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A B S T R A C T

The present work describes a wide experimental database of laminar separation bubbles formed on a flat plate
for different Reynolds numbers, adverse pressure gradients and free-stream turbulence intensity levels. The
database accounts for 72 different combinations of the aforementioned parameters, for which both short and
long bubble types have been observed. For each flow case, a set of 6000 snapshots has been acquired using
a fast response Particle Image Velocimetry system. In this work all the 72 × 6000 images have been used
simultaneously to construct a large snapshot matrix containing both the statistical and the dynamic response
of the bubble to the flow parameters variation. To handle such a large snapshot matrix, a parallelized version
of the Proper Orthogonal Decomposition routine is presented to be adopted in High-Performance Computing
environment. The reduction of the high dimensional database into a low-order model retaining few POD modes
and coefficients has been obtained. Particularly, two subsets of modes capturing the time-averaged and dynamic
response of the bubble have been detected based on the frequency spectra of the related coefficients. It will
be shown that dimensionality can be reduced up to about 1%, while retaining the generalized response of
a laminar separation bubble. The present work therefore shows the existence of a reduced state space over
which the response of a LSB evolves for a wide range of the leading influencing parameters.
. Introduction

Boundary layer (BL) separation may occur in case of strong ad-
erse pressure gradients (𝐴𝑃 𝐺), low Reynolds numbers and low free-
tream turbulence intensity (𝐹 𝑆 𝑇 𝐼) levels, e.g., Tani (1964). If the
oundary layer transitions to turbulence and then reattaches to the
all, a laminar separation bubble (LSB) forms on the solid surface,
.g., Horton (1968). Due to the high turbulence production in sep-
rated boundary layers, the occurrence of a LSB is detrimental for
he aerodynamic performances of wings, turbomachinery blades and
ther industrial components, e.g., Tucker (2013). As the shear layer
etaches from the wall, it becomes inviscidly unstable, e.g., Diwan
nd Ramesh (2009), Brinkerhoff and Yaras (2011). Disturbances are
mplified via the Kelvin–Helmholtz type instability, which leads to the
ormation of 2D spanwise rolls near the maximum displacement of the
ubble, e.g., Hosseinverdi and Fasel (2019), Marxen et al. (2013). Their
uccessive three-dimensional breakdown then leads to the turbulent
eattachment of the boundary layer, e.g., Marxen et al. (2013), Kurelek
t al. (2021). This phenomenon has been extensively studied in the last
ecades by means of experiments (Marxen et al., 2003, Radespiel et al.,
007) and numerical simulations (Avdis et al., 2009, Alferez et al.,
013 Sandham, 2008, Hosseinverdi and Fasel, 2019 Rodríguez et al.,
021, Alam and Sandham, 2000 Marxen et al., 2004). Since changes in

∗ Corresponding author.
E-mail address: virginia.bologna@edu.unige.it (V. Bologna).

the inlet flow characteristics can have significant impact on the time-
mean and dynamical properties of a LSB, many efforts have been spent
in the past in the understanding of the bubble response to changes in
the external flow parameters, see e.g., Eljack et al. (2021), Kumar and
Sarkar (2023), Sengupta et al. (2019) to name a few.

The time-mean and dynamic behavior of a laminar separation bub-
ble are mostly affected by changes in the Reynolds number, turbulence
intensity and streamwise pressure gradient, e.g., McAuliffe and Yaras
(2010), Avdis et al. (2009), Boutilier and Yarusevych (2012), Istvan
and Yarusevych (2018), Dellacasagrande et al. (2020). Among these
parameters, the flow Reynolds number plays the major role in the
definition of the bubble size and dynamics. The higher the Reynolds
number the lower the size of a LSB (Roberts, 1975) and the higher the
dominant shedding frequency (Boutilier and Yarusevych, 2012). This
latter scales in inverse proportion to the boundary layer thickness at
the separation position (Simoni et al., 2017), which reduces at higher
Reynolds numbers. Under low 𝐹 𝑆 𝑇 𝐼 and elevated 𝐴𝑃 𝐺, reducing the
Reynolds number may result in the sudden and marked increase of the
bubble height and length, with the laminar separation bubble possibly
switching from a short to a long configuration. This phenomenon is
termed in the literature as the bursting process (Gaster, 1967, Mitra and
Ramesh, 2019), which causes strong modification of the surface pres-
sure distribution as well as marked drop in performances (Sandham,
ttps://doi.org/10.1016/j.ijheatfluidflow.2025.109779
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2008, Jaroslawski et al., 2023). The response of a LSB to Reynolds
number variation and the onset of the bursting process have been
studied both experimentally and via numerical simulations by Horton
(1967), Diwan et al. (2006), Alferez et al. (2013) and Serna and Lázaro
(2015) to name a few. Among others, Toppings and Yarusevych (2023)
ave provided an exhaustive study of changes in the time-average and
ynamic behavior of a LSB when varying the Reynolds number at fixed

𝐹 𝑆 𝑇 𝐼 . The effects of time-varying flow velocity on the formation and
bursting of a LSB have been shown. During formation and bursting
transients, the changes in the unstable frequencies of the separated
shear layer have seen to show similar Reynolds number dependency
to quasi-steady flows, see also Toppings and Yarusevych (2024).

The analogous response of a LSB to Reynolds number reduction
s observed when lowering the free-stream turbulence. The cause for

bubble enlargement, and bursting, is in this case the lowering of free-
stream forcing rather than the modification of the inherent stability
characteristics of the separated shear layer, e.g., Marxen et al. (2004),
Marxen and Henningson (2011). As bursting occurs due to Reynolds
number and 𝐹 𝑆 𝑇 𝐼 reduction, the onset of absolute instability can
be observed in place of the convective instability mechanism driving
ransition in short like bubbles, see e.g., Wu et al. (2020) and Jones

et al. (2008). The change in the bubble size, state (i.e. short and
long one) and dynamics has been documented also as a consequence
of the modification of pressure gradient and angle of attack. Eljack
et al. (2021) have observed the occurrence of short and long laminar
separation bubbles on an airfoil depending on the angle of attack and

eynolds number. For both bubble states, the frequency content of
isturbances developing in the separated shear layer has been found to
ove from higher to lower frequencies when increasing the streamwise
ressure gradient. Aniffa et al. (2023) have compared the statistical
nd dynamic properties of pressure- and geometry-induced LSBs for
ifferent free-stream turbulence intensity levels and Reynolds numbers.
he vortex shedding frequency of a separated shear layer has been

