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QUANTITATIVE ANALYSIS OF FLUID SYSTEM – TOOLS AND APPROACHES

Peter J. Schmid1
1Department of Mechanical Engineering, King Abdullah University of Science and Technology (KAUST),
Saudi Arabia

Numerical simulations of multiphysics and multiscale fluid systems have reached an impressive level of
maturity and precision and have complemented an equally impressive development of high-resolution
experimental techniques. In light of these new capabilities, the analysis of complex fluid systems requires
a commensurate level of sophistication to detect and extract key mechanisms responsible for the bulk of
mass, momentum and energy transport. In this talk, we will introduce a set of tools that venture beyond
the common standards to model intrinsic fluid behavior and that lay the foundation for optimization,
control, and a reduced description of essential subprocesses. Both model-based and data-driven techniques
will be covered. Transfer operators [1] (see figure 1 for an example from regime-switching Rayleigh-Bénard
convection), enhanced autoencoders [2], agent-based optimization, and sequential compression schemes [3]
will be demonstrated on a range of fluid applications.

Figure 1. Flow analysis of regime-switching in Rayleigh-Bénard convection using transfer operators and
graph-clustering techniques.
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AN ACCELERATION TECHNIQUE FOR MODAL FLOW ANALYSIS

Anton Glazkov1, Bhargav Mantravadi1, Peter Schmid1
1Department of Mechanical Engineering, Division of Physical Sciences and Engineering (PSE),
King Abdullah University of Science and Technology (KAUST), Thuwal 23955, Saudi Arabia

Dynamics-rich, large-scale flows are becoming increasingly common and important in engineering and
scientific applications. This makes them prime candidates for in-depth analysis, but a key di!culty in
achieving this is that common algorithms reach the limits of their performance at scales that are a few
orders of magnitude below realistic resolutions. Despite this, these flows tend to be structure-sparse, and
so not all degrees of freedom are required to extract and reproduce all of the underlying information.
For this reason, the information contained within the flow may be considered to be compressive, and
so a strategy that is able to compress the spatial information implicitly stored within the experimental
or numerical snapshots, while minimally distorting the temporal relationships in the snapshot sequence,
would be of great practical use.
In this work [1], we borrow approaches from locality-sensitive hashing, which we apply to a random
sampling problem applied to the snapshot vectors. A rigorous mathematical foundation for this arises
from the Johnson-Lindenstrauss lemma [2], which determines a user-selectable distortion factor between
any two snapshots in a sequence in compressed space. This enforces a dynamics-preserving relationship
on the temporal trajectory in phase space, thus maintaining the temporal dynamics. Work by Ailon and
Chazelle [3] in the form of the Fast Johnson Lindenstrauss Transform is integrated into this method to
create a flexible and high-performance algorithm for a range of practical problems.
To demonstrate the utility of this technique, we present two cases. The first case is a model flow through
a linear representation of a turbomachinery compressor cascade, and the second is a Rayleigh-Bénard
convection in a spherical shell, for super-critical Rayleigh numbers. In these cases, we achieve compression
rates of over 12→, with fewer than 8% of degrees of freedom retained, while maintaining distortion factors
below 1%, and achieving speed-ups of over 15→ relative to uncompressed snapshot sequences.

Figure 1. Leading POD modes for a linear blade cascade computed with unmodified and FJLT-compressed

snapshot sequences. The resulting modes are visualised for the horizontal flow velocity component.
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A TIME-FREQUENCY MODE DECOMPOSITION FOR THE ANALYSIS OF
NON-STATIONARY SEPARATED FLOW

Himpu Marbona1, Daniel Rodŕıguez1,†, Alejandro Mart́ınez-Cava1, Eusebio Valero1
1 School of Aeronautics (ETSIAE/UPM), Universidad Politécnica de Madrid, Spain
† daniel.rodriguez@upm.es

Understanding the physical processes underlying the dynamics of the separated flow and its reattachment
is a crucial step in improving the aerodynamic e�ciency. Popular mode decomposition techniques in
fluid dynamics like POD, SPOD and DMD have demonstrated their potential in extracting large-scale
dynamic phenomena when the underlying dynamics are stationary, but are not well suited to accurately
decompose non-stationary or transient phenomena in an interpretable manner. Recently, a time-frequency
approach has been proposed to e↵ectively decompose non-stationary phenomena [1]. Variational Mode
Decomposition (VMD) decomposes dynamic signals into amplitude-modulated and frequency-modulated
modes by solving a variational optimization problem that minimizes the resulting bandwidth associated
to each signal component. Its application to non-stationary flows has demonstrated superior modelling
capabilities compared to existing methods [2]: the ability of each mode to recover dynamics contained in
bandwidths rather than discrete frequencies adapts to the nature of non-stationary dynamics better than
DMD, while the lack of imposed orthogonality in the modal spatial structures is aligned with the non-
normality of the Navier-Stokes equations. However, the method was found to be sensitive to user-defined
input parameters and small-scale noise, and does not explicitly ensure orthogonality (either temporal or
spatial) between the modes, which ultimately leads to over-segmentation: overlapping modes recovering
the same dynamics and partially cancelling each other as an unphysical destructive interference. Here
we introduce an extension to VMD which explicitly enforces temporal orthogonality between the modes,
leading to an enhanced robustness of the decomposition and avoiding over-segmentation. We apply the
new method (referred to as Orthogonalized VMD) to separated flows subjected to a temporal evolution
of the boundary conditions. The dynamics of the separated flow are then non-stationary and follow the
inflow changes, but are not necessarily synchronized to them [3]. The novel technique allows to decompose
the flow fluctuations into modes representing transient and time-localized dynamics, including the low-
frequency evolution of the underlying flow and high-frequency dynamics appearing transiently. Figure 1
illustrates a pair of non-stationary modes describing the modulation of the shear-layer vortex shedding
due to the harmonic change in inflow velocity.
Acknowledgements: This work has received funding from the European Union’s Horizon 2020 research and innova-

tion programme under the Marie Skodowska Curie grant agreement No 955923-SSECOID and by the Government of the

Community of Madrid within the multi-annual agreement with Universidad Politcnica de Madrid through the Program of

Excellence in Faculty (V-PRICIT line 3).

Figure 1. Non-stationary mode pair in transient separation over wall-bounded bump geometry due to a change
in the inflow. Left: temporal evolution of the amplitude coe�cient. Right: spanwise vorticity field.
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GRADIENT-AUGMENTED BAYESIAN SHAPE OPTIMIZATION FOR FLOW
INSTABILITY CONTROL USING LINEARIZED NAVIER-STOKES MODELS

Demange, S.1, Reumschüssel, J. M.1, Müller, J. S.1, Knechtel, S. J.1, Oberleithner, K.1
1Laboratory for Flow Instabilities and Dynamics, Technische Universität Berlin

The control of flow instabilities is a crucial aspect in many industrial applications, whether for the
reduction of drag, noise or the enhancement of mixing. However, identifying the optima of costly objective
functions, whether by simulation or experiment, is often a prohibitively expensive process. We aim to
overcome this challenge by combining physics-based models of flow instabilities, here the linearized Navier-
Stokes equations, with Bayesian optimization (BO) augmented with adjoint-based gradient information.
In this work we consider a passive control method based on the deformation of a parametrized geometry.
BO provides an optimization technique that is known to identify global minima in a sample-e!cient

manner. It builds on a probabilistic surrogate model of the objective function, which is derived from
Gaussian process regression. In the proposed framework, the model predictions are informed through
data from linearized base flow analysis. Furthermore, we leverage the adjoint operator to obtain the
gradient information of the cost function with respect to changes of the shape parameters at reasonable
computational cost [1]. By extending the BO method accordingly, we significantly accelerate the conver-
gence compared to classical BO. Therefore, the methodology (shown in fig 1a) provides a highly e!cient
tool for the reduction of flow instabilities in technical devices.
In this presentation, the approach will be illustrated for two laminar cases in order to provide a proof of

concept. The first one considers the flow around a hydrofoil similar to [2], and uses the growth rate from
linear stability analysis as an objective function to suppress the global wake mode. As shown in fig 1b,
BO with gradients (d-BO) outperforms classical BO and BFGS-B methods for this case. The second
case considers a backward-facing ramp similar to [3] and uses the leading gain from resolvent analysis to
dampen convective instabilities downstream of the ramp. Gradient-augmented BO of the ramp geometry
shows an e”ective reduction of the leading gain (see figs. 1c and 1d).

(a) Overview of the optimisation workflow.

(b) Linear stability analysis benchmark of hy-

drofoil [1].

(c) Resolvent mode shape (ûx) and ramp geometries. (d) Leading resolvent gain.

Figure 1: Illustration of methodology and preliminary results.
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REDUCED MODELING AND CONTROL OF A FLUIDIC PINBALL WAKE: AN

EXPERIMENTAL INVESTIGATION

Aditya Desai
1
, Luc Pastur

2
, Onofrio Semeraro

3
and François Lusseyran

4

1
CNRS, Laboratoire Interdisciplinaire des Sciences du Numérique (LISN), Université Paris-Saclay, Or-

say, France
2
Unité de mécanique, ENSTA-Paris, Institut Polytechnique de Paris, Palaiseau, France

Over the past ten years, the fluidic pinball has become a valuable benchmark for studying flow control

strategies [1]. The fluidic pinball comprises of three independently rotating cylinders positioned at the

vertices of an equilateral triangle, with the flow directed perpendicularly to one of its sides. The cylinder

rotation rates serve as the control inputs, while velocity sensors located in the wake provide the outputs.

This configuration enables the investigation of both steady and unsteady actuation strategies over a wide

range of parameters. Fig. 1 presents a snapshot of the near-field wake captured using smoke visualization.

