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Abstract

This study examines the shear layer instability of a laminar separation bubble (LSB) under varying flow
conditions using Dynamic Mode Decomposition (DMD). The analysis decomposes the flow into DMD
modes, revealing frequencies and growth rates associated with shear layer disturbances that lead to ener-
getic vortex shedding. The investigation focuses on changes in the stability of the separated boundary layer
(BL) at different Reynolds numbers, ranging from 10,000 to 65,000. The data, obtained from Particle Image
Velocimetry (PIV) measurements in a controlled wind tunnel environment, highlight the onset and evolution
of shear layer instabilities characterized by variations in wavelength and frequency. The results demonstrate
that DMD provides a detailed characterization of the spatial and temporal growth of disturbances, offering
insight into the transition from stable to unstable states in LSBs as external flow conditions change.
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1. Introduction

Boundary layer (BL) separation can occur in the presence of an adverse pressure gradient (A PG), mod-
erate Reynolds numbers (Re), and low free-stream turbulence levels (7'w). The detachment of the boundary
layer from a solid surface can occur for both continuous and fixed pressure gradients [|15]|14]], high positive
incidence angles [25]], or geometric discontinuities [9]. When the shear layer transitions to turbulence and
reattaches to the wall, a laminar separation bubble (LSB) forms, characterized by a region of reversed flow
near the wall [26]. The transition of an LSB is typically driven by the inviscid Kelvin-Helmholtz (K-H) in-
stability [[11]]. The growth of fluctuations leads to shear layer roll-up and the formation of spanwise vortices,
causing momentum transfer towards the wall [[20]] and high turbulence production [24]. The main parameters
affecting both the statistics and the dynamics of an LSB are the Reynolds number, the free-stream turbulence
intensity, and the pressure gradient [7]. Reynolds number and turbulence level variations can cause marked
changes in the LSB dimensions, causing significant modifications in the surface pressure distribution, even
upstream of the separation position[|19, [28], [10]. Depending on the turbulence level and Reynolds number,
streaky structures (typical of bypass transition) may propagate within the separated shear layer without nec-
essarily suppressing the LSB [17, 24]. K-H rolls may be perturbed by these elongated structures, which
accelerate their disruption [24]]. Studies, such as [29]] and [[12]], have explored the response of LSBs to vary-
ing Reynolds numbers and free-stream turbulence, revealing that streaks can induce three-dimensional shear
layer roll-up.

The stability of LSBs has been widely studied using linear stability theory (LST) [22} |13 8} |4} |1} 27]].
LST accurately predicts unstable wavelengths characterizing K-H instability under various turbulence levels.
Data-driven techniques like Spectral Proper Orthogonal Decomposition (SPOD) and Dynamic Mode De-
composition (DMD, [23,/16]]) have also been employed to identify unstable boundary layer modes from ex-
perimental and numerical data [[18}|31},/30,/33,|21}|32]. For instance, [31]] used SPOD to study low-frequency
breathing motions of a turbulent separation bubble, while [32] applied DMD to high-fidelity numerical data,
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Fig. 1: Test section and PIV instrumentation layout. Only the top wall is shown, as the bottom one is set
symmetrically. Green boxes highlight the PIV measurement domain.

capturing both low- and high-frequency modes. Recent modifications in DMD procedures have enabled the
characterization of transient behaviors in LSBs [30]].

This work investigates the shear layer instability of a flat plate laminar separation bubble by means of the
application of a DMD based procedure on Particle Image Velocimetry (PIV) data. DMD decomposes the
flow into modes with corresponding frequencies and growth rates, illustrating how shear layer disturbances
evolve spatially during a transient process, leading to the formation of Kelvin-Helmholtz vortices. Spatial
DMD was applied under two different conditions — representative of a long and a short bubble state —
both characterized by the same adverse pressure gradient and free-stream turbulence intensity, to examine
changes in shear layer stability with varying Reynolds numbers.