shown to remain unchanged for the geometry-induced cases even with
n enhanced level of free-stream turbulence. Contrarily, it has been

found to vary for the pressure-induced case. For pressure-induced LSBs,
Klebanoff modes have been also observed to form in the separated
shear layer and to distort the 2D spanwise rolls still forming due to K-H
type instability. Depending on the combination of the flow parameters,
ifferent structures are therefore expected to coexist within a LSB,

e.g., Istvan and Yarusevych (2018) and Verdoya et al. (2021).
The above mentioned works reveal the complexity of separated

flows as well as the difficulty in capturing the general response of a LSB
to the variation of the flow parameters. Indeed, different flow structures
(e.g., streaks and spanwise rolls) can coexist within a LSB, which may
undergo different types of instability mechanisms (e.g., convective or
bsolute ones) leading to different bubble states (short and long ones).
hanges in the Reynolds number, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 therefore affect not
nly the time-mean bubble shape, but also its stability characteristics
nd dynamics. In this sense, the current literature works, of which
ew examples have been reported above, provide an exhaustive view
f the response of a LSB to the variation of a single or multiple
low parameters in terms of statistical and dynamic properties of the
eparated shear layer. Nevertheless, to the best of authors’ knowledge,

the existence of a reduced state-space capturing a common and general
response of a LSB for a wide variation of the influencing parameters has
ot yet been investigated. This might answer the question if different
eparated flows evolving under largely different flow condition, still

share similarities in terms of statistics and dynamic content. In the
revious authors’ work (Dellacasagrande et al., 2023), a data driven
pproach based on Proper Orthogonal Decomposition (POD) has been
sed to highlight the existence of a low dimensional space capturing the
ime-averaged response of short and long LSBs to Reynolds number,
ree-stream turbulence intensity and pressure gradient variation. This
ork extends the previous investigation including also the analysis

f the dynamic behavior of the separated shear layer, in terms of

2 
Table 1
Turbulence-generating grids characteristics: free-stream turbulence intensity (𝐹 𝑆 𝑇 𝐼),
ars width (𝑑), mesh size (𝑀), and porosity parameter 𝑃 = (1 − 𝑑

𝑀
)2.

Case 𝐹 𝑆 𝑇 𝐼[%] 𝑑[mm] 𝑀[mm] 𝑃

No-Grid 1.5 – – –
Low-Tu 2.5 2 8 0.64
High-Tu 3.5 4 8 0.36

frequency content, and how it is affected by the flow parameters
variation. To this end, 72 different combinations of Reynolds number,
𝐴𝑃 𝐺 and 𝐹 𝑆 𝑇 𝐼 have been considered for the generation of LSBs of
different dimensions, frequency contents and states. All flow cases have
been processed simultaneously to extract a unique data driven state
space capturing the overall response of the separation bubble. Since
POD is suitable for construction of reduced order representation of com-
lex systems (Fogleman et al., 2004, Voisine et al., 2011, Vitkovicova

et al., 2020), a parallelized version of the POD routine in an high
erforming computing (HPC, (Bi and Ono, 2013; Sayadi and Schmid,

2016)) environment is proposed to handle the large amount of data
here collected. The parallelized POD procedure adopted is detailed in
the present study. POD will be shown to extract modes and mixed
temporal-flow-case coefficients describing the general response of the
bubble to the variations of the main influencing parameters.

2. Experimental setup and measuring techniques

LSBs embodied in the present database have been acquired in the
ow-speed open-loop wind tunnel installed in the Aerodynamic and

Turbomachinery Laboratory of the University of Genova. Measure-
ents have been performed over a thick flat plate, with an elliptic

leading edge (4:1), in order to avoid uncontrolled flow separation at
the junction that may alter the transition process on the rear part of
he plate. The plate is 300 mm long and 300 mm wide, producing 2D
ime-average flow in the meridional section of the plate (Verdoya et al.,

2021). In order to minimize trailing edge effects that may influence
the evolution of LSBs (Nakamura et al., 1991), a 100 mm long wedge
shaped trailing edge extension has been employed.

The front part of the test section, from the plate leading edge to
the geometrical throat of the channel, has a converging fixed geometry
which accelerates the flat plate boundary layer. Instead, in the rear part
of the channel, the plate is inserted between two adjustable end-walls,
which allow changing the pressure distribution applied to the boundary
layer (see Fig. 1). Different adverse pressure gradients can be tested
hanging the end-wall opening angle. For the present experiments, the
pening angle of the channel (𝛼) has been set to 7, 9 and 12 degrees
hich correspond to an acceleration parameter 𝐴𝑃 = 𝐿

𝑈∞,0

𝛥𝑈∞
𝛥𝑥 equal

to −0.18, −0.27 and −0.41. Here 𝐿 is the plate length, 𝑈∞,0 is the free-
tream velocity at the channel throat and 𝛥𝑈∞

𝛥𝑥 is the velocity gradient
along the rear part of the plate.

In order to test the effects of 𝐹 𝑆 𝑇 𝐼 variation, different turbulence
generating grids have been used. Grids are characterized by different
mesh sizes and are located 500 mm upstream of the plate leading
edge. The lowest 𝐹 𝑆 𝑇 𝐼 (1.5%) condition is related to the characteristic
turbulence of the wind tunnel, since no grids are employed for this
case. Table 1 summarizes the turbulence properties and geometrical
parameters (rod diameter 𝑑, mesh size 𝑀 and porosity 𝑃 ) of the
ifferent grids.

The 𝐹 𝑆 𝑇 𝐼 level has been computed as the root mean square of the
streamwise velocity fluctuations measured by means of Laser Doppler
Velocimetry instrumentation. Velocity data has been acquired in the
free-stream region, near the plate leading edge, at an average sampling
rate of about 10 kHz and for a sampling period of 120 s. It has to be
mentioned that the 𝐹 𝑆 𝑇 𝐼 was varied to match the typical free-stream
turbulence intensity found in internal aerodynamic applications. As a

result, streaks may develop in the fore part of the separated shear layer
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Fig. 1. Test section and PIV instrumentation layout. Green boxes indicate the PIV measuring domain. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
(Verdoya et al., 2021). However, it will be shown that the growth of
disturbances causing the shear layer transition is still driven by the K-H
instability process. For each combination of the 𝐹 𝑆 𝑇 𝐼 level and 𝐴𝑃 𝐺,
eight Reynolds numbers (𝑅𝑒𝐿) based on the plate length (𝐿) and the
leading-edge free-stream velocity 𝑈∞,0 have been tested. The overall
test matrix therefore accounts for 72 flow cases.