Despite its geometric simplicity, the wake behind the fluidic pinball displays complex interactions of

multiple frequencies and nonlinear dynamics, making it an excellent test case for the development and

evaluation of control laws. While numerous numerical studies have been performed at low Reynolds

numbers[1], experimental literature is limited, mainly due to the associated engineering challenges [2].

This study presents the findings from low-speed wind tunnel experiments conducted on the fluidic pinball.

The Reynolds number based on the cylinder diameter and free-stream velocity, is Re = 1333, indicating a

turbulent regime [1]. Planar two-component particle image velocimetry (PIV) is employed to capture the

velocity field, while hot-wire anemometry provides high-resolution velocity time traces at three distinct

spatial locations. Complete characterization of the coherent structures and their dynamics in the wake

is proposed for both the stationary pinball and the flow with open-loop control. This includes modal de-

compositions such as proper orthogonal decomposition (POD) and dynamic mode decomposition (DMD)

[3], along with an examination of the associated temporal dynamics, low-order modeling, and physical

implications. Preliminary results on closed-loop control will also be presented.

Figure 1. Smoke visualization of the fluidic pinball wake at Re = 1333.
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LINEAR STABILITY AND SHAPE SENSITIVITY ANALYSIS WITH A LIN-
EARIZED TURBULENCE MODEL FOR SHAPE OPTIMIZATION

Jens S. Müller1, Sophie J. Knechtel1, Kilian Oberleithner1
1Laboratory for Flow Instabilities and Dynamics, Technische Universität Berlin, Müller-Breslau-Straße 8,
10623 Berlin

Mean-flow-based linear stability analysis (LSA) and shape sensitivity analysis are performed in a turbulent
draft tube flow of a Francis turbine model. The significance of including a linearized turbulence model
and its implications for shape optimization are discussed.
Self-excited global instabilities often possess narrow regions which are highly sensitive to small perturba-
tions or changes to the flow. These changes can be induced by minor modifications of the shape of a body
associated with the flow instability that can have a large impact on the instability itself. In LSA, this
property can be exploited using shape optimization to suppress the global instability by minimizing its
growth rate towards marginal stability, using adjoint-based shape sensitivity as gradient information [1].
The LSA of fully turbulent flows requires the inclusion of additional turbulence models in order to close
the otherwise unknown turbulent-coherent interaction term. Eddy viscosity models are widely spread in
usage. However, it is often assumed that the eddy viscosity is ‘frozen’ and does not fluctuate with the
coherent field. In this work, this assumption is suspended and a linearized turbulence model equation is
added to the linear stability and shape sensitivity analysis to account for the changes of the turbulent
field when changes to the shape are made.
For demonstrating the relevance of including a linearized turbulence model, the precessing vortex rope
instability in a fully turbulent swirling flow is considered. The vortex rope is located at the downstream
end of a centerbody in the draft tube of a Francis turbine model. This technically highly relevant setup
has already been studied intensively in the past, both experimentally and numerically such as in [2, 3]. In
the current work, steady 2D Reynolds-averaged Navier–Stokes (RANS) simulations are performed using
a k-ω turbulence model (see figure 1(a)). The intricate inlet conditions are tuned against 3D unsteady
RANS fields that include a complex duct upstream of the centerbody. The 2D RANS simulations are
conducted at sub- and supercritical conditions for Reynolds numbers between Re → 20000 and 30000. The
mean flow fields serve as the input for the LSA (see figures 1(b,c)) and shape sensitivity computations.
The influence of the linearized turbulence model on the shape sensitivity and the physical mechanisms
that stabilize the flow are discussed.

(a) (b) (c)

Figure 1. Swirling flow in a Francis turbine draft tube at supercritical conditions (Re → 20000): (a) mean axial
velocity field, (b) axial velocity of vortex rope eigenmode, (c) axial velocity of vortex rope adjoint eigenmode.
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STABILIZATION OF STATIONARY CROSSFLOW INSTABILITY BY WALL
COOLING

Yifu Chen1, Davide Modesti2, Marios Kotsonis1
1 Department of Flow Physics and Technology, Faculty of Aerospace Engineering, Delft University of
Technology, Delft, Netherlands
2Gran Sasso Science Institute, 67100 L’Aquila, Italy

With hydrogen technologies playing an increasingly important role towards a more sustainable aviation,
the concept of cryogenic aircraft has found a renewed interest for improving aerodynamic performance.
By leveraging the cooling capability of cryogenic liquid hydrogen, the laminar-to-turbulent transition can
be delayed, leading to a reduction in friction drag [1, 2]. In this work, the effect of active wall cooling
on the stationary crossflow instability (SCFI) is studied by compressible nonlinear parabolized equations
(CNPSE) and direct numerical simulations (DNS). A three dimensional boundary layer on a swept flat
plate with swept angle φ=45◦ is considered. On the top boundary of DNS, a favourable pressure gradient
is imposed to achieve a Falkner-Skan-Cooke velocity distribution. The cooling ratio is Tw/T∞ = 0.8,
starting from x = 50δ0 where δ0 is the inflow boundary layer thickness, in order to make the upstream
history of perturbations consistent to the adiabatic reference case. The steady solution of the DNS is
used to perform linear stability analysis to search the most critical unstable spanwise wavelength which
is λz = 11.12δ0 in this case. Modal crossflow perturbations are introduced at the inflow of the numerical
domain. The time-invariant DNS solution is also used as the baseflow for running CNPSE. Figure 1 shows
the streamwise velocity evolution of SCFI at z/δ0 = 0. The stabilization effect on CFI is qualitatively
evident as the crossflow vortices in the wall cooling case are weaker than in the adiabatic case. Meanwhile,
the amplitude development predictions from DNS and CNPSE are in good agreement. Both methods
predict a delay of SCFI saturation by wall cooling control.

Figure 1. Streamwise evolution of normalized u velocity for (a) adiabatic case and (b) cooling case where the
wall is cooled down to Tw/T∞ = 0.8 downstream of x = 50δ0 (dashed lines in (b) and (c)) for cooling case. (c)
Streamwise evolution of amplitudes of SCFI from CNPSE (symbols) and DNS (solid lines). Black: adiabatic. Blue:
cooling. Fourier modes j=1−5 (thick-to-thin) and j=0 (dashed). Spanwise distribution of total u perturbation
fields at x = 550δ0 (red lines in (a), (b) and (c)) is depicted for (d) adiabatic case and (e) cooling case.
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DIRECT NUMERICAL SIMULATION OF THE EFFECTS OF A SMOOTH SUR-
FACE HUMP ON INSTABILITIES AND TRANSITION IN SWEPT-WING BOUND-
ARY LAYERS

Mohammad Moniripiri1, Alberto F. Rius-Vidales2, Marios Kotsonis2, Ardeshir Hanifi1
1FLOW, Department of Engineering Mechanics, KTH Royal Institute of Technology, Stockholm, Sweden
2Department of Flow Physics and Technology, Faculty of Aerospace Engineering, Delft University of
Technology, The Netherlands

Recent experiments by Rius-Vidales et al. [1] have shown the great potential of using a smooth surface
hump as a passive control device for transition delay on swept-wings. When the amplitude of incoming
Crossflow (CF) vortices was relatively low, a transition delay of approximately 14% of the chord (with
respect to the clean case with no surface hump) was achieved. In the same experiments, when the ampli-
tude of incoming CF vortices was increased, the hump exhibited a supercritical behaviour with transition
location shifted to the vicinity of the hump. This study aims to numerically model the experiments of [1]
using Direct Numerical Simulations (DNS), in order to understand the mechanisms underlying transition
delay/advancement in the experiments of Rius-Vidales et al. [1].

The numerical results for both low and high amplitudes of incoming CF vortices are validated against
experimental data, and a close agreement between DNS and experimental results is achieved. Downstream
of the hump, a region with reversal of CF velocity component of the meanflow is identified. For the low
amplitude case, linear mechanisms are still dominant. Within the CF reversal region, the shape and
orientation of the CF perturbations change, especially near the wall. It is shown that CF perturbations
recovers their original orientation after a short distance downstream of the hump within a so-called
recovery region. During recovery, linear production weakens due to reduced lift-up effect. This leads to
a reduced growth rate, and stabilisation of steady CF perturbations. As a result, the neutral point for
type II secondary instability is shifted more downstream (compared to the clean case with no surface
hump), while type I secondary instability is found to become stable. In contrast, when the amplitude
of incoming CF perturbation is relatively high, a pair of counter-rotating vortices (marked in Figure
1) forms downstream of the hump due to interactions between fundamental and higher harmonics of
CF perturbation within the CF reversal region. The growth of secondary instabilities arising from the
vortex-system results in transition at ≈ 25% of the chord in the hump case, compared to at ≈ 43% of
the chord in the clean case.

Figure 1. (a) Time-averaged skin friction coefficient at the wall for different cases. (b) λ2 visualization of the
time-averaged meanflow, coloured by spanwise velocity component. in panel (b), C.C.W and C.W labels correspond
to counter-clock wise and clock-wise vortices, respectively.
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CONTROL OF STREAK-INDUCED LAMINAR-TURBULENT TRANSITION
BY A CROSSBAR
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Germany

Boundary layer streaks are featured by streamwise elongated alternating high- and low-speed fluids and
are the primary coherent structure of both turbulent and transitional boundary layers. Free-stream
turbulence (FST) intensities of 1% or higher can induce streaks in a laminar boundary layer and hence
trigger bypass transition. The mechanism of streak generation is denoted by Landahl as the “lift-up”
effect, where very weak streamwise vortices can push high-speed fluid towards the wall and low-speed
fluid in the opposite direction. Streaks can also be created by surface roughness. The difference is that
surface roughness-induced streaks are steady while those induced by FST are unsteady.