2. Experimental setup

The data used in this study comes from an extensive experimental database of flat plate laminar separation
bubbles, covering both short and long types, across 72 combinations of flow conditions (Re, APG and Tw).
Experiments were conducted in a low-speed, open-loop wind tunnel at the Aerodynamic and Turbomachinery
Laboratory of the University of Genova. Measurements of 2D flow velocity fields were obtained in the
mid-span section of the plate using a Particle Image Velocimetry (PIV) instrumentation (see Fig. [I). The
measuring domain spanned from approximately /L = 0.2 to z/L = 1 streamwise and y/L = 0.07 normal
to the wall directions, respectively (L=300 mm is the plate length). Velocity maps were generated using a
magnification factor of 0.16 and interrogation areas of 16x16 pixels, with a 50% overlap, achieving a spatial
resolution of 0.41 mm. Data pre-processing included adaptive cross-correlation, peak validation, Gaussian
fitting for sub-pixel accuracy, and uncertainty estimation using the peak-ratio method by [5]]. For each set of
flow conditions, 6000 PIV snapshots were captured at 1 kHz to achieve convergence on the time-mean flow
field and resolve vortex shedding frequencies. The study focuses on transient LSB dynamics under two time-
varying Reynolds number conditions (Re = 17,000 and Re = 62,000) , at a fixed free-stream turbulence
intensity (T'u=3.5%) and adverse pressure gradient. The adverse pressure gradient was set using adjustable
end-walls at a 12° opening angle.

3. DMD based procedure
To define a proper state space for characterizing the statistical and dynamic response of a laminar separa-
tion bubble to changes in external flow parameters, all 72 flow cases in the original database were analyzed
using Proper Orthogonal Decomposition (POD) [2]] [3]. In this work, only the POD coeflicients correspond-
ing to the examined conditions were considered, specifically those identified as Kelvin-Helmholtz modes,
as discussed in section 4] The analysis of the acquired snapshots in the state space constituted by the POD
coeflicients describing the vortex shedding dynamics further highlighted the time-varying dynamics of the
shear layer instability process. This observation was supported by visual inspection of PIV snapshots show-
ing the evolution of the LSB over time, revealing changes in shear layer instability caused by slight variations
in free-stream velocity, leading to substantial alterations in the intensity of the vortex train developing in the
rear part of the bubble. To investigate this transient process in more detail, a spatial DMD analysis was con-
ducted for temporal and spatial sub-blocks, enabling the study of the growth rate of the Kelvin-Helmholtz
modes in both space and time. This analysis confirmed the unstable nature of the mode at instances where
marked fluctuations in the POD coefficients related to vortex shedding were observed.
Figure[2]shows a schematic representation of the spatial block-wise DMD method used in the present work.
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Fig. 2: Schematic of the spatial block-wise DMD procedure. The blue box represents a block in the stream-
wise direction and time, while red and green boxes indicate spatial and temporal shifting directions, respec-
tively.

DMD was applied from the separation position to the end of the plate surface (/L = 1). Spatial A,
and temporal A; extension of sub-blocks (see blue block in Fig. 2)) were chosen based on the characteris-
tic wavelength and frequency of the K-H modes, as provided by the POD analysis. More specifically, for
Re = 17,000, A = 0.2 s and A, = 50 mm, while for Re = 62,000, A; = 0.035 s and A, = 28 mm.
DMD modes were recorded for each spatio-temporal position. According to the current method, the complex
DMD eigenvalues ), retain the spatial growth or decay rate ( o, real part) of streamwise wavelengths (Ayave,
imaginary part) [23}|16]]. The spatial DMD algorithm was repeated spanning the domain with a spatial incre-
ment of J, equal to the spatial resolution of the PIV measurements (see red block in Fig. [2). This approach
allowed the analysis of the evolution of spatio-temporal coherent structures (represented by the DMD modes)
along the streamwise development of the LSB, by examining the evolution of the corresponding growth rates
and wavelengths along the flow direction. The DMD was also repeated by shifting the block by one snapshot
(0 = 0.001 s) along the time axis (see green block in Fig. , enabling the dynamic characterization of the
most unstable modes. The DMD modes obtained for each block were then ordered based on their character-
istic wavelength. Then, the evolution of the growth rates and wavelengths was analyzed by considering the
same mode across different blocks, ensuring a consistent dynamic mode basis for comparison. This specif-
ically allowed observation of the spatio-temporal evolution of a specific structure (described by the DMD
mode) characterized, on average, by a particular wavelength, such as that of the K-H rolls of the two analyzed
conditions.

4. Results
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Fig. 3: Velocity vector maps for Re = 17,000. Top: unperturbed shear layer at ¢ = ¢;; Bottom: strong
vortex shedding at ¢ = t5 due to increased instabilities.