Measurements with particle image velocimetry (PIV) have been
performed in a wall-normal plane aligned with the meridional section
of the plate (see the green boxes in Fig. 1). In order to reduce the
laser reflections, the plate has been black painted. Two cameras with
an overlapping field of view have been used simultaneously to capture
the boundary layer development from the channel throat to the end
of the flat part of the plate. More specifically, the measuring domain
extends from 𝑥∕𝐿 = 0.2 to 𝑥∕𝐿 = 1 in the streamwise direction, and
from the wall up to 𝑦∕𝐿 = 0.04 in the normal to the wall direction.
As it will be discussed in the following, having a fixed extension of
the PIV domain for different bubble configurations may lead to marked
differences in the snapshot energy when varying the flow parameters.
A proper normalization of the data has been therefore applied before
computing POD, as discussed in Section 3. The final measuring grid
accounts for 614 × 48 measuring points. The spatial resolution and
the domain extension here considered allow the characterization of
the vortical structures shed for the high Reynolds number cases with
around 14 × 9 vectors, while for the lowest Reynolds number condition
they increase to 21 × 18. For what concern the domain extension, such
large number of points along the streamwise and normal to the wall
directions is necessary to properly capture the mean flow deformation
of the bubble that basically affect the whole field of view.

The PIV instrumentation is constituted by a dual-cavity ND:YLF
pulsed laser Litron LDY 300 (energy 30 mJ per pulse at 1000 Hz
repetition rate, 527 nm wavelength) and two SpeedSense M340 digital
cameras with a cooled 2560 × 1600 pixels CMOS matrix. The optical
system creates a laser sheet of 1 mm thickness which lights seeding
vaseline oil particles with a mean diameter of 1.5 μm. In the present
experiments, the magnification factor has been set to about 0.16,
providing a particle image diameter of about 3 pixels, with a seeding
concentration of around 4–5 particles per investigation area. A multi-
grid algorithm has been adopted for the computation of the adaptive
cross-correlation of PIV images. A final interrogation area of 16 × 16
pixels and 50% overlap has been used. This corresponds to a vector grid
spacing of 0.41 mm. A peak validation has been used to discriminate
between valid and invalid vectors. Furthermore, a Gaussian fitting pro-
cedure has been adopted to guarantee a sub-pixel recognition accuracy
of particle displacement equal to 0.1 pixel. Based on the PIV setting, the
uncertainty in the instantaneous velocity measurements is estimated
to be smaller than 3% in the free-stream regions and approximately
equal to 6% in the boundary layer. The uncertainty estimation of the
measured velocity field has been carried out considering the peak-ratio
method proposed by Charonko and Vlachos (2013). This method is
implemented in the commercial software DynamicStudio 7.3, adopted
3 
for the current measurements, and correlates the particle displacement
uncertainty to the ratio between the dominant correlation peak and the
second highest one, see also Wilson and Smith (2013).

For each of the 72 combinations of the flow parameters, 6000
snapshots have been acquired at a sampling rate of 1 kHz. The sampling
frequency and overall acquisition period have been set to resolve veloc-
ity fluctuations above 1/6 Hz. This allows solving the vortex shedding
process in the high Reynolds case with at least 10 snapshots, and the
number of snapshots per period increases with reducing Reynolds num-
ber. The whole data matrix accounts for 432000 PIV images, that have
been used to construct a unique snapshot matrix containing information
on the effects due to the flow parameter variation on both the statistical
and dynamic response of short and long laminar separation bubbles. It
is important to note that the real rank of the dataset snapshot matrix
used for the POD analysis described in the following is also influenced
by the sampling parameters adopted. The frequency resolution may
introduce an ’’oversampling’’ factor by an order of 10 for the lowest
Reynolds number conditions. Hence, it has been estimated that the real
rank of the matrix is about 1 orders of magnitude smaller that the
geometrical one (around 1500).

3. Data post processing techniques in high performance comput-
ing environment

Thanks to its ability to condense data variance, POD (Lumley,
1970, Berkooz et al., 1993) has been adopted to provide a low-order
representation of changes in the time-mean flow structure and vortex
shedding characteristics of a LSB. Due to the large data matrix analyzed
in this work, the POD algorithm has been implemented in a parallelized
version to take advantage of HPC framework, see e.g., Bi and Ono
(2013), Akhtar et al. (2010) and Sayadi and Schmid (2016). The present
database has been managed in Galileo100, the new High Performance
Computer of CINECA. The currently employed decomposition pipeline
is schematically summarized in Fig. 2 and it comprises the following
listed steps:

(a) PIV snapshots containing streamwise (𝑢) and wall-normal (𝑣) ve-
locity components have been arranged in column vectors sizing
58944 = 614 × 48 × 2.

(b) Sub-matrices (𝐴𝑖) are formed containing all 6000 snapshots and
eight Reynolds numbers for the 𝑖th combination of 𝐹 𝑆 𝑇 𝐼 and
𝐴𝑃 𝐺. Matrices 𝐴1-𝐴9 have been filled accordingly, with the size
of each being 58944 × 48000. Here 58944 is the number of
measuring points for the two velocity components, while 48000
is the number of snapshots for fixed 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺. Eight
processor cores have been used in parallel to build the matrices
𝐴1-𝐴9, while an additional core has been used to generate the
whole data matrix 𝐴.
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Fig. 2. Schematic visualization of the generation of the PIV snapshot matrix (figure 2.a) and Lumley’s POD algorithm (figure 2.b).
(c) Since each snapshot (i.e. each column vector of the 𝐴 matrix)
is characterized by different variance, a suitable normalization
has been applied to make all snapshots comparable in terms of
their energy content, e.g., (Fogleman et al., 2004; Voisine et al.,
2011; Dellacasagrande et al., 2021). This was also necessary to
limit the effects of having larger portions of the field of view
being characterized by strong fluctuations for the long bubble
cases compared to the short ones.