Controlled streaks can have positive effects on instability attenuation and delay laminar-turbulent transi-
tion. Boiko et al. [1] observed the stabilization effect of unsteady streaks on the primary boundary layer
instability, i.e. the Tollmien-Schlichting waves. With properly chosen parameters, Fransson et al. [2]
eventually obtained a full transition delay with cylindrical roughness elements induced streaks. In our
previous experimental investigation [3], we found that a horizontal circular crossbar can homogenize the
steady streaks created by roughness elements positioned ahead and eventually delay the laminar-turbulent
transition. The mechanism revealed by a linear stability analysis is the reduction of the sinuous instability.

The objective of this study is to numerically investigate the ability of a crossbar to homogenize the
freestream-induced unsteady streaks and its potential for controlling the laminar-turbulent transition
through direct numerical simulations. Figure 1 shows the comparison of wall-parallel slices of streamwise
velocity ux between the flat-plate reference case and a case with static crossbar. As expected, the
streak behind the crossbar is homogenized. However, the presented case shows a negative effect of the
method that a fast transition is observed. The unsteady nature of the incoming streak renders the above-
mentioned mechanism invalid. We then examined the impact of a rotating crossbar with the objective of
energizing the boundary layer. The results indicate that an unexpected new shear layer is induced whose
instability arises when the bar is positioned at a specific distance from the wall and rotates at an optimal
rate.
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Figure 1. Comparison of the instantaneous streamwise velocity ux in a plane parallel to the wall at (a): y = 2.5
for Reference flat-plate case and (b): y = 1.553 for case with a crossbar (diameter d/δ∗0 = 0.3) placed at the same
height.
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IMPACT OF DISTRIBUTED ROUGHNESS ON INSTABILITIES IN BOUND-
ARY LAYERS UNDER PRESSURE GRADIENT
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1DMPE, ONERA, Université de Toulouse, 31000, Toulouse, France
2DAEP, ISAE-SUPAERO, 31000, Toulouse, France

The effectiveness of control strategies aimed at extending the laminar boundary layer is highly depen-
dent on the condition of the aerodynamic surfaces, which can deteriorate over time. It is well known
that the presence of distributed roughness can shift the onset of the transition upstream [1], although
the underlying reasons for such an enhancement of the transition are varied. For instance, Corke et al.
demonstrated through experiments on a flat plate that this phenomenon can result from an increase in
the linear amplification of modal instabilities, a process known as over-amplification [2]. In an effort
to quantify this transition advance, some studies have adopted a semi-empirical approach using the eN

method, which combines Linear Stability Theory (LST) with experimentally measured transition onsets
[3]. Despite these advances, there is a lack of predictive models that can accurately determine the onset
of transition in the presence of randomly distributed roughness under different aerodynamic conditions.
The present work aims to further investigate the influence of stochastically distributed roughness on a
two-dimensional incompressible boundary layer developing over a profile where modal instabilities are
expected. This approach will not only allow the study of the amplification as a function of different
roughness parameters but will also provide a ∆N model to predict transition under such conditions.

An experimental campaign was carried out in the SaBRe subsonic wind tunnel at ISAE-SUPAERO. The
study was conducted on an unswept wing with a span of 1.2 m and a symmetric ONERA-D airfoil with
a chord length of 0.35 m for Reynolds numbers ranging from 3.5 × 105 to 5.5 × 105, and at two angles
of attack: 0.5◦ and 1◦. In terms of roughness, two types of sandpaper with average roughness heights of
Sa = 18µm and 28µm were studied. These rough strips were placed on the upper surface of the wing from
30% of the chord up to 38.5% and 44.2% for two roughness extensions, LR, of 30 and 50 mm respectively.
The results of these experiments have so far allowed us to prove the effect of the average roughness height
on the amplification of Tollmien-Schlichting instabilities. Figure 1a shows the spectra obtained at y = δ1
for different roughness heights at x/c=0.55, showing a hump at around 700 Hz with increasing energy
as the roughness increases, which is a strong indicator of TS instabilities. This figure also illustrates the
appearance of secondary modes at the same position for the highest roughness height. By integrating the
spectra around the most amplified frequency, f = 750 Hz, we obtain the velocity fluctuations presented
in Figure 1b. This figure indicates that, although the shape of the experimental fluctuation profiles
remains unchanged, the presence of roughness leads to a non-negligible overamplification. Moreover, the
eigenfunction obtained from the LST performed on the smooth case presents excellent agreement with
the experimental fluctuation profiles, even when roughness is present. Further results on the impact of
other roughness parameters on this overamplification phenomenon will be presented at the workshop.

(a) Spectra (b) Velocity fluctuations

Figure 1: Spectra and velocity fluctuations profiles for different roughness heights Sa at a given roughness
extent LR = 30mm. Re = 4.5× 105 and α = 0.5◦
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MODELING NONLINEAR DYNAMICS FROM DATA

George Haller
Institute for Mechanical Systems, ETH Zürich

I discuss a dynamical systems alternative to neural networks in the data-driven reduced-order modeling
of nonlinear phenomena. Specifically, I show that the recent concept of spectral submanifolds (SSMs)
provides very low-dimensional attractors in a large family of mechanics problems ranging from wing os-
cillations to transitions in shear flows. A data-driven identification of the reduced dynamics on these
SSMs gives a mathematically justified way to construct accurate and predictive reduced-order models for
solids, fluids and controls without the use of governing equations. I illustrate this on physical problems
including the accelerated finite-element simulations of large structures, prediction of transitions to turbu-
lence, reduced-order modeling of fluid-structure interactions, extraction of reduced equations of motion
from videos, and model-predictive control of soft robots. The recently published introduction [?] to the
theory and applications of SSMs contains more detail and references.
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PREDICTING COMPLEX FLOWS VIA SPACE–TIME POD: A DATA-DRIVEN
FORECASTING APPROACH

Oliver T. Schmidt
Department of Mechanical and Aerospace Engineering, University of California San Diego, La Jolla, CA
92093, USA

This work introduces an extension of space-time Proper Orthogonal Decomposition (ST-POD, [1]) for
data-driven prediction of complex flows. The proposed method leverages ensemble realizations span-
ning a specified prediction horizon to compute a set of space-time modes over the hindcast horizon.
By extending these modes into the forecast horizon, we capture key dynamical correlations without re-
quiring additional hyperparameters—rank truncation is the sole tuning parameter. Figure 1 illustrates
our approach on the challenging case of high-speed flow over an open cavity, highlighting its ability to
reproduce the dominant coherent structures over short-term forecasts. We demonstrate the robustness
of space–time POD-based prediction with two large-scale datasets: numerical simulations of supernova
shell expansions in a turbulent interstellar medium [2], and experimental particle image velocimetry
(PIV) measurements of an open cavity flow [3]. The supernova data present strongly anisotropic, rapidly
evolving shock structures, while the cavity flow features broadband turbulence with prominent resonance
tones. In both scenarios, the method shows predictive skill up to meaningful time horizons, accurately
capturing spatiotemporal evolution even in the presence of nonuniform time steps (supernova) or noisy
experimental data (cavity). The key to this performance lies in projecting new hindcast snapshots onto
the precomputed mode basis. This approach yields prediction fields by balancing the latent correlations
uncovered during training with the unique features of the new input data. Our results highlight the
flexibility and accuracy of space–time POD-based forecasting for distinct flow regimes, offering a baseline
methodology for forecasting of complex flows.

Figure 1. Prediction of the cavity flow using a hindcast horizon of 15 and a forecast horizon of 20. The prediction
is based on the leading 100 modes retained from the space-time POD decomposition of 1593 realizations. The
prediction horizon was placed in the middle of the test dataset.
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A FAMILY OF PHYSICS-CONSTRAINED DATA-DRIVEN QUADRATIC ROMS

Rama Ayoub1, Mourad Oulghelou2, Peter Schmid3
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2Institute of Computing and Data Sciences, Sorbonne University, Paris, France.
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We introduce a framework for constructing physics-constrained, data-driven reduced order models (ROMs)
for discrete latent dynamical systems. Our methodology is based on a quadratic discrete evolution equa-
tion,

vn+1 = Avn +Q
(
vn ⊗ Ir

)
vn, n ≥ 0,

where the linear operator A and the quadratic part Q = [Q1 Q2 · · · Qr] jointly describe the dynamics of
the system. Models relying solely on the linear operator A can capture primary behavior in some settings.
However, many complex physical systems, like those governed by the Navier–Stokes equations, require the
inclusion of non-linear effects. Quadratic interactions are often the most significant. The quadratic model
was previously proposed in the studies on the GILD (Greedy Identification of Latent Dynamics) and the
improved version I-GILD methods [1], [2]. In these approaches, the non-linear operator is typically ob-
tained using a greedy resolution technique. To ensure that the reduced models adhere to fundamental
physical laws, our framework incorporates structural constraints derived from principles such as energy
conservation, dissipation, damping, etc. In particular, we enforce conditions including symmetry, skew-
symmetry, bounded spectral norms, positive semidefiniteness, and Hurwitz stability in the identification
of both A and Q. In addition, we develop efficient numerical algorithms for the systematic estimation
of these constrained models. The goal of this work is to demonstrate through numerical examples that
the proposed models provide a robust, data-driven pathway for modeling complex nonlinear dynamical
systems while rigorously preserving essential mathematical and physical properties.
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TRACKING INVARIANT SOLUTIONS OF ROTATING MAGNETO-HYDRODYNAMICS
IN A CHANNEL GEOMETRY

Jean-Clément Ringenbach1, Steven M. Tobias2, Tobias M. Schneider1
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Invariant solutions are the building blocks of the dynamics and underlie chaotic motions in non-linear dy-
namical systems. Finding and tracking invariant solutions for specific systems, such as the Navier-Stokes
or Rayleigh-Bénard equations, allows to comprehend the mechanistic dependence of given properties
onto the control parameters of their governing equations. This has notoriously been achieved by Nagata
[1] for plane Couette flows, paving the way to the finding of more invariant solutions and to a better
understanding of non-linear dynamical systems.

