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Abstract: Impinging jets are encountered in ventilation systems and many other industrial applications. Their flows are three-dimensional, time-dependent, and turbulent. These jets can generate
a high level of noise and often present a source of discomfort in closed areas. In order to reduce
and control such mechanisms, one should investigate the flow dynamics that generate the acoustic
field. The purpose of this study is to investigate the flow dynamics and, more specifically, the
coherent structures involved in the acoustic generation of these jets. Model reduction techniques
are commonly used to study the underlying mechanisms by decomposing the flow into coherent
structures. The dynamic mode decomposition (DMD) is an equation-free method that relies only
on the system’s data taken either through experiments or through numerical simulations. In this
paper, the DMD technique is applied, and the spatial modes and their frequencies are presented.
The temporal content of the DMD’s modes is then correlated with the acoustic signal. The flow is
generated by a rectangular jet impinging on a slotted plate (for a Reynolds number Re = 4458) and its
kinematic field is obtained via the tomographic particle image velocimetry technique (TPIV). The
findings of this research highlight the coherent structures signature in the DMD’s spectral content
and show the cross correlations between the DMD’s modes and the acoustic field.
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1. Introduction
With the rapid development of technology and science, the quantity of data generated in the fluid mechanic’s field, either through numerical simulations or through real
experiments, has increased significantly. These huge amounts of data should be analyzed
to obtain a better understanding of the processes being studied. However, dealing directly
with these data constitutes a bumpy road and cannot even provide the required information with accuracy. Consequently, some methods of approximating a high-dimensional
system by a lower-dimensional one, called model reduction techniques, were developed
based on the principle that the flow behaves in a low-dimensional manner [1]. These
methods provide a simpler way to study the underlying mechanisms by decomposing the
flow behavior into coherent structures [2]. Some of these methods are proper orthogonal
decomposition (POD) [3–5], balanced proper orthogonal decomposition (BPOD) [6], and
dynamic mode decomposition (DMD) [7].
Dynamic mode decomposition, introduced in 2010 by Schmid [7], computes a set
of modes associated with eigenvalues, where these DMD modes form spatial patterns