(d) The mean of the entire database (the average of the time-means
of each flow condition) has been removed. With such kind of
data centering, the first modes will be shown to represent the
variation of the time-mean statistical properties characterizing
each subset of data with respect to the overall one.

(e) The original Lumley’s POD formulation has been applied with
the aim of calculating a computationally more convenient co-
variance matrix 𝐶 = 𝐴𝐴𝑇 of dimensions 58944 × 58944. In
HPC environment, the covariance matrix has been computed
as the sum of the correlation between each sub-matrix 𝐴𝑖 as
𝐶 =

∑9
𝑖=1 𝐴𝑖𝐴𝑇

𝑖 . POD modes (𝛷) and eigenvalues (𝛬) has been
obtained from the eigen-solution of 𝐶.

(f) POD coefficients 𝛹 have been computed by projection as 𝛹 =
𝐴𝑇𝛷. In HPC environment, POD coefficient matrices (𝛹1 to 𝛹9
in Fig. 2) can be calculated in parallel as the projection of each
set of conditions (𝐴1 to 𝐴9) on the corresponding POD modes,
i.e. 𝛹𝑖 = 𝐴𝑇

𝑖 𝛷. Accordingly, POD coefficients can be fragmented
in sub-distributions 𝛹𝑖 describing the temporal evolution of the
corresponding mode for the eight different flow Reynolds num-
ber embedded in each sub-matrix 𝐴𝑖. The other partitions of the
POD coefficient instead trace the effect due to 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺
variation.

With the aim of providing a rationale for the interpretation of the POD
coefficients provided in this work, Fig. 3 shows POD coefficient 1 with
its sub-components (𝛹𝑖) highlighted. It is shown that the coefficients ob-
tained by the present POD algorithm retain both the temporal dynamics
of the corresponding modes as well as their changes due to 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼
and 𝐴𝑃 𝐺 variation. More specifically, the first 6000 elements of the
coefficient shown in Fig. 3 provide the mode dynamics at fixed 𝑅𝑒𝐿,
𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺. This and the successive 7 blocks of 6000 elements
each describe the effects of changing the Reynolds number, while the
additional elements capture all the possible combinations of free-stream
turbulence intensity and pressure gradient.

Due to the large size of the mixed POD coefficient matrix, the time-
averaged, root mean square values and frequency spectra of the POD
4 
coefficients of each case have been computed to further reduce the
data. The resulting condensed representations of the mixed coefficients
and their leading frequencies will be shown to retain the effects due
to the flow parameter variation on the modes and, consequently, on
the statistical and dynamic properties of a laminar separation bubble.
Modes describing the time-mean response of the separated shear layer
and those capturing the modification of the vortex shedding charac-
teristics will be identified based on the frequency spectrum of the
corresponding POD coefficients to provide reduced order models of the
flow. The peak frequency contained in the vortex shedding mode of
the different conditions has also been converted in Strouhal number
and then compared with available literature data.

4. Results

4.1. LSB topology and dynamics in the physical space

Fig. 4 reports contour plots of the time-average streamwise velocity
fields (𝑢̄), scaled by its free-stream value at the measuring domain
inlet (𝑈𝑒). The effect of varying 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 on the time-
mean structure of a LSB is shown. The top plots refer to the case at
𝐴𝑃=−0.41 and 𝐹 𝑆 𝑇 𝐼=3.5%. This combination of pressure gradient
and free-stream turbulence is taken hereafter as reference. Boundary
layer separation was seen to vary from about 𝑥∕𝐿=0.42 to 𝑥∕𝐿=0.46
as the Reynolds number increases. Earlier reattachment occurs while
switching from the lowest to the highest Reynolds numbers, and the
separated flow region shrinks following the expected reduction of the
bubble size (Dellacasagrande et al., 2020). It is mentioned here that
both short and long bubble states occurred when changing the Reynolds
number, as discussed in the previous authors’ work (Dellacasagrande
et al., 2023, 2024). The first plot shown in Fig. 4 (𝑅𝑒𝐿=17500, i.d.,
𝑈∞,0=0.9 m/s) depicts a long laminar separation bubble, whereas short
ones are observed at 𝑅𝑒𝐿=29500 (i.d., 𝑈∞,0=1.5 m/s), 𝑅𝑒𝐿=38500
(i.d., 𝑈∞,0=1.9 m/s) and 𝑅𝑒𝐿=55000 (i.d., 𝑈∞,0=2.8 m/s). Then, the
bursting process occurs for an intermediate value in the 𝑅𝑒𝐿 range
17500–29500.

The center plots of Fig. 4 show LSBs for similar Reynolds numbers
but at lower 𝐹 𝑆 𝑇 𝐼 . At lower free-stream turbulence the enlargement
of the laminar separation bubble is observed (Istvan et al., 2018).
According to previous studies (Simoni et al., 2017), the increase of
the size of the LSB is due to the lower disturbance levels within the
separated shear layer rather than to modification in the boundary
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Fig. 3. Schematic visualization of the first POD coefficient and its sub-components.
layer stability characteristics. For the smallest 𝑅𝑒𝐿 the bubble becomes
remarkably thicker with the shear layer moving far from the plate
surface. As further discussed in the following, marked low-frequency
shear layer fluctuations have been also observed for this kind of flow
conditions (Eljack et al., 2021).

When reducing the adverse pressure gradient (bottom plots, 𝐴𝑃=
−0.27) the occurrence of thinner but slightly longer bubbles has been
detected. This increase in the bubble length is due to the larger BL
momentum thickness at the separation position altering the stability
characteristics of the separated shear layer (Curle and Skan, 1957).
Results shown in Fig. 4 provide an overall view of the statistical
response of a LSB to the flow parameter variation that will be captured
by the decomposition pipeline described in Section 3.

With the aim of discussing the main structures driving the transition
process of the separated shear layer in case of both short and long LSB
type, PIV snapshot sequences are shown in Fig. 5 for the lowest and
the highest Reynolds numbers at 𝐴𝑃=−0.41 and 𝐹 𝑆 𝑇 𝐼 = 3.5%. As
above mentioned, these flow cases refer to a long and a short bubble
state, respectively (Dellacasagrande et al., 2023). Contour lines of the
time-mean streamwise velocity are also superimposed to the plots to
highlight the average structure of the laminar separation bubbles. For
the case 𝑅𝑒𝐿 = 17500 (top plots), velocity fluctuations are seen to
grow in the separated shear layer up to the maximum displacement of
the laminar separation bubble. Near this position, large scale vortical
structures are formed (see the blue circles in the figure). The first
snapshot shows a large scale structure in the region of maximum
shear at about 𝑥∕𝐿=0.82. The intensity of such spanwise vortex is
seen to grow at almost fixed position in the following frame and it
successively breaks down giving origin to a couple of smaller vortices,
which are confined in the dead air region (they occur below the iso-
velocity line at 𝑢̄∕𝑈𝑒=0). Similar observation were made in previous
literature works concerning with disturbance growth in short and long
laminar separation bubbles, e.g., Sengupta et al. (2019), Rodríguez
et al. (2021), Jaroslawski et al. (2023).