Reetz et al. [2] found exact invariant solutions in the context of inclined layer convection in a channel
geometry, where the gravity vector is tilted with respect to the vertical direction of the geometry. In this
case, the turbulence feeds on convection, which is thermally-driven. Expanding upon this model, we add
rotation as well as magnetic fields in the system and study the resulting rotating magneto-hydrodynamics
(MHD) problem. More specifically, we aim at investigating heat transfer changes compared to inclined
layer convection when rotation and magnetic driving are present.

In order to perform this investigation, we study a channel geometry, periodic in the x and z directions as
depicted in Figure 1. The fluid considered is an electrically conductive Boussinesq fluid whose convection
is driven by thermal forcing, subject to inclined rotation and gravity. Using an extension to the C++
ChannelFlow software, we perform parametric continuations in the Lorentz force’s intensity and Rayleigh
number to explore different bifurcation branches. Doing so, we attempt to characterize differences in heat
transport and their parameter dependence.
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Figure 1. Geometry of the x, z-periodic box used, with gravity and rotation inclined in the (x, y)-plane.
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FROM ANNULAR CAVITY TO ROTOR-STATOR FLOW:
NONLINEAR DYNAMICS OF AXISYMMETRIC ROLLS

Artur Gesla1,2, Patrick Le Quéré2, Yohann Duguet2, Laurent Martin Witkowski3
1Sorbonne Université, F-75005 Paris, France
2LISN-CNRS, Université Paris-Saclay, F-91400 Orsay, France
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69622 Villeurbanne, France

Spatio-temporally complex flows are found at the onset of unsteadiness in (axisymmetric) rotor-stator
turbulence in the shape of concentric rolls [1, 2]. The emergence of these rolls is rationalised using a
homotopy approach, where the original flow configuration is continuously deformed into a simpler, better
understood configuration. We deform here rotor-stator flow into an annular flow, thereby controlling
curvature effects, and we investigate numerically the transition scenarios as functions of the Reynolds
number. In the low curvature regime the transition scenario is supercritical. Modal selection rests on
a specific radial localisation property of all eigenmodes (figure 1 left), linked to the space-dependent
convective radial velocity which intensifies as curvature is increased. A new nonlinear mechanism for the
pairing of rolls is proposed based on multiple resonances of the eigenmodes of the base flow. Increasing
curvature reveals a clear path towards a subcritical scenario as a function of the Reynolds number. As
the rotor-stator configuration is approached, supercritical branches shift to increasing Reynolds number
while a subcritical branch of chaotic states takes over, effectively changing the transition scenario form
supercritical to subcritical. For the whole family of annular configurations, ranging from the planar limit
to rotor-stator flow, the linear stability of the base flow is governed by two branches of eigenvalues (figure
1 right) with one branch dominating the limiting low and high curvature configurations and the other
one pronounced in the intermediate curvature set-up.
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Figure 1. Spectrum of the linearised Navier–Stokes operator in an annular rotor-stator configuration with the
resonating modes responsible for the pairing events marked by red crosses together with the amplitude of the
eigenmode as a function of the radial direction (left) and competition of two branches of unstable modes responsible
for the linear instability of the base flow as a function of a curvature parameter δ (δ = 0 rotor-stator flow, δ → 1
planar case) (right).
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THE INDUCED LATENT DYNAMICS OF AN AUTOENCODER
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Invariant solutions, such as equilibria, travelling waves or unstable periodic orbits (UPOs), have helped
with explaining recurrent patterns in chaotic fluid flows [1, 2]. In particular, in the dynamical systems
point of view of chaotic fluid flows, UPOs are believed to be the underlying dynamical building blocks of
spatio-temporal chaos. The identification of UPOs remains challenging though, as fluid flows are usually
spatially discretized with many thousand or million degrees of freedom. However, in chaotic driven
dissipative systems, the dynamics collapse on a chaotic attractor, and this attractor can be embedded
in a manifold of far lower dimension. Recently, autoencoder neural networks (a nonlinear model order
reduction technique) have been successful in approximating these embeddings. The standard approach
for defining the dynamics in the autoencoder’s latent space has been to use a second purely data-driven
approach, such as recurrent neural networks or neural ODEs [3], discarding previous knowledge of the
exact PDE.

We obtain an approximation of the manifold coordinates via an autoencoder, and by an application of
the chain rule, we pull the physical dynamics into the latent space, giving us an induced latent dynamics,
without recourse to a second data-driven approximation. Evaluating the induced latent dynamics reveals
multiple challenges in correctly training the autoencoder, such as spectral bias - the learning bias towards
low frequency modes. By adding a physics loss to the autoencoder’s loss function, as well as a first order
directional derivative condition, we alleviate these challenges and obtain accurate temporal derivatives
and latent dynamics. We investigate these induced latent dynamics by searching for their invariant
solutions, most importantly UPOs, and compare them to those of the full physical system. We discover
the UPOs of the latent dynamics with an implementation of loop convergence algorithms [4, 5] based on
automatic differentiation, and find a correspondence between the solutions of the latent space and the
physical space. We show applications of our methods to the 1D Kuramoto-Sivashinsky equation and the
2D Navier-Stokes equation with Kolmogorov forcing.

Figure 1. 2D projections of the latent chaotic attractor of the Kuramoto-Sivashisnky equation (grey) with one
of its periodic orbits (blue). The latent dynamics (black arrows) are tangent everywhere to the periodic orbit.
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[4] Y. Lan, and P. Cvitanović. Variational method for finding periodic orbits in a general flow. Phys. Rev. E, 69, 016217,
2004.

[5] S. Azimi, O. Ashtari, and T. M. Schneider. Constructing periodic orbits of high-dimensional chaotic systems by an
adjoint-based variational method. Phys. Rev. E, 105, 014217, 2022.



16th ERCOFTAC SIG 33 Workshop, Progress in Flow Instability, Transition and Control

June 30-July 2, 2025, Cagliari, Sardinia, Italy

LEARNING TRANSITION FROM DATA
WITH HIGH-FIDELITY SIMULATIONS AND MACHINE LEARNING

Paola Cinnella
Sorbonne Université, Institut Jean Le Rond D’Alembert

Advances in high-performance computing and high-order numerical methods have enabled the simulation
of complex transitional flows across a wide range of conditions, scales, and geometries. These simula-
tions not only complement classical approaches based on linear and nonlinear stability theory, but also
generate rich datasets that can inform transition modeling in coarse-grained frameworks. The resulting
availability of high-fidelity data opens new opportunities for applying machine learning techniques to
analyze transitional flow physics and develop improved predictive models.

In this talk, I will first provide an overview of recent progress in direct numerical and large-eddy sim-
ulations of transitional flows—ranging from free-stream-turbulence-induced transition in incompressible
regimes to second-mode instabilities in high-enthalpy hypersonic flows. I will then discuss how unsu-
pervised and supervised machine learning methods can support physical understanding and enable the
data-driven discovery of transition models. A particular focus will be placed on transition models used
to supplement Reynolds-Averaged Navier-Stokes (RANS) simulations, which remain the workhorse of
industrial flow prediction. I will review widely used transition correlations, highlight their limitations
and uncertainties, and introduce recent developments in open-box machine learning—such as Bayesian
symbolic regression [3]—that allow for the automated discovery of interpretable, analytically tractable
transition models grounded in data.

Figure 1. Left: Freestream transition in transonic flow of an organic vapor past a leading edge [2]. Middle:
effects of freestream turbulence on the flow of an organic vapor through a supersonic turbine cascade [4]. Right:
subharmonic second-mode transition in a chemically reacting hypersonic boundary layer at Mach 10. [5].
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TRANSITION CONTROL OF HYPERSONIC BOUNDARY LAYER WITH SPAN-
WISE NON-UNIFORM SURFACE TEMPERATURE
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The location of laminar to turbulent transition in hypersonic boundary layers has a significant influence
on viscous drag and aerodynamic heating of external surfaces of hypersonic vehicles. Boundary layer
stabilization and transition delay via optimally growing streaks is a well established control mechanism
for low and high-speed flows [1, 2]. Recently, we have proposed a novel control method for generation of
streaks in hypersonic boundary layers through a spanwise non-uniform surface temperature distribution
[3]. Direct Numerical Simulations (DNS) showed that the control method can stabilize the second Mack
mode. A highly-tuneable, practical implementation of this control method has been proposed and exper-
imentally tested [4], and it promises significant improvement on the aero-thermal-structural efficiency of
hypersonic vehicles.

In this work, DNS studies of a Mach 6 boundary layer over a flat plate are used to assess the effect
of spanwise non-uniform surface temperature on breakdown to turbulence under deterministic forcing
(Fig. 1a). The effect of spanwise surface temperature variation (ATw

) and streak wavelength is para-
metrically investigated (Fig. 1b), and primary aero-thermodynamic mechanisms identified. Our results
extend previous findings by showing how spatially non-uniform thermal conditions can delay transition to
turbulence. The insights gained here provide guidelines for further optimization of this control strategy
and its integration into future hypersonic vehicle designs.
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Figure 1: (a) Schematic of the computational domain. (b) Effect of control method on transition location;
grey dotted lines in (b) indicate the laminar and turbulent correlations.
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The laminar-turbulent transition in high-speed boundary layers remains a challenging problem in both
fundamental research and engineering applications, further complicated by the commonly encountered
shock-wave/boundary-layer interactions (SWBLIs). SWBLIs can promote transition through multiple
mechanisms, including global instability and convective instabilities [1]. One of the characteristic fea-
tures of the SWBLIs induced transition is the breakdown of streaks, which has been observed both
experimentally [2] and numerically [3]. However, the underlying mechanism driving this breakdown is
still unclear. Two primary explanations are proposed for globally stable flows: nonlinear interaction of a
pair of oblique modes [3] and the secondary instability of streaks. Therefore, this paper aims to identify
the dominant mechanism responsible for the breakdown of streaks using resolvent analysis and direct
numerical simulation (DNS).