Fluids 2021, 6, 429. https://doi.org/10.3390/fluids6120429

https://www.mdpi.com/journal/fluids

Fluids 2021, 6, 429

2 of 10

representing the flow coherent structures, while the eigenvalues are used to indicate the
fixed oscillation frequencies connected to these modes and the decay/growth rate [8].
DMD is an equation-free method that relies only on the system’s data taken either through
experiments or through numerical simulations and provides a linear model representing
how these spatial-temporal coherent structures evolve over time.
After its development, many extensions were added to the dynamic mode decomposition method; that is, when dealing with non-linear systems, it is strongly connected
to the spectral analysis of the linear infinite dimensional Koopman operator [9,10]. For
incomplete measurements of the system’s data, compressive sampling extension can be
used to extract the DMD eigenvalues (which are equal to those of the complete system)
and reconstruct from them the full-state DMD modes [11]. For multi-scale dynamical
systems, multi-resolution dynamic mode decomposition mrDMD can be used to separate
slow modes (having eigenvalues near the origin) from the faster ones, and so on [12].
For controlled systems, dynamic mode decomposition with control DMDc can provide
an accurate input/output model that includes the impact of the control signals (as they
corrupt the standard DMD modes and their associated dynamics) [13].
Thanks to its ability to extract spatial-temporal coherent structures from complex
flows without referring to any governing equation, DMD was used widely in the fluid
domain. It was applied to simulated flows such as the turbulent cavity flow [14], the
wake of a high-speed train [15], and the flow around a cylinder cascade [16], as well as to
experimental data like the separation of the flow over a blunt plate [17], impinging circular
jet [18], confined turbulent jet [19], and so on.
Impinging jets exhibit rich fluid–structure interaction phenomena and tare accompanied in some cases by a self-sustaining/resonating loop. This flow involves an upstream
propagating pressure created by the impingement of downstream coherent structures
on a surface (Ho and Nosseir [20,21]). This upstream propagating wave forces the shear
layer close to the exit of the jet to oscillate, inducing a collective interaction in which
large coherent vortex rings are born. In ventilation systems, these jets become a source of
noise and should be controlled. In order to develop new strategies of flow control, one
should understand the interaction between the main coherent structures of the flow and
the pressure fluctuations generated at the impingement of these latter on a given surface.
An example of the main coherent structures in a jet shear layer is the Kelvin–Helmholtz
instability, which also plays an important role in the entrainment mechanism in free jets
(El Hassan et al. [22,23]).
Thus, this paper aims to investigate the dynamics of the coherent structures involved
in a rectangular impinging jet using DMD. The dynamic mode decomposition algorithms
are first presented; then, it is applied to the kinematic field of a rectangular jet impinging on
a slotted plate obtained via tomographic particle image velocimetry measurements [24–32].
The DMD modes are extracted and presented with their associated spectrum. The shedding
frequency of large vortical structures is then extracted from the transversal velocity and
compared to that of the DMD’s modes [33]. Cross-correlations between the acoustic signal
and the DMD modes are presented and analyzed. The conclusions are then summarized,
and perspectives are proposed.
2. Theoretical Background: DMD Method
The dynamic mode decomposition technique is an equation-free method that extracts
coherent flow structures along with their associated temporal dynamics; it can be applied
to both numerical simulations and experimental data.
The algorithm of the DMD is presented in Table 1. It starts by taking a series of
flow field measurements separated by a constant time interval ∆t, then two measurement
matrices X and X 0 can be constructed, where X 0 is a matrix shifted one time step from
X [7,34–36]. The matrix X 0 can be then set as a function of X by assuming a linear mapping
A that relates a given measurements vector to the next one vi+1 : X 0 = AX.
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Table 1. Dynamic mode decomposition algorithm.
Data matrices