A different scenario can be observed at the highest Reynolds number
(𝑅𝑒𝐿=55000 bottom plots of Fig. 5), for which a short LSB has been
found to occur. Counter rotating vortices are seen to form near the
bubble maximum displacement position as a consequence of the invis-
cid Kelvin–Helmholtz instability, e.g., Hosseinverdi and Fasel (2019),
Toppings and Yarusevych (2022). These vortices evidently grow in
the streamwise direction (see the blue arrows in the plots) and then
break down into finer scale structures. A convective type instability is
expected to characterize the formation and growth of such spanwise
5 
structures in the short bubble configuration. Vortices growing in time
within the recirculating flow region were not observed for the high
Reynolds number cases. The same change in the dynamics leading to
the shear layer transition has been observed for the other combinations
of 𝐴𝑃 𝐺 and 𝐹 𝑆 𝑇 𝐼 when varying the Reynolds number. Since the
currently adopted 𝐹 𝑆 𝑇 𝐼 levels may lead to the formation of streaks
in the separated shear layer (Verdoya et al., 2021), the streamwise
distribution of the root mean square of wall-normal fluctuations, whose
behavior is affected by the onset of K-H instability (Istvan and Yaru-
sevych, 2018), has been analyzed for the reference conditions. The left
plot of Fig. 6 shows that a quasi-exponential trend (see the straight lines
in the semi-logarithmic plot), which is typical of Kelvin–Helmholtz like
type instability, is observed near the bubble maximum height. The right
plot of Fig. 6 shows the frequency spectra of the wall-normal velocity,
computed at the position of maximum root-mean-square value for the
reference cases. The frequency spectra clearly show bumps, especially
in the highest Reynolds number cases, which can be related to the
typical vortex shedding frequencies driven by the K-H convective type
of instability (Singh, 2019).

4.2. Inspection of dataset energy rank

To investigate the possibility of capturing the response of a LSB
to 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 variation within a reduced low-dimensional
state-space, the snapshot matrix containing all the acquired data se-
quences has been post-processed by means of the Proper Orthogonal
Decomposition, as mentioned in Section 3. Since POD is an energy-
ranked decomposition technique (Berkooz et al., 1993), it is assumed
as the most suitable one for the reduction of the present dataset. Fig. 7
depicts the cumulative distribution of the first 1000 POD eigenvalues.
It has to be noted that the first 7 leading modes (whose interpretation
will be provided in the following) accounts for 80% of the variance of
the entire database, while only 200 modes out of the snapshot matrix
real rank (hence, about 15% of modes) are needed to reconstruct the
original flow field with a truncation error of about 1%. It is mentioned
that the truncation error estimated by the cumulative distribution of
the POD eigenvalues refers to the overall flow cases, while the error
associated with each flow configuration may vary for the different
combinations of the flow parameters. This means that the same subset
of mode (either 7 or 200 according to the 𝜆 distribution) can better
reconstruct one particular flow condition with respect to another. In
order to better specify the reconstruction error for each flow case, the
energy of the original vector field (𝐸) and the energy of the low rank
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Fig. 4. Contour plots of the normalized time-average streamwise velocity 𝑢̄∕𝑈𝑒 for variable Reynolds number: (top) 𝐴𝑃 = −0.41 and 𝐹 𝑆 𝑇 𝐼 = 3.5%, (center) 𝐴𝑃 = −0.41 and
𝐹 𝑆 𝑇 𝐼 = 1.5%, (bottom) 𝐴𝑃 = −0.27 and 𝐹 𝑆 𝑇 𝐼 = 3.5%.
Table 2
200 POD modes truncation error for the cases reported in Fig. 4.
𝐴𝑃 = −0.41 𝐴𝑃 = −0.41 𝐴𝑃 = −0.27
𝐹 𝑆 𝑇 𝐼 = 3.5% 𝐹 𝑆 𝑇 𝐼 = 1.5% 𝐹 𝑆 𝑇 𝐼 = 3.5%
𝑅𝑒𝐿[ ] 𝑒𝑟𝑟[%] 𝑅𝑒𝐿 𝑒𝑟𝑟[%] 𝑅𝑒𝐿[ ] 𝑒𝑟𝑟[%]

17500 0.53 18 000 0.96 17 500 1.22
29500 0.99 30 500 1.45 29 500 1.37
38500 1.56 39 000 1.89 38 500 1.52
55000 2.97 54 500 2.80 55 000 2.14

reconstruction obtained with 200 modes (𝐸𝑛) have been compared to
define the metric error as 𝑒𝑟𝑟 = 𝐸−𝐸𝑛

𝐸
, where ∗ indicates both temporal

and spatial average. Table 2 reports the reconstruction errors of low-
rank models based on the first 200 POD modes for the same flow cases
shown in Fig. 4.

The truncation error is poorly influenced by the variation of the
𝐹 𝑆 𝑇 𝐼 and it is slightly more sensitive to changes in the pressure
gradient. The error distribution is primarily influenced by the Reynolds

number, increasing as the Reynolds number increases. This confirms

6 
that the spatial extent is sufficiently large to correctly represent the
long bubble cases (low Reynolds number). On the other hand, as the
Reynolds number increases, a wider range of scale is expected to occur
within the flow and the smallest observable ones will reduce (see
e.g., Fig. 4). Accordingly, a larger number of modes is necessary for an
accurate reconstruction of the flow field. Similarly, varying 𝑅𝑒𝐿 and
also 𝐴𝑃 𝐺 leads to a marked change in the LSB position and extension,
thus requiring an enriched subset of modes for the proper localization
of the bubble and the vortex shedding process. Nevertheless, the trun-
cation error remains lower than 3% for the case 𝐴𝑃 = −0.41, 𝐹 𝑆 𝑇 𝐼 =
3.5% and 𝑅𝑒𝐿 = 55000 (highest 𝑅𝑒𝐿 and 𝐴𝑃 ). The inherent optimality of
the POD procedure together with the currently adopted normalization
of the data (see Section 3) allow the considerable reduction of the state
space dimensions on which the response of a LSB is seen to evolve.