Figure 1: The gain contour from resolvent
analysis.

Figure 2: The distributions of spanwise
averaged skin friction coefficient.

A compression ramp configuration is considered under the flow conditions from the experiment of [2],
with a Mach number of 4 and a Reynolds number of 3.66 × 105 based on flat plate length L. In DNS,
free-stream forcing is introduced in the form of slow acoustic waves to simulate the noise in wind tunnels.
Correspondingly, resolvent analysis with slow acoustic forcing is used to determine the dominant frequency
and wavenumber. As shown in Figure 1, the optimal gain is located at ωrL/u∞ = 15 (f = 16 kHz)
and βL = 60 (wavelength λ = 10.5 mm), corresponding to oblique acoustic waves. Based on the
resolvent results, high-fidelity DNS is conducted with a seventh-order spatial scheme and a three-stage
Runge–Kutta time marching method. An initial test is performed on a coarse grid with a λ spanwise
length at 10◦ ramp angle. The first wall-normal height y+ is 0.3, while the streamwise spacing x+ and
spanwise spacing z+ are 6. Forcing is applied from the farfield, including a pair of dominant oblique
waves and broadband disturbances. The distributions of spanwise averaged skin friction coefficient in
Figure 2 demonstrate that acoustic waves trigger transition efficiently and the broadband forcing advances
transition onset.

In the formal simulation, a finer grid with a wider spanwise domain will be employed, along with additional
ramp angle cases. The intensity of broadband disturbances will be reduced to ensure that transition occurs
near the reattachment point. Spectral proper orthogonal decomposition and Fourier mode decomposition
will be applied to gain deeper insights into the breakdown mechanism leading to turbulence.
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RESONANT WAVES IN TRANSITIONAL HYPERSONIC SEPARATED FLOWS
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This research highlights new results in transitional separated flows found in a combined experimental and
numerical investigation of hypersonic boundary layer transition. The study is carried on a Cone-Cylinder-
Flare geometry with a flare angle of θf = 12◦. The wind tunnel operates at a Mach number of M∞ = 7
and Reynolds numbers ranging from the laminar to the fully turbulent regime. Among the different
routes to turbulence existing on such geometries, a complex transition scenario involving multiple modes
is observed for large to moderate separation length. Specifically, the interplay of upcoming boundary-
layer disturbances produced by the growth of convective instabilities and the laminar separated flow on
the cylinder-flare region is studied. For such coupled dynamics between the disturbance environment and
the separated region, our experimental and numerical results show that the Mack second-mode wave,
which is usually deemed to remain neutral in the separated region, follows a nontrivial mode exchange
mechanism with successive acoustic resonant waves within the separated region, leading to the growth of
multiple frequency peaks. This scenario is contrasting with previous results, where the first Mack-mode
was deemed to be the only relevant unsteady waves in the separated region.

In order to discuss these dynamics, experiments are probed by using high-speed Schlieren imagery and
spectral methods (Spectral Proper Orthogonal Decomposition & Bispectral Mode Decomposition). The
optical diagnostics are also coupled to high-frequency wall pressure measurements to further probe the flow
response to wind-tunnel disturbances. The experimental observations are complemented by global stabil-
ity analyses using the Resolvent framework to identify linear mechanisms at play within the separation
region. In the separated region, the primary instability mechanisms are numerically and experimentally
identified, and their subsequent evolution are quantified in order to clarify the leading energy transfer in
the mean flow region. Using these tools, the acoustic resonance of hypersonic instabilities is measured
in the separated region for the first time. This study highlights the advantages of combining data-driven
methods and global stability tools to draw a clearer picture of the transition scenarios on such separated
flows under wind tunnel conditions.

Separation

Trapped waves2nd mode

(c) : Wall pressure signature from the
Resolvent optimal modes(b) : Experimental SPOD mode at 125kHz

(a) : Computed baseflow

Figure 1. Summary of the computed and experimentally measured data along the separation region on the
CCF12 geometry
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This research presents global stability analysis using the resolvent operator on a moderately blunt cone
at Mach number M = 6 and nose-radius base Reynolds number ReRn

= 90 000 with half angle 7◦. The
nose-tip bluntness introduces a bow shock detached in front of the tip, followed by a subsonic region
and an entropy layer above the boundary layer which substantially changes the base flow compared to
a canonical sharp-nose geometry. Such changes in the flow lead to a strong attenuation of the Mack
modes, responsible for transition in the canonical sharp case. In this study, we investigate other linear
mechanisms possibly leading to transition.

Optimal growth theory associated with the Harmonic Linearised Navier-Stokes Equations (HLNSE) and
Parabolised Stability Equation (PSE) has shown non-negligible N-factor growth associated with streak
and entropy layer modes, [3]. These mechanisms have been shown to produce transition in Direct Numer-
ical Simulation (DNS), with an initial perturbation located in the entropy layer far from the boundary
layer, [1]. Additionally, schlieren visualisations, have shown elongated wisp structures in the entropy
layer, [2], providing further credibility to the role of entropy layer modes in transition.

Although these studies highlight a possible key role of the entropy layer modes in the laminar-turbulent
transition process, a more comprehensive analysis of the receptivity and growth mechanisms at play is still
lacking. The present research tackles this issue by using a global linear stability framework and Resolvent
operator analysis. The aim is to extend past studies by providing a comprehensive cartography of all
the linear instabilities that can exist on a moderately blunt cone baseflow considering the global flow
structure, as well as providing insight into the receptivity support. Resolvent analysis is used to produce
optimal gain maps, see figure a, for both isothermal and adiabatic wall conditions in comparison to a
sharp isothermal cone reference. It reveals the presence of multiple growing mechanisms for isothermal,
and adiabatic walls, such as : streaks ; entropy layer modes, or 1st Mack unstable modes. The streak
mode is the most amplified in the isothermal case, followed of entropy layer modes. These entropy layer
modes present force almost only kinetic energy that correspond to a very strong wall-normal velocity
forcing located high in the entropy layer, see figure b. The associated response is dominated by a
strong temperature response in the entropy layer that peaks slightly before the end of the domain. At
iso-azimuthal wavenumber, these modes have the same forcing and response structure, independent of
frequency.

Our study shows that streaks are the most amplified, followed by entropy layer modes, whose forcing
structure extends away from the cone. This suggests that environmental perturbations could more easily
trigger the growth of entropy layer modes, potentially leading to turbulence.

(a) Map of optimal gain for the
isothermal case, most amplified
mode at given f

(b) 3D representation of the isothermal entropy layer
mode at m = 88, f = 35kHz, the forcing is in black-
yellow and the response in red-blue
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INTERPLAY BETWEEN TRANSONIC BUFFETING AND FLUTTER
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Shock buffeting on wings is a phenomenon caused by the strong interaction between the shock wave and
the boundary layer, in turn inducing a self-sustained feedback mechanism which is usually detrimental
to the structural integrity. Previous studies using global stability analysis have shown the existence of
two instability branches, a two-dimensional mode of low frequency when the sweep angle Λ is null, and a
high frequency mode with increasing Λ. In the case of a NACA0012 airfoil Crouch et al. [1, 2] evidenced
the existence of a low-frequency unstable global mode responsible of the two-dimensional buffeting mode.
Sartor et al. [3] obtained a good comparison with experiments carried out by [4] in the case of the
OAT15a airfoil using the Spallart-Allmaras turbulence model. More recently, in swept wings, Paladini et
al. [5] obtained a global unstable mode whose frequency grows as ω ∝ tan(Λ).
In this study, we focus on a simplified structural model, and we aim to understand the interplay between
the aerodynamic buffeting instability and the structural degrees of freedom. In transonic conditions,
a sharp decrease of the onset flutter in terms of the dynamic pressure is known as the transonic dip.
Karnick et al. [6] studied the transonic dip in a similar simplified model, and they attributed the early
appearance of flutter to the shock-induced separation, which is known to be also one of the major causes of
the buffeting phenomenon. In order to determine the interplay between the buffeting instability and the
transonic dip, we restrict the analysis to the simplest flutter scenario; that is, we consider an aeroelastic
model with only two degrees of freedom: heaving and pitching, which account for the first two flutter
modes, an sketch is depicted in fig. 1 (left). In this configuration, we analyse the unstable branches and
we determine the possible existence of an exceptional point, i.e., a degenerate eigenmode where both
instability two or more branches of modes collapse, in the space of parameters that is responsible for the
earlier onset of aeroelastic phenomena in transonic conditions.
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Figure 1. (Left) Sketch of the spring-mounded airfoil. (Middle) Steady-state of the OAT15a airfoil computed
using Spallart-Allmaras model. (Right) Real part of the temperature component of the unstable two-dimensional
global mode.
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This study investigates the effect of a flat plate on screech generation using an experimental approach.
Several configurations in which the plate is located at different radial distances from the axis of a con-
verging nozzle were studied: H = 0.7D, H = 0.85D, H = 1D, H = 1.5D, H = 2D, H = 2.5D and
H = 3D. Acoustic measurements were performed to evaluate the effect of the plate on the jet aeroacous-
tics. Power spectral density maps obtained from the acoustic measurements, illustrated in Fig. 1, show
that when the plate is located at a distance less than one diameter (H < 1D), the staging mechanism of
the axysimmetric modes A1 and A2 is altered, since mode A2 is suppressed and mode A1 is extended to
flow conditions for which mode A2 is usually active in the free-jet case [1]. Under the same conditions,
modes B and C also exhibit modified dynamics, with mode C being suppressed and mode B being ex-
tended to Mj for which mode C is usually active in free-jet conditions. Additionally, a frequency splitting
is exhibited by mode B for the radial distance H = 0.7D. The plate effect on screech generation was
found to be robust with respect to variations of the jet-plate alignment, that is, roll and pitch angles and
slight translations of the surface along both the streamwise and transverse directions. Wavelet analysis
was explored to study the staging dynamics of screech and to assess whether modes A2 and C appear
intermittently. Schlieren measurements were also carried out to determine whether the changes observed
in the screech behaviour are correlated with changes in the jet shock-cell structure.
(Aknowledgements: L. D. Antonuzzi’ works is cofinanced by NRRP, (Mission 4 ”Education and Re-
search”).