X = { x1 , x2 , ··· , xn−1 }
X 0 = { x2 , x3 , ··· , xn }

SVD

X ≈ Ur Σr Vr∗

e
Building A

e = U ∗ AU = U ∗ X 0 VΣ−1
A

e
Eig. decomposition of A

e = ωΩ
Aω

DMD modes Φ

Φ = X 0 VΣ−1 ω

System’s solution

x (t) ≈ ΦeΩ̌t b = ∑ Φk ewk t bk

r

k =1

Singular value decomposition (SVD) to the measurement’s matrix is then applied.
e
This SVD operation helps in truncating the data to low rank. Then, a similar transform A
of the matrix A can be built by projecting A onto U.
The exact dynamic modes Φ corresponding to the exact eigenvectors of the matrix A
are then calculated [37].
The final step in this algorithm is the development of the system’s solution, which can
be used to predict the flow’s state at future times: x (t) ≈ ΦeΩ̌t b = ∑rk=1 Φk ewk t bk where
wk = ln(λk )/∆t, λk is the kth eigenvalue, and Ω̌ is a diagonal matrix having the values wk
along its diagonal.
3. Experimental Setup
3.1. Impinging Jet
The experimental set-up employed for this study is shown in Figure 1. The flow
is generated through a compressor (1), which is driven by a variable frequency drive
(2). The VFD allows changing the frequency of rotation of the compressor and, therefore,
the exit velocity of the flow. The airflow crosses a 1 m3 settling chamber (3) fitted with
metal grids to guarantee acoustic insulation of the duct from the blower. Next, it passes
through a rectangular tube 1250 m in length with a 90 × 190 mm2 cross section (4), which
is extended by a rectangular convergent outlet (5). Honeycomb sections are inserted into
the rectangular tube to smooth the flow and eliminate any mean swirl. Hence, the set-up
creates a free jet H = 10 mm high and Lz = 190 mm wide. Parallel to the convergent outlet,
a 4 mm thick aluminum plate (6) is fitted with a slot with the same dimensions as the
convergent outlet and perfectly aligned with it using a displacement system. The plate is
set parallel to the convergent outlet and aligned with the latter. The nozzle to plate distance
is denoted by L (L/H = 4 in this paper). The Reynolds number is calculated as follows:
Re
= U0 ·H/v, where v is the kinematic viscosity of air at 10 ◦ C, and U04 of(U110 = 6.3 m/s) is the
Fluids 2021, 6, x FOR PEER REVIEW
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Figure
1. Experimental setup. (1) Compressor, (2) variable frequency drive, (3) settling chamber, (4)
Figure 1. Experimental setup. (1) Compressor, (2) variable frequency drive, (3) settling chamber, (4)
duct,
(5)rectangular
rectangular
convergent
outlet,
and (6)
slotted plate.
duct, (5)
convergent
outlet, and
(6) slotted
plate.
3.2. Tomographic PIV
The velocity field of this study is obtained using a high-speed tomographic particle
image velocimetry system (TPIV). This technique takes two consecutive and separate
images of the flow (Illuminated by a laser volume) and cross-correlates them to obtain the
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3.2. Tomographic PIV
The velocity field of this study is obtained using a high-speed tomographic particle
image velocimetry system (TPIV). This technique takes two consecutive and separate
images of the flow (Illuminated by a laser volume) and cross-correlates them to obtain the
kinematic field. The interval between the images “∆t” is a function of the initial velocity of
the jet and the depth of view. High-speed flows were studied using a pulsed laser with a
sufficiently small interval. In fact, by looking at a small interval, the displacement caught
by the camera is small, providing a high spatial and temporal resolution of the velocity
fields obtained [38]. Recordings were taken during one second.
The TPIV set up is composed of a high repetition rate laser: 527 nm Nd: YLF LDY
300 Litron. The laser provides a power of 30 mJ per pulse (each pulse has a duration of
0.15 µs. Thanks to a combination of divergent lenses, a laser volume (whose dimensions
are 40 × 60 × 10 mm3 ) is generated to illuminate the flow. Three Phantom V711 cameras
with 1280 × 800 pixels were employed.
Three Phantom V711 cameras with 1280 × 800 voxels were used. The cameras were
positioned as follows: two cameras on the right side of the jet exit, one above the other. The
third camera was placed on the left of the jet at the same level as camera 1 (Figure 2). These
three cameras were located at 40 cm from the measurement volume. The cameras used
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 were provided by a Scheimpflug
arrangement, allowing an optimization of the sharpness of the particles. The pulsed laser
light has a frequency response of 10 kHz. Particle seeding was performed using a TOPAS
SLG 270 condenser aerosol generator, which ensures the generation of 4 µm particles. For
the present measurement, the pressure was set at 4 bars, the temperature of the saturator
Fluids 2021, 6, x FOR PEER REVIEWwas 240 ◦ C, and that of the reheater was 300 ◦ C. It should be noted that particle size 5was
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Couples of PIV images were acquired with a sampling frequency of 2 kHz, which
Couples of PIV images were acquired with a sampling frequency of 2 kHz, which is
is sufficient to capture dominant frequencies standing below 1 kHz. Once the particle
sufficient to capture dominant frequencies standing below 1 kHz. Once the particle
density was optimized, the time interval ∆t between the first and the second exposure was
density was optimized, the time interval ∆t between the first and the second exposure was
adjusted, so that the particles moved a maximum of about 7 to 10 voxels.
adjusted, so that the particles moved a maximum of about 7 to 10 voxels.
The reconstruction of the kinematic field by the algorithm was achieved using the
The reconstruction of the kinematic field by the algorithm was achieved using the
DaVis 8.3.0 software from LaVision, which was used for our measurements. The “calDaVis 8.3.0 software from LaVision, which was used for our measurements. The
culation of correlation peaks” associated with the “tomographic PIV” module calculates
“calculation of correlation peaks” associated with the “tomographic PIV” module
the velocity vector field from the reconstructed volume. The reconstructed image discalculatesinthe
field from
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The reconstructed
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withthe
an reconstructed
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image
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with
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Finally,
the
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processing operation of the “tomographic PIV” group was used to reduce the noise in the
vector field.
4. Results
4.1. Reconstruction of the Flow

