolds numbers with self-sustaining tones.
We also obtained a negative peak of correlation between the acoustic signal and TKE for Re=5294 (a configuration with
a local peak of the acoustic level).
These results may reveal that higher amplitudes of azimuthal fluctuations near the jet exit region exists in case of
optimal self-sustained tones (high acoustic level) what facilitate the upstream propagation of the perturbation of control
created at the impinging wall. The acoustic cycle was found to be smaller than the TKE one, which may indicate adequate
conditions for the transfer of energy from the aerodynamic to the acoustic field. Negative correlation may suggest that
the acoustic and TKE fields should not be in phase in order to obtain an optimal configuration for energy transfer. All
these insights could be very useful for the reduce of the generation of noise in many applications of ventilation by
controlling its energy source which feed the acoustic field.
Further work needs to be done using the phase average technique to calculate TKE with different Reynolds numbers.
This may provide more information regarding the phase between the TKE and the acoustic field.
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