(a) (b) (c)

(d) (e) (f)

Figure 1. Power Spectral Density maps as a function of Strouhal number and fully expanded jet Mach number,
measured by the far-field microphone at ψ = 120◦ and θ = 0◦, for the following configurations: (a) free jet, (b)
jet-plate with radial distance of H = 0.7D, (c) H = 0.85D, (d) H = 1D, (e) H = 1.5D and (f) H = 2.5D.
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In recent times, jet noise during takeoff has become a significant concern for commercial aircraft manu-
facturers. To mitigate the health impacts of jet noise in densely populated areas, stringent regulations
on aircraft noise have been implemented [2]. This, along with the need to reduce fuel consumption and
green house gas emissions, has driven to substantial modifications of turbofan engines. Specifically, the
jet diameter is increased, introducing installation noise, which arises from the interaction between the
jet flow and solid surfaces such as wings and flaps. In order to understand these groups of phenomena,
many studies are being pursued within the aeroacoustics community from many different perspectives:
experimental studies, mathematical models and CFD simulations.

Figure 1: Sketch of the jet plate interac-
tion with important geometrical parame-
ters

Some studies [1] looked at the installed jet problem by explor-
ing the interaction between large coherent turbulent struc-
ture and the aircraft wing, by means of geometrically com-
plex CFD simulations with hybrid RANS/LES models. Re-
cent experimental studies held in anechoic room with wind
tunnel by Institut Pprime [3] explored a vast range of differ-
ent parameters, generating a large database and insights on
the fundamental structure of the interactions. In this work,
the interaction between a subsonic and adiabatic jet and a
flat plate is studied as a function of physical and geometric
parameters (see Fig. 1). The experiments show that when
the jet interacts strongly with the plate, a tonal dynamic ap-
pears, characteristic of a resonance mechanism between two
waves propagating respectively upstream and downstream.
The aim of this study is to analyse the nature of the insta-
bilities developing in the installed jet. To do this, the global
stability of the flow is studied in order to determine the resonance conditions and the modes associated
with them (Fig. 2a, 2b). On the other hand, when the flow is convectively stable, the study is com-
pleted by a 3D PSE analysis extracting the dominant convective modes and showing that the non-linear
dynamics (by SPOD) is multimodal in nature (Fig. 2c).

(a) Global eigenspectrum: λ =
σ+ iω for: (x): free jet; •: α = 0o;
•: α = 45o (b) Eigenfunction: ℜ [ρ̃(x, y)/ρjet]

(c) Dominant 3-D PSE mode,
ℜ [p̃(x, y, z)]

Figure 2: (a) and (b): Global Stability analysis; (c) 3D-PSE
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In this work, we investigate the tonal noise generation from an impinging jet. Several high fidelity implicit
large eddy simulations are performed, focusing on a high subsonic (Mj = 0.9), axisymmetric round
jet with a geometry and operating conditions aligned with experiment [1]. Cases with Re = 1 × 105

with/without forced boundary layer tripping and Re = 2 × 105 without forced boundary layer tripping
are investigated. The results suggest that at the lower Reynolds number, the boundary layer within
the nozzle is laminar, and thus Kelvin-Helmholtz coherent structures, or wavepackets, in the jet have
low amplitude. A boundary layer tripping is a necessary condition for significant amplitudes of Kelvin-
Helmholtz wavepackets, which eventually leads to tonal noise generation by a feedback loop with the
acoustic waves generated at the impinging plate [2]. At the higher Reynolds number case, the untripped
boundary layer status is found to be sensitive: above a critical Reynolds number Recr, the upstream
travelling guided jet wave could force the transition of the boundary layer, and below Recr, the boundary
layer re-laminarize naturally. The pressure fluctuation fields visualization can be found in figure 1.

This shows that the feedback loop in impinging jets is also affected by the nozzle boundary layer condi-
tions. This is further analysed by stability analyses of the Kelvin-Helmholtz and acoustic waves involved
in the feedback loop, which extract growth rates at relevant flow locations and allow the determination
of corresponding amplitudes for each configuration studied in this work.

Figure 1. The visualization of the pressure fluctuation field of three cases: (a) Re = 1× 105 untripped, (b) Re
= 1× 105 tripped and (c) Re = 2× 105 untripped. The case (c) is still under the transition phase.
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Brazil
Department of Fluids, Thermal Science and Combustion, Institut Pprime, Poitiers, France

This paper presents an experimental application of reactive control to jet installation noise based on
destructive interference. The work is motivated by the success of previous studies in applying this
control approach to several flow systems, among which turbulent jets [1, 2, 3]. We exploit the fact
that jet-surface interaction (JSI) noise is underpinned by wavepackets that can be modelled in a linear
framework and develop a linear control strategy where piezoelectric actuators situated at the edge of
a scattering surface are driven in real time by sensor measurements in the near field of the jet, the
objective being to reduce noise radiated in the acoustic field at a given observer position. The control
mechanism involves imposition of an anti-dipole at the trailing edge to cancel the scattering dipole that
arises due to an incident wavepacket perturbation, as schematically described in figure 1(a). We explore
two different control strategies: (i) the inverse feed-forward approach (IFFC), where causality is imposed
by truncating the control kernel, and (ii) the Wiener-Hopf (WH) approach, where causality is optimally
enforced in building the control kernel. We show that the Wiener-Hopf approach has better performance
than that obtained using the truncated inverse feed-forward kernel. Broadband noise reductions of up to
75% (corresponding to ≈ 6 dB) are achieved, as shown in figure 1(b).

For the Wiener-Hopf approach, we explore the directivity pattern of the noise modifications achieved
along a polar arc. Specifically, the control reduces the radiated noise for all the upstream polar positions,
where JSI noise has its preferential propagation direction, and amplifies the intensity of the acoustic
emissions for downstream polar positions. This result is consistent with the physics of installed jet noise
radiation, given that JSI is not the dominant noise source for downstream polar positions where, on the
contrary, ’direct’ jet noise dominates over the installed one. We, finally, explore robustness features of
the controller to changes of the flow conditions. Specifically, we calculate the control kernel for a given jet
Mach number, M∗ and explore control effectiveness for M variations in the range M∗±50%M∗. We show
that control remains still effective and the control authority monotonically reduces as the Mach number
moves away from M∗. Specifically, noise reductions achieved decreases of ≈ 60% for M = M∗ +50%M∗.

(a) (b)

Figure 1. (a) Schematic representation of the wave-cancellation strategy for the JSI noise control. υ denotes
the near-field sensor, u the actuator and ζ the observer in the acoustic field. (b) Power spectral densities at the
observer position ζ.
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Understanding the worst-case scenario that leads to the most amplified energy growth is key to predicting
flow instability. In a linear setting, resolvent analysis provides a powerful framework for this assessment,
helping to inform and design effective flow control strategies. This study aims to recover the forcing
mode that leads to the largest energy amplification in the flow, using the resolvent operator. It focuses
on reconstructing the resolvent forcing mode of a system at a given frequency using ensemble-based
variational techniques (EnVar) [1, 3]. This approach provides an alternative to methodologies that
involve performing the eigenvalue decomposition of an operator formed by the composition of the resolvent
operator and its adjoint [4], and could be extended to other applications for identifying conditions that
lead to energy growth. In fact, while developing adjoint models can be a complex task, the EnVar method
is non-intrusive, making it easier to formulate and implement. The search for an optimal forcing term
takes place within a subspace defined by an ensemble of realizations, each representing a simulation with
a different forcing. The iterative procedure aims to determine the optimal forcing by linearly combining
ensemble members based on their evaluations.
We apply this methodology to perform the optimization on the energy gains (amplification magnitude) of
the frequency response in a two-dimensional cavity flow [2]. The ensembles are generated using Gaussian
processes. The control vectors that result successfully approximate the forcing given by a more standard
eigenvalue analysis that involves the adjoint of the resolvent operator, as illustrated in Figure 1. While
the computational benefits of the EnVar optimization method for resolvent analysis may become more
apparent in complex applications, we emphasize its ease of implementation and computational efficiency in
studying flow instability (with potential extension to a nonlinear framework), supporting the development
of control strategies in complex and unstable scenarios that we aim to address, such as rotor-stator cavities.
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Figure 1: Forcings (top row) and responses (bottom row) derived from eigenvalue analysis (left column)
and through the EnVar methodology for an approximation of the forcing (right column).
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Shocks are frequently present in high-speed flows of fundamental and applied interest, possibly as a
dynamically-important flow feature. While many numerical methods exist to simulate shock-laden flows
[1], only recently have they been modified such that their linearizations also provide accurate forward
and adjoint sensitivities [2, 3] and verification analytical solutions available [2].