density was optimized, the time interval ∆t between the first and the second exposure was
adjusted, so that the particles moved a maximum of about 7 to 10 voxels.
The reconstruction of the kinematic field by the algorithm was achieved using the
DaVis 8.3.0 software from LaVision, which was used for our measurements. The
“calculation of correlation peaks” associated with the “tomographic PIV” module
calculates the velocity vector field from the reconstructed volume. The reconstructed
image distribution in the volume was analyzed with an iterative multi-grid volume
deformation scheme, attaining a 48-voxel interrogation box size with 75% overlap,
yielding the instantaneous three-dimensional velocity volume. Finally, the postprocessing operation of the “tomographic PIV” group was used to reduce the noise in the
Results
vector field.
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4.
4.1. Reconstruction of the Flow
4. Results

The dynamic mode decomposition method aims to represent a data series by or4.1. Reconstruction of the Flow
thogonalizing it in time (isolating distinct frequencies). The DMD modes are temporally
The dynamic mode decomposition method aims to represent a data series by
orthogonal
(pure frequencies),
but not
spatially.
The The
firstDMD
few modes
DMDare
modes
are illustrated in
orthogonalizing
it in time (isolating
distinct
frequencies).
temporally
Figureorthogonal
3. Note that
are similar
modes
that
in pairs
as each
has its complex
(purethere
frequencies),
but not
spatially.
Thecome
first few
DMD modes
aremode
illustrated
in Figure
3. Note
thatisthere
are similar
modes
in pairs as each
mode
its modes are
conjugated
mode
(this
caused
by the
fact that
thatcome
the imaginary
parts
ofhas
these
complex
conjugated
mode
(this
is
caused
by
the
fact
that
the
imaginary
parts
of
these
◦
phase-shifted by 90 ), and thus only one of them is presented.
modes are phase-shifted by 90°), and thus only one of them is presented.
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content of
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modes.
They
considered an open cavity flow, where velocity fields

were obtained
PIV measurements.
mode decomposition
modes allowed
Lusseyran
etfrom
al. [33]
investigatedDynamic
the coherent
structures signature
in the spectral
them to identify the spectral signature of centrifugal instability inside the cavity. A similar
content
of
the
DMD’s
modes.
They
considered
an
open
cavity
flow,
where
velocity fields
analysis is used in this section to relate the DMD modes to the energetic large-scale
were obtained
from PIV
Dynamic
mode
decomposition
allowed
vortical structures
in themeasurements.
flow. The transversal
velocity field
is presented
in Figure 4.modes
The
them to
identify
the profile
spectral
signature
ofpoint
centrifugal
instability
inside
cavity. A similar
temporal
velocity
is extracted
at the
P (X/H = 3,
Y/H = 0.6 and
Z/H =the
0), where
the is
passage
large-scale
occurs
theenergetic
jet exit towards
the
analysis
usedofinthe
this
sectionvortices
to relate
the when
DMDtravelling
modes from
to the
large-scale
vortical
impinging wall. Then, the spectral content of the extracted signal is analyzed.
structures
in the flow. The transversal velocity field is presented in Figure 4. The temporal
velocity profile is extracted at the point P (X/H = 3, Y/H = 0.6 and Z/H = 0), where the
passage of the large-scale vortices occurs when travelling from the jet exit towards the
impinging wall. Then, the spectral content of the extracted signal is analyzed.
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each mode and its complex conjugated mode have the same frequency. Thus, only the
odd modes are presented in Table 2.

Fluids 2021, 6, x FOR PEER REVIEW

Fluids 2021, 6, 429

8 of 11

7 of 10

Table 2. DMD modes and their fundamental frequency.