4.3. POD modes and coefficients

This section discusses the first seven POD modes and coefficients,
which have been found to capture the LSB response to the inlet flow

parameters. Low-rank representations of the flow field embedding the
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Fig. 5. Vector maps of the instantaneous fluctuating velocity for 𝐴𝑃 = −0.41 and 𝐹 𝑆 𝑇 𝐼=3.5%: (top) 𝑅𝑒𝐿=17500 and (bottom) 𝑅𝑒𝐿 = 55000. Iso-contour lines of 𝑢̄∕𝑈𝑒=0, 0.5 and
0.9 are shown.
Fig. 6. Streamwise growth of wall-normal fluctuations 𝑣𝑟𝑚𝑠∕𝑈𝑒 (on the left) and frequency spectra of the velocity 𝑣-component at the maximum rms position (on the right).
change in the time-mean bubble structure and dynamics have been
obtained with this sub-set of modes out of the overall ones. Based on the
frequency content of POD coefficients, the first three modes have been
recognized as representative of the time-mean response of the bubble
and low-frequency shear layer fluctuations, whereas modes from four
to seven capture the response of the shedding process to the variation
of 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺.

4.3.1. Mean flow response to flow parameters variation and shear layer
fluctuations: modes 1–3

Fig. 8 depicts the streamwise component (𝜙𝑢) of the first three
POD modes, while Fig. 9 reports sub-sequences of POD coefficient
1 corresponding to four combinations of 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺. The
corresponding frequency spectra are also shown. The second and third
7 
POD coefficients retained similar dynamics as for the first one, thus
they are not shown here for brevity. Modes 1–3 presented in Fig. 8 show
elongated patterns within the separated shear layer. The combination of
these modes, once multiplied by the corresponding coefficients, mostly
provides the modification of the time-mean structure of the bubble
depending on 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺. Limited temporal fluctuations of
the sub-components of coefficient 1 are indeed observed in Fig. 9,
which were linked to low frequency motions of the bubble. Among
the four cases reported here, the low 𝑅𝑒𝐿 ones (blue and orange
curves) show positive sign of the first coefficient, thus, once combined
with mode 1 (first plot of Fig. 8) they provide the enlargement of
the recirculating flow region compared to the averaged distribution
of the dataset. Contrarily, the reduction of the reversed flow region is
provided for the high 𝑅𝑒 cases. The role of mode 1 in the definition
𝐿
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Fig. 7. Normalized cumulative plot of first 1000 POD eigenvalues. Blue and red marks
highlight the energy of partial reconstructions based on 7 and 200 modes, respectively.
(For interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.)

of the time-mean bubble shape is highlighted also by the frequency
spectra reported in Fig. 9 (right plot). The frequency spectrum rapidly
drops to zero without showing any deterministic peak typical of the
shedding modes, e.g., Simoni et al. (2017). The low-frequency content
of the POD coefficients confirms that the modes analyzed here mostly
capture the mean flow response as well as low frequency deformation
of the LSBs. Low frequency motions become more prominent at low
Reynolds number for which higher energy content is observed below
10 Hz. LSBs at low Reynolds number have been found to be more prone
to breath and flapping motions than at higher 𝑅𝑒𝐿, showing large scale
shear layer fluctuations (see Fig. 5). Modes 2 and 3 have been found to
also adjust the bubble shape in streamwise (mode 2) and wall-normal
(mode 3) direction. Both these modes show indeed region of opposite
sign in the fore and rear parts of the bubble. Low-rank reconstructions
of the original database presented in the following will be shown to
capture all the aforementioned modification of the LSB due to changes
in the external flow parameters.

4.3.2. Dynamic response of a LSB to flow parameters variation: modes 4–7
Fig. 10 shows the contour plots of the streamwise component of

modes 4–7. Sub-components of the fourth POD coefficient showing
the same cases reported in Fig. 9 are depicted in Fig. 11 together
with their corresponding frequency spectra. Coefficients from 5 to 7
have similar dynamical content, thus they are not shown here for
brevity. Modes 4–5 and 6–7 present regions of opposite sign of the
same size alternating in the streamwise direction, but shifted of 1∕4 of
the observable wavelength. This is the typical pattern of K-H related
modes (Lengani et al., 2014; Dellacasagrande et al., 2020). Modes
4–5 therefore provide the statistical representation of the dominant
K-H wavelength among the overall flow cases, whereas modes 6–7
provide its second harmonic. Due to the unsteady nature of K-H related
modes, the time-variance of POD coefficient 4 is remarkably increased
8 
compared to coefficient 1, capturing the quasi-periodic fluctuations
carried by spanwise rollers (the rms of POD coefficients will be reported
in Section 4.5). Long LSB (developing at low 𝑅𝑒𝐿) are characterized
by the occurrence of large scale vortical structures and shear layer
motions, provoking enhanced fluctuations near the reattaching region.
Accordingly, the POD coefficient for the low 𝑅𝑒𝐿 cases exhibit larger
oscillations than at higher Reynolds number, for which short LSBs oc-
cur. The Fourier transform of the sub-sequences of the POD coefficient
(right plot of Fig. 11) shows high energy in the low frequency range
at low 𝑅𝑒𝐿, as in Fig. 8. However, all spectra show localized bumps,
which are associated to the quasi-periodic K-H spanwise vortices. The
increment of the K-H central frequency with Reynolds number follows
the modification of the BL structure at the separation position, see
e.g., Simoni et al. (2017) Hosseinverdi and Fasel (2019), Verdoya
et al. (2021). Changing the 𝐹 𝑆 𝑇 𝐼 and the 𝐴𝑃 𝐺 has instead smaller
effects in this sense (Boutilier and Yarusevych, 2012). For all cases, the
characteristic frequencies highlighted by the K-H related coefficients
fall within the typical range 0.6 − 0.7𝑈𝑒∕𝑙, based on the free-stream
velocity 𝑈𝑒 and mean bubble length 𝑙 highlighted in the literature
(see for instance Kiya and Sasaki (1983) and Cherry et al. (1984)).
The corresponding Strouhal number 𝑆 𝑡𝜃 ,𝑠, based on the momentum
thickness 𝜃𝑠 and the free-stream flow velocity at the separation position
𝑈𝑠 ranges from 0.003 to 0.01, and it increases with the flow Reynolds
number according to Samson and Sarkar (2016), Ripley and Pauley
(1993), Talan and Hourmouziadis (2002), McAuliffe and Yaras (2008),
and Singh (2019). The same modification of the shedding process
characteristics due to 𝑅𝑒𝐿 variation has been observed for all cases
embedded within the present database. This further highlights how
the statistical and also dynamic response of a LSB to changes in the
influencing parameters can be described in a reduced order state space,
whose dimensions are much smaller than the size of the original
database.