With numerical methods for non-linear simulations and linearized analysis of flows with shocks available,
it is natural to consider how to develop low-rank representations of the flows, usually from data, for
use in rapid, approximate analysis, parameter surveys, and/or controller design. Flows with shocks are
characterized by mixtures of sharp features, possibly in motion, embedded within an otherwise smooth
flow field. The presence of one or more nearly discontinuous features challenges rank-reduction methods,
making low-rank models elusive.

In this work, we present recent developments focused on low-rank methods suitable for shock-laden
flows. Borrowing from our prior work on rank-reduction of multiphase flows [4, 5, 6, 7], we develop
a ‘pull-back’ mapping that seeks to identify a coordinate transformation ξ = Ξ(x, t) to increase the

dominance of the first singular value of the data matrix X̂ = [u(ξ, t1), u(ξ, t2), . . .] relative to the original
data X = [u(x, t1), u(x, t2), . . .]. The time rate-of-change of the mapping minimizes the objective J =∑m−1

k=0

√
σ2
k(X̂) + ε, where σk is the kth singular value of X̂ and ε ≪ 1 is a very small number to ensure

J > 0. A sample outcome is shown in Figure 1 for Burgers’ equation with a shock formation.

Figure 1. Example of data transform of shock-laden flow to enable low-rank reduction.
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DYNAMICS OF A TURBULENT SEPARATION BUBBLE
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1Laboratory for Flow Instabilities and Dynamics, Institute of Fluid Dynamics and Technical Acoustics,
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Turbulent separation bubbles (TSBs) exhibit complex dynamics with significant implications across var-
ious engineering applications. Despite advances in both experimental [1] and numerical [2, 3] research,
the understanding of the low-frequency breathing motion of TSBs (i.e., the low-frequency expansion and
contraction of the bubble) remains incomplete. This phenomenon is known to induce detrimental effects,
including structural vibrations, noise, mechanical fatigue, and fluctuations in thermal loads.

In this presentation, we report on recent experimental investigations conducted in a half-diffuser con-
figuration, providing empirical evidence of large-scale standing wave patterns governing the breathing
motion. We present a low-dimensional model of this motion based on resolvent analysis, considering
three-dimensional perturbations on the two-dimensional mean flow. This model, which consists of the su-
perposition of left- and right-traveling resolvent modes resonating via the channel sidewalls, is consistent
with data-driven modes obtained through modal decomposition of velocity field measurement data.

Furthermore, we aim to uncover the physical mechanism driving the low-frequency breathing motion.
Preliminary analysis of the resolvent model in cross-sections reveals an interaction between streamwise
streaks and cross-stream vortices which is characteristic of the lift-up effect [4].

To further investigate the dominant stability mechanisms, we complement the resolvent analysis with a
global linear stability analysis. Additionally, we will examine the sensitivity of these dominant modes
to external forcing through an experimental campaign, in which we excite spanwise coherent structures
to actively regulate the low-frequency breathing motion. This work advances the understanding of TSB
dynamics and provides new perspectives on mitigating the adverse effects of this phenomenon in practical
applications.
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x/L

x z Re(ûRA)
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SLOW ACTIVE CONTROL OF ROAD VEHICLE WAKES: A STRATEGY FOR
DRAG REDUCTION IN VARYING FLOW CONDITIONS
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Aerodynamic drag significantly influences vehicle performance at speeds exceeding 70km/h, with wake
dynamics being a primary contributor for bluff-body designs such as SUVs. These vehicles exhibit
highly non-streamlined geometries, where the wake structure is sensitive to both design parameters
and environmental factors such as crosswinds. Addressing this challenge requires adaptive aerodynamic
solutions beyond conventional passive control strategies.

This study investigates a benchmark road vehicle geometry, the squareback Windsor body with wheels,
using high-fidelity Wall-Resolved Large Eddy Simulation (WRLES). A Gaussian process-based surrogate
modelling coupled with Bayesian optimisation (Kriging) is employed to develop a control strategy for
varying flow conditions. The study builds upon prior work that optimised a rear roof extension at
zero yaw to minimise drag, parametrising its length, angle of incidence, and penetration distance (see
Figure 1). The optimisation identified six distinct drag reduction mechanisms, namely diffuser-induced
pressure recovery, base size reduction, vertical wake balance modification, separation bubble effects,
recirculation region core relocation, and spanwise re-symmetrisation.

The next phase of this research extends the optimisation to nonzero yaw conditions, aiming to develop
a control policy for slow, active wake adaptation. By optimising the roof extension geometry across a
range of yaw angles, the study will establish a framework for dynamically adjusting aerodynamic elements
in response to changing flow conditions. Crucially, we aim to provide extensive analysis of both time-
averaged and dynamic features, which provides detailed insight into each parameter’s effect on the flow
field. While the study at zero yaw angle offered valuable insights into drag reduction mechanisms, we
expect the yaw angle study to yield similarly promising physical insights.

This ongoing work contributes to the development of adaptive aerodynamic strategies, offering new
insights into the physics of drag reduction mechanisms.

Figure 1. Partial dependency study of the angle of incidence, identified as the most influential parameter in the
optimisation study at zero yaw. Left: Response surface plot with penetration distance and extension length at their
maximum values. Right: Conditionally time-averaged pressure field superimposed on the dot product of the surface
normal vector and the streamwise direction for selected simulations, illustrating wake structure modifications.
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SWEEPING JETS ACTUATORS FOR FLOW SEPARATION CONTROL: CHAR-
ACTERISATION AND APPLICATION ON A CANONICAL RAMP

Mathieu Tocquer1, Cédric Raibaudo1, Azeddine Kourta1
1Univ. Orléans, INSA-CVL, PRISME UR 4229, F45072, France

Controlling flow separation to enhance aerodynamic performance is still a difficulty to achieve. Separated
flows have their own dynamics, with multiple time and space scales, making the optimal actuation difficult
to be applied. The purpose of this work is to investigate the efficiency of the sweeping jet actuators (SWJ)
to control separated flows. It was demonstrated that SWJs could produce high-frequency oscillations with
a moderate pressure supply and high-momentum injection [1], corresponding to the expected requirements
for control applications. The flow generated by the SWJ was characterized using hot-wire experiments
to estimate its dynamics (oscillation frequency), spatial distribution (length, width, angle), and the
generated turbulence. More details can be found here [2].

The performance of SWJs is assessed using a canonical ramp geometry with a 25◦ slope. A previous
work [3] has thoroughly examined this configuration, corresponding to a fundamental separated region,
representative of flows downstream an airfoil or a car. Eight SWJ actuators are positioned upstream
of the separation. Three jet angles (α) have been tested: 30◦, 45◦ and 90◦. The S2 open wind-tunnel
of the PRISME laboratory is used for the experimental campaign. Coupled measurements using PIV
in the center of the geometry and wall presure are acquired. Various inlet pressures of the actuators
from 0 kPa to 18 kPa, corresponding to momentum coefficients from Cµ = 0 % to Cµ = 20 %, with
Cµ = NjρjU

2
j Sj / ( 12ρ∞U2

∞hwramp). More details can be found here [4, 5].

Using the actuators with α = 30◦, the recirculation region (with length without control LR = 4.3h) is
shown to be completely suppressed starting at a minimal momentum coefficient of Cµ = 8. % (see Fig.
1a). For lower control pressures, the recirculation length is progressively reduced. The drag coefficient
CD, estimated from the wall pressure distribution, is decreasing 30◦ and 45◦ actuation angles α of the
jets (see Fig. 1b). It proved the capacity of the sweeping jets to be used for the control of separated
flows, and to be adapted depending of the incoming flow conditions. The physical mechanisms of the
flow under sweeping jet control will also be explained during the conference.

Acknowledgements: Laboratory of Excellence CAPRYSSES framework, financial support from Grant No.
ANR-11-LABX-0006-01 of the Investissements d’Avenir LabEx CAPRYSSES.

Figure 1. Performances of the sweeping jets actuators on the canonical ramp: evolution of (a) recirculation
length LR/h, (b) estimated drag coefficient CD, with respect to the actuators momentum coefficient Cµ.
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EFFECT OF BASE FLOW MODIFICATIONS ON THE GROWTH OF INSTA-
BILITIES IN LAMINAR CHANNEL FLOWS

A.L. Synodinos1, T. Michelis2, M. Kotsonis3

1Department of Flow Physics and Technology, Faculty of Aerospace Engineering, Delft University of
Technology, 2629 HS Delft, The Netherlands.

In the study of elastic and acoustic waves, engineered structures known as phononic crystals (PC) can
attenuate the amplitude of waves with particular wavelengths (λ) [1]. The fundamental concept of PC
relies on a periodic modulation of the propagation medium, with a wavelength λcr. The dispersive
properties of propagating waves are found to strongly depend on the ratio λcr/λ. In transitional flows,
hydrodynamic instabilities possess a wave-like character, however they exhibit fundamental differences
from the aforementioned hyperbolic waves, such as their inherent growth or attenuation behavior (ai).
Nevertheless, a periodic medium of propagation can potentially alter their dispersive properties by
attenuating their growth (ai).

This work investigates the application of a fluidic PC in a two-dimensional channel flow (plane Poiseuille
flow). The supporting instability modes possess a viscous character (i.e, Tollmien–Schlichting waves).
A controlled periodic modulation of the medium is leveraged through stationary modifications of the
base flow state vector [UBF , VBF , 0]. In this study, base-flow modifications are analytically imposed and
parameterized by the modulation amplitude (A) and wavelength (λcr). Figure 1 illustrates a representative
base with a modulated region extending from x = 100 to x = 410, for A = 0.05 and λcr = 9.94.