DMD Mode
1 fundamental frequency.
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spectrum of the acoustic signal obtained via a microphone placed behind the plate. One
and the temporal modes obtained by the DMD. Figures 6 and 7 show the spectrum of the
can notice almost the same peak in frequency of modes 3 and 5 obtained via the DMD.
acoustic signal obtained via a microphone placed behind the plate. One can notice almost
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the same peak in frequency of modes 3 and 5 obtained via the DMD. Therefore, it is of
and the acoustic signal.
interest to investigate the cross-correlations between the DMD’s modes and the acoustic
signal.

Figure
Figure 6.
6. Spectrum
Spectrum of
of the
the acoustic
acoustic signal.
signal.

The cross-correlation coefficient (Cx ) between the acoustic signal and DMD’s modes
is presented in Figure 7. It can be seen (Figure 7b) that the cross correlation between the
acoustic signal and modes 1 and 7 is very weak (Cx ≤ 0.1). Cross correlations between the
acoustic signal and modes 5, 9, and 11 have Cx ≤ 0.5. The highest cross-correlation peak
( |Cx | ∼ 0.9) is observed (Figure 7a) between the acoustic signal and mode 3. A time delay
of 0.8 ms is obtained for the correlation peak between these two signals.
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The cross‐correlation coefficient 𝐶 between the acoustic signal and DMD’s modes
responsible for the acoustic generation in impinging jets. In future work, one could
is
presented
in Figure 7. between
It can be the
seenacoustic
(Figure signal
7b) that
thethe
cross
correlation
the
analyze
the correlations
and
kinematic
fieldbetween
of the flow
acoustic
signal
and
modes
1
and
7
is
very
weak
𝐶
0.1
.
Cross
correlations
between
reconstructed using the selected modes. Many quantities, such as the turbulent kinetic
the
acoustic
and modes
5, 9, and with
11 have
0.5.signal
The highest
energy,
couldsignal
be extracted
and correlated
the 𝐶
acoustic
in ordercross‐correlation
to observe their
|~0.9)
peak
(|𝐶
is
observed
(Figure
7a)
between
the
acoustic
signal
mode that
3. Afeeds
time
phase evolution, for example, this would allow us to identify the sourceand
of energy
delay
of 0.8 ms
is obtained
for the correlation
peakwould
between
these
twoin
signals.
the acoustic
tones.
The importance
of such a study
also
remain
the identification
One
can
suggest
that
the
DMD
can
be
used
to
highlight
the
important
flow dynamics
and isolation of specific dynamic modes that are active in the acoustic generation;
this
responsible
for
the
acoustic
generation
in
impinging
jets.
In
future
work,
one could
would help in defining control strategies for noise reduction.
analyze the correlations between the acoustic signal and the kinematic field of the flow
5. Conclusionsusing the selected modes. Many quantities, such as the turbulent kinetic
reconstructed
energy,
could
be extracted
and correlated
with
the acoustic
signal in order
to observe their
In this
work,
we investigated
the flow
dynamics
of a rectangular
jet impinging
on a
phase
this would
allow
us to identify
the The
source
ofcomponents’
energy that
slottedevolution,
plate usingfor
theexample,
TPIV technique
and the
application
of DMD.
three
feeds the of
acoustic
Thecalculated
importance
such afor
study
would also
remain
the
velocities
the jet tones.
flow are
in aofvolume
a Reynolds
number
Re =in4458.
The spatial modes obtained from the DMD method were presented. The investigation
into the spectral content of the DMD’s modes and the transversal velocity shows that the
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Kelvin–Helmholtz vortices’ frequency has its signature in the DMD’s spectral content.
The acoustic spectrum presented similar peaks of that of the transversal velocity. Cross
correlations between the acoustic signal and the temporal signal of the DMD modes was
calculated. The highest cross-correlation coefficient was obtained between DMD mode 3
and the acoustic signals.
Based on these results, important perspectives could be proposed such as finding a
proper criterion of selection of DMD modes that are responsible for the acoustic generation.
Moreover, the energy transfers between the aerodynamic (by extracting the TKE from the
reconstructed flow) and acoustic fields should be investigated in order to define appropriate
control methods that dramatically reduce the noise generation in impinging jets.
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