4.4. Low-order reconstructions of the flow field based on mode clustering

This section presents low-order reconstructions of both short and
long laminar separation bubbles based on the mode sub-sets described
in Section 4.3. The aim is to highlight their capability in capturing the
main dynamics embedded within the flow for different bubble states
and flow configurations. Fig. 12 compares three snapshots and the
related vorticity contours acquired at 𝑅𝑒𝐿 = 17500, 𝐹 𝑆 𝑇 𝐼=3.5% and
𝐴𝑃=−0.41 with their low-rank counterparts obtained with mode sub-
sets 1–3, 1–7 and 1–200. They are shown in the first, second, third
and fourth plot sequences, respectively. Similarly, Fig. 13 shows low
rank representations of the flow case at 𝑅𝑒𝐿 = 55000, 𝐹 𝑆 𝑇 𝐼=3.5% and
𝐴𝑃=−0.41. The original and reconstructed vorticity contour plots are
compared to show the ability of the different reduced order models to
reconstruct the vorticity nuclei for different Reynolds number. More-
over, the time-mean structure of the LSB, as provided by each mode
subset, is highlighted for both cases by means of iso-contour lines of
the streamwise velocity.
Fig. 8. Contour plots of the streamwise component of the POD modes 𝜙𝑢 from 1 to 3. Velocity contour lines of the mean bubble of the entire database equal to 𝑢̄∕𝑈𝑒=0, 0.5 and
0.9 are over-plotted.
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Fig. 9. The time trace (left) and the corresponding frequency spectrum (right) of temporal coefficient of mode 1 for different flow cases.
Fig. 10. Contour plots of the streamwise component of the POD modes 𝜙𝑢 from 4 to 7. Velocity contour lines of the mean bubble of the entire database equal to 𝑢̄∕𝑈𝑒=0, 0.5
and 0.9 are over-plotted.
Fig. 11. The time trace (left) and the corresponding frequency spectrum (right) of temporal coefficient of mode 4 for different flow cases.
The second PIV sequence shown in Figs. 12–13 (modes 1–3) high-
light the role of the first three POD modes in defining the time-mean
structure of a LSB. Indeed, the original and reconstructed iso-contour
lines of the 𝑢 velocity present no appreciable differences. The PIV
9 
snapshots show substantially the same spatial distribution over time
(the frequency content in these snapshots is almost null). Also, it has
to be noted that modes 1–3 already provide the statistical response
of the bubble when varying the flow parameters, with the bubble
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Fig. 12. Comparison of original PIV vector maps and vorticity contours with low-rank reconstructions obtained with modes 1–3, 1–7 and 1–200. The flow case 𝑅𝑒𝐿 = 17500,
𝐴𝑃 = −0.41 and 𝐹 𝑆 𝑇 𝐼 = 3.5% is reported. Iso-contour lines of time-mean velocity equal to 𝑢̄∕𝑈𝑒=0, 0.5 and 0.9 are shown.
size significantly reducing between Figs. 12 and 13. Considering the
contribution of modes 4–7 to the reconstruction of the flow, it allows
capturing the spanwise vortices forming near the bubble maximum
displacement position. The adjustment of their scale and location ac-
cording to the variation of the flow parameter is provided. At low 𝑅𝑒𝐿,
a large scale coherent vortical structure with low convective speed is
observed. Differently, sequences of counter rotating vortices moving at
much higher speed are observed at high 𝑅𝑒𝐿, being indicative of K-H
convective rolls, as discussed in Section 4.1. Modes 1–7 are therefore
sufficient to capture the notable change in the time-mean and dynamic
properties of a laminar separation bubble (LSB) in response to the vari-
ation of flow parameters, as confirmed by the analysis of the Strouhal
number (𝑆 𝑡) reported in the previous section. The large-scale vortices
captured by these modes accurately represent the position and size of
the vorticity nuclei in the long bubble (low 𝑅𝑒𝐿) case. For the high 𝑅𝑒𝐿
case, the reconstruction provided by modes 1–7 mainly highlights the
same scales and frequencies as the original field, even though vorticity
nuclei due to finer scale structures cannot be observed in this low-order
reconstruction. Hence, for higher Reynolds numbers, a larger number of
modes is required to properly track the vorticity nuclei. As the number
10 
of modes is increased (up to 200 modes), finer scale structures are
captured by the low-rank representations of the velocity and vorticity
fields, as shown in Figs. 12 and 13. This provides a more accurate
reproduction of the dominant wavelength embedded in the original
vorticity plots, ensuring that even the small-scale vorticity nuclei are
properly tracked under both low and high Reynolds number conditions.
Hence, they are much closer to the original flow fields, according to
the truncation errors reported in Table 2. Data presented here shows
that even if 200 modes are required to obtain an highly accurate
representation of the flow, the first 7 POD modes alone already allow
the description of the modification of the time-mean flow structure, the
bubble state, and the largest shear layer dynamics.