Figures [3] and 4] show the vector maps of instantaneous fluctuating velocity for Re = 17,000 and Re =
62,000, respectively. Figure [3] displays a long bubble configuration, while figure 4] shows a short bubble
configuration (see [6] for further details). The top plots, labelled as ¢ = ¢1, do not show the the occurrence
of spanwise vortices in none of the cases. In contrast, the bottom plots, time ¢ = ¢35, show pronounced vortex
shedding. The transition between different vortex shedding behaviors was observed throughout the entire
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Fig. 4: Velocity vector maps for Re = 62,000. Top: unperturbed shear layer at ¢ = ¢;; Bottom: strong
vortex shedding at ¢ = 2 due to increased instabilities.
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Fig. 5: POD reduced state-space characterized by coeflicients related to K-H modes.

temporal evolution of the bubble, across all 6000 PIV snapshots. Time-marching spatial DMD analysis was
used to provide a statistical characterization of the vortex shedding variation in both space and time.

To better highlight the temporal variation of the shedding process characteristics, the acquired flow states
were examined in the POD space defined by the shedding-related coefficient x4 and x5(Fig. [5). In case of
steady shedding process, the chosen coefficients are known to lay on an accurately determined boundary of a
circle. Instead, Fig. [5|shows that the POD coefficients alternatively collapse and expand in time, suggesting
an unsteady behavior of the shedding phenomenon. Two distinct regions were identified in the present POD
space by means of a Gaussian classifier characterized by a normal distribution with variance 2% (see black
circle in Fig. [5] One region was seen to be characterized by low-frequency, low-amplitude fluctuations,
and the other one by high-frequency, high-amplitude oscillations. The first is associated to the flow patterns
observed in the time-instants labelled as ¢; in Figs. EHE The second one to time instants named as t9. The
current DMD procedure was used to provide a detailed characterization of the shear layer instability in the
different regions of the POD state space. More specifically, comparing data reported in Fig. [5|with the results
of the DMD analysis will highlight changes in the stability characteristics driving the unsteady behavior of
the shedding process.

Figure [6] presents contour plots of the growth rate o of K-H modes over time ¢ and along the streamwise
direction x/ L for the examined Re cases. A zoomed view is provided to observe the transition of the shedding
phenomenon from steady to unsteady behavior. Indeed, the change of the growth rate from negative to
positive values indicates the presence of shear layer instabilities and the formation of K-H rolls. For both the
Re cases, a clear core of disturbances, characterized by peak growth rates, develops over time along the entire
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Fig. 6: Contour plots of the growth rate related to shear layer instability: Re = 17,000 (left) and Re =
62, 000 (right).

bubble length (see black arrows in Fig. [f)). These instabilities lead to unstable Kelvin-Helmholtz modes and
energetic vortex shedding, as confirmed by the visual inspection of PIV snapshots.

To further reduce the data shown in Fig. [6] the conditional average value of the growth rate of the K-
H wavelength was computed for regions of high and low amplitude of the K-H related coefficients (Fig. [5).
Results are shown in figure[7} For Re = 17,000, the growth rate within the zone of low amplitude coefficient
(t1 zone), highlighted in Fig. [3] is generally negative, transitioning to positive values towards the rear part
of the bubble, suggesting the onset of vortex shedding around x/L = 0.7 for a long bubble. Outside of
this region (¢ zone), the growth rate remains consistently positive, indicating an unstable shear layer with
disturbances growing up to the bubble’s maximum height. At Re = 62,000, the growth rate is typically
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Fig. 7: Average growth rate and wavelength trends along the streamwise direction for Re = 17,000 (left)
and Re = 62,000 (right).

negative throughout the bubble’s development inside the ¢; region, characterized by steady behavior of the
shedding phenomenon, indicating a stable shear layer. Outside of it, the growth rate is high and positive in
the front part of the bubble, then decreases as the vortex structures break down. The shorter wavelengths for
the higher Re case reflect faster dynamics (i.e. higher growth rates) in the shorter bubble configuration. The
right plot, showing the time-average wavelength for different regions of the POD sub-space defined in Fig.

Bl shows consistency of the detected dynamics, with the same unstable wavelength highlighted for a fixed
Reynolds number.
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5. Conclusion

The present research demonstrated that shear layer instability in laminar separation bubbles can be ef-
fectively characterized using Dynamic Mode Decomposition technique. Indeed, the application of block-
wise spatial DMD allowed for the characterization of changes in the stability characteristics of the separated
boundary layer, due to variations in external flow velocity, that drive the transition of the shedding process
from steady to unsteady behavior. The temporal and spatial analysis of the growth rates associated with the
K-H modes made it possible to distinguish between time intervals where the dominant K-H modes are stable
and transient periods where disturbance growth is observed due to changes in the flow Reynolds number.
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