4.5. Compressed representation of response of LSBs to flow parameters
variation

Data reported in the previous sections has shown the capability of
the present data-driven low-order state-space in capturing the time-
averaged and dynamic response of a LSB to the variation of the main
influencing parameters. With the aim of giving evidence of the low
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Fig. 13. Comparison of original PIV vector maps and vorticity contours with low-rank reconstructions obtained with modes 1–3, 1–7 and 1–200. The flow case 𝑅𝑒𝐿 = 55000,
𝐴𝑃 = −0.41 and 𝐹 𝑆 𝑇 𝐼 = 3.5% is reported. Iso-contour lines of time-mean velocity equal to 𝑢̄∕𝑈𝑒=0, 0.5 and 0.9 are shown.
Fig. 14. 3D plot of POD coefficients 1, 4 and 6. The same cases reported in Fig. 4 are shown.
data dispersion in the present POD sub-space, Fig. 14 shows 3D plots
of coefficients 1, 4 and 6. The left plot reports three sub-components of
the POD coefficients at fixed 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 for all Reynolds numbers.
The right plot highlights the Reynolds number variation in the present
11 
POD space for the case 𝐹 𝑆 𝑇 𝐼=3.5% and 𝐴𝑃=−0.41. Based on what has
been discussed in Section 4.3, these POD coefficients retain information
about changes in the time-mean bubble shape and in central frequency
of the vortex shedding process. Each point in the plot is representative
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Fig. 15. Condensed representation of POD coefficient 1. The time-mean value and the peak frequency of each flow-case-related time trace are reported in the left and the right
plots, respectively.
Fig. 16. Condensed representation of POD coefficient 4. The rms value and the peak frequency of each flow-case-related time trace are reported in the left and the right plots,
respectively.
of the instantaneous bubble state defined by a set of flow parameters.
It has to be noted that the LSBs evolve in a confined region of the
present state-space for different combinations of 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 when
varying the Reynolds number. The present results confirm the low
dimensionality of the statistical and dynamic response of both short and
long bubbles. Accordingly, separated flows evolving under different
flow conditions appear to share similarities in the modification of the
shape and position of the recirculating flow region as well as in the
modification of the shedding process.

Due to the large dimension of the POD coefficients, that depend
on both time and flow parameters, their compressed representation in
terms of conditional mean value and rms are provided for different
values of 𝑅𝑒𝐿, 𝐹 𝑆 𝑇 𝐼 and 𝐴𝑃 𝐺 (the same flow cases reported in
Fig. 4 are discussed). The time-mean values of coefficient 1 computed
independently for each sub-sequence referring to a specific flow con-
figuration are reported in Fig. 15 together with the associated peak
frequency value. This latter is close to zero since these modes retain the
deformation of the time-mean bubble shape, as previously discussed.
Data are shown against 𝑅𝑒𝐿 for different values of inlet turbulence
and pressure gradient. The distribution of the conditional mean values
provide evidence of the capability of the present reduced POD space in
capturing the expected response of a LSB in a statistical sense. The av-
erage bubble size reduces indeed when increasing the Reynolds number
as well as the free-stream turbulence (Boutilier and Yarusevych, 2012;
Toppings and Yarusevych, 2022). The adverse pressure gradient is seen
to have lower effects in this sense. However, modes 1 to 3 should be
considered to capture the overall time-mean response of the bubble to
the flow parameters variation.

Fig. 16 shows the rms of sub-sequences of POD coefficient 4 for
the same cases discussed in Fig. 15. The rms is shown here instead of
the mean value to better characterize the unsteadiness of K-H related
modes. The energy of fluctuations captured by mode 4 is highly sen-
sitive to the Reynolds number. This latter has been shown to be the
parameter having the major role in defining the bubble state and the
modification of the dynamic properties of a LSB (Dellacasagrande et al.,
2023; Toppings and Yarusevych, 2023). The central frequency of the
12 
spanwise vortices shed by the laminar separation bubble, as provided
by coefficient 4, also strongly depends on this parameter, i.e. the higher
𝑅𝑒𝐿 the higher the frequency peak (Boutilier and Yarusevych, 2012).
Coefficient 5 has been found to still capture the response of the first har-
monic of dominant spanwise rolls to changes in the flow characteristics,
while coefficients 6–7 retained the second order one, with this latter
showing the same trends as those highlighted here. This compressed
representations of the mixed POD coefficients summarize the behavior
of the two set of modes here considered, which act properly scaling
the time-mean structure of the bubble and the intensity and dynamic
content of the dominant shedding vortices. In this sense, an even more
sparse representation of the time-mean response of the bubble can be
obtained from the present database combining the mean value of coef-
ficient 1 for each flow case with its corresponding mode. Similarly, the
rms and peak frequency of different segments of coefficient 4 already
provide the underlying periodic fluctuation that better approximate the
central frequency of the spanwise shedding rolls. The present results
shows that a low-dimensional response of a LSB there exist regardless
of the wide range of flow parameters here considered.

5. Conclusions

The present research work discusses the response of a flat plate lam-
inar separation bubble to the variation of the flow Reynolds number,
free-stream turbulence intensity and pressure gradient reproducing the
typical conditions encountered in internal aerodynamic applications,
characterized by quite high 𝐹 𝑆 𝑇 𝐼 level. Depending on the combination
of the flow parameters, short and long laminar separation bubbles have
been observed.

The computation of a parallelized version of the POD algorithm
in HPC environment has allowed us to inspect similarities in the
behavior of a separation bubble evolving under widely different flow
conditions. POD modes have been computed from a unique snapshot
matrix embedding all the 432000 flow records, even thought the real
rank of the snapshot matrix could be an order of magnitude smaller.
The POD coefficients therefore incorporates the time variance of the
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bubble state as well as its dependence on the Reynolds number, the
ree-stream turbulence and the pressure gradient. This novel approach
llowed us to inspect the existence of a proper state-space capturing
he general response of a laminar separation bubble in terms of both
tatistics and dynamics.

The first 3 leading modes retained the time-mean response of the
eparated shear layer due to the variation of the influencing parame-
ers. Instead, modes 4–7 captured the statistical response of the domi-
ant shedding frequency and its second harmonic. The Strouhal number
omputed by the peak frequency provided by the Fourier transform
f the leading shedding mode well relies within the range typically
bserved in the literature. For the low Reynolds number case, these
even modes offer a good reconstruction of the vorticity nuclei induced
y the largest scale structures. However, for higher Reynolds numbers,
 larger number of modes is required to accurately track the vorticity
uclei. Specifically, 200 modes are necessary to properly reconstruct
he dominant wavelength embedded in the original vorticity plots.
nder these conditions, both small- and large-scale vorticity nuclei
re well represented across low and high Reynolds number cases.
OD coefficients provide indeed the time- and flow-case-dependent
eights for the corresponding modes to adjust the bubble state and
ynamics. In conclusion, the present work points out the existence of
 low-dimensional response (both statistical and dynamic) of a laminar
eparation bubble to the variation of the most influencing parameters.
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