In the modulated region, the streamwise gradient of the velocity components gives rise to highly non-
parallel features, necessitating fully elliptical stability solutions. In particular, the in-house Delft Harmonic
Navier-Stokes Solver (DeHNSSo) [3] is used to solve the linear harmonic Navier-Stokes equations. In
the region of base flow modification (i.e. the ”crystal”) the modulated growth rate of the propagating
instability (ai,mod), is extracted for a range of wavelength ratios (λcr/λTS). To facilitate comparison
among different modes, a change in growth rate is introduced relative to the non-modified clean channel
flow (ai,mod − ai). The corresponding stability parameter is illustrated in figure 2 for fifteen crystal
cases and twenty instability waves of varying frequency. A clear wavelength dependence of the stability
characteristics is found, which diminishes as larger crystal wavelengths are approached. In particular, for
λcr/λTS < 1.3, a strong destabilization effect is observed, while for 1.3 < λcr/λTS < 2.4, stabilization is
maximized. In conclusion, stationary periodic modulation of the base-flow is found to effectively attenuate
the growth rate of incoming instabilities, depending on the specific wavelength ratio between fluidic crystal
and instability (λcr/λTS).
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Figure 1. (a) streamwise (u) velocity component,
(b) wall normal (v) velocity component. Dashed lines
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Figure 2. ai,mod − ai as a function of the wave-
length ratio λcr/λTS. Each color corresponds to a
different crystal wavelength. Markers indicate indi-
vidual discrete modes (i.e. TS waves).
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Imperfectly expanded jets can be divided into two main categories, under-expanded and over-expanded. If
the pressure of the exhaust leaving the nozzle exit is still above ambient pressure, then a nozzle is said to be
under-expanded, resulting in a shock-cell structure developing outside the nozzle. Jets in these conditions
generate various types of noise and, for particular temperatures and velocities, they generate discrete
tones, called screech tones. This acoustic phenomenon was rst discovered by Powell [1] in 1952, who
gave a preliminary explanation of the mechanism as an acoustic feedback loop between the disturbances
generated in the lips of the nozzle and the structure of the shock cells formed downstream. Since then, the
problem has been extensively studied experimentally [2], analytically [3] and numerically [4]. In recent
years, stability theory has been central in obtaining a more rened explanation of the feedback mechanism,
based on the interaction between shock and acoustic modes traveling upstream in the potential core of the
jet [5]. However, in the context of stability analysis, it is still dicult to formulate a consistent modeling
that is capable of addressing the problem of a fully turbulent three-dimensional jet. This work focuses
on this particular question, trying to study the screech phenomenon by means of global stability analysis
using RANS models. This is made possible by using a source transformation automatic dierentiation
tool Tapenade [7] to extract the linearised solver, then a matrix-free time-stepping approach to solve
the global stability analysis problem by passing memory problems of the matrix forming approaches.
The high performance nite dierence solver dNami [8] is used to discretize the compressible URANS
equations (k-ω SST and Spalart Allmaras models). We will present an investigation of dierent regimes of
the screech phenomenon (round and rectangular jets), comparing dierent turbulence models and nozzle
pressure ratios (NPR). Then a three-dimensional global stability analysis is performed, analyzing the
structure of the various three-dimensional modes (axisymmetric, apping, helical) and their coexistence
for specic NPRs.
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Figure 1. Left: Comparison of the spectra calculated at Mj = 1.2 with Spalart-Allmaras and k-ω SST turbulence
models, an unstable mode is present. Right: The real part of the density distribution of the most unstable mode
for the k-ω SST model is shown. Upstream acoustic typical of screech is visible.
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OF A TURBULENT BOUNDARY LAYER
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Linear resolvent analysis has proven to be a successful approach for the identification of coherent struc-
tures in shear flows. Recent studies of turbulent wall-bounded flows have shown the importance of
including the mean eddy viscosity ν̄T in the resolvent operator. In many cases the addition of eddy
viscosity allowed to model empirically obtained SPOD modes more accurately, balancing the high non-
normality of the resolvent operator [1].

Eddy viscosity depends on the flow variables, and if its inclusion in the linear model is pertinent, it would
be consistent to account also for its unsteady fluctuations. We investigate the effect of including a per-
turbed eddy viscosity ν′T in the resolvent analysis of turbulent boundary layers. A similar model coupled
to data-assimilation has yielded promising results in the linear stability analysis of the flow around an
airfoil [2]. We consider a spatially developing turbulent boundary layer flow and derive the mean-flow
field (ū, p̄, ν̄T ) using the RANS equations closed with the Spalart-Allmaras turbulence model. Analogous
to the velocity and pressure fields, we denote νT = ν̄T + ν′T to account for an unsteady eddy viscos-
ity perturbation. Linearizing the RANS equations and the Spalart-Allmaras transport equation around
the mean-flow solution, we obtain a ”perturbed eddy viscosity” ν′T -resolvent in addition to the simple
ν-resolvent and ”frozen eddy viscosity” ν̄T -resolvent.

The ν′T -resolvent correctly identifies the stationary streaks at ω = 0 as the most energetic structures, for
which the spanwise wavenumber dependency is shown in Figure 1. By comparing with the ν̄T -resolvent,
we show that accounting for a perturbation in eddy viscosity leads to a reduction in the amplification
of streaks. The smaller scale structures developing in the inner layer are more affected and the inner
amplification maximum is shifted to smaller wavelengths. The velocity perturbations, seen in Figure 2,
also extend further from the wall. Following Symon et al. [3], we will discuss this damping effect from a
Reynolds-Orr energy-budget analysis.

Figure 1: Scaled optimal resolvent
gain at ω = 0 as a function of
the spanwise wavenumber β : ν-
resolvent (··), ν̄T -resolvent (−·), ν′T -
resolvent (−).

Figure 2: Cross-stream view of the ν′T -resolvent optimal response,
colored by streamwise velocity [eddy viscosity perturbation] for outer
peak λz/δ

∗ = 9.5 (a) [(b)] and inner peak λ+
z = 40 (c) [(d)].
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A number of engineering applications, such as micro-wind blade turbines or small unmanned air vehicles,
operate at low to moderate Reynolds number flow conditions, and present a significant potential for noise
pollution. The most significant and well-understood source of noise at small angles of incidence is trailing
edge noise, which results from the diffraction of pressure waves at the trailing edge. However, in the
case of a NACA0012 profile, Sandberg et al. [1] observed the presence of an additional secondary noise
source, located on the suction surface near the reattachment point of the boundary layer and possessing
a markedly different directivity pattern.

Both these acoustic radiations can be linked to the presence of flow structures in the boundary layer,
spatiotemporally coherent over distances far exceeding the integral scales of the turbulence. Furthermore,
these coherent structures were found to agree well with predictions of a linearized input-output stability
analysis applied on the turbulent mean flow field [2]. Still, application of the resolvent framework to
turbulent mean flows is not straightforward and several difficulties arise, especially on the choice of a
meaningful mean flow [3]. A consistent framework for the application of resolvent analysis to compressible
turbulent flows is thus proposed. It is based on the linearization of the RANS equations closed with a
Spalart-Allmaras turbulence model. A modification of the usual Chu norm is also proposed to better
account for turbulence-related energy transfers.

The framework is then used to better characterize the secondary, separation-related acoustic source. First,
the effect of the profile geometry and thickness is investigated by considering two separate configurations:
a NACA0012 profile at various angles of incidence and a compressor blade. Some light is also shed on the
noise generation mechanism underlying the secondary acoustic source. It was found that the separation-
related acoustic radiation appears as a byproduct of the vortex deformation associated with the Orr
mechanism in the vicinity of the recirculation bubble.

Figure 1. Acoustic radiation corresponding to the two most amplified responses generated by the flow over a
NACA0012 profile at Re = 2× 105, Ma = 0.4, α = 5◦. Coloured contours represent the density component of the
optimal response while white isocontours denotes the pressure magnitude. Preferential directions of propagation are
also indicated as black lines. Left: St = 8.3 corresponding to trailing edge noise. Right: St = 23.4 corresponding
to separation-related noise.
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Some nonlinear dynamical systems are metastable: subject to a weak noise, they randomly switch back
and forth between two configurations, after long and unpredictable times. This is for instance occurring
in the barotropic quasi-geostrophic equations, used to model quasi-stationary turbulent zonal jets [1].
However, precisely because the mean transition time to change from one attractor state to the other is
extremely large, this situation will usually not be easily detected by simply running the numerical models.
Instead, rare event algorithms based on the large-deviation theory are generally used.

Alternatively, to compute the flow statistics at a cheaper numerical cost, we propose to generalize the
multiple-scale weakly nonlinear expansion technique typically deployed for the response of the Duffing
oscillator, to the Navier-Stokes equations. Specifically, the Navier-Stokes equations are forced by a weak,
narrow-band noise, which therefore acts on the same slow time scale τ as the amplitude of the dominant
mode shortly after a bifurcation point Rec (with neutral eigenmode q(x)). Thereby, in the case of a steady
symmetry-breaking bifurcation, we rigorously derive a stochastically forced Stuart-Landau equation for
the slowly varying amplitude A(τ) premultiplying the dominant symmetry-breaking mode q(x)

dA

dτ
= λA(τ) + µA(τ)3 + ηϕξ(τ), (1)

where the coefficients λ, µ and η are all computed from scalar products of linearly computed fields, ϕ is
the rescaled noise amplitude and ξ(τ) a rescaled band-limited white noise.

Figure 1. The flow past a sudden expansion at Re = 100 > Rec, beyond the symmetry-breaking bifurcation, and
subject to a stochastic forcing. The flow switches from one attractor state to the other at random, extremely long
times.

The validity of this reduced order model (WNL) is tested on the flow past a sudden expansion after the
symmetry-breaking bifurcation Re > Rec [2] (see figure 1). Given the nature of the amplitude equation
(1), the dynamics of A derives from a potential and the probability density function of the solution is then
easily determined by solving the Fokker-Planck equation. At a very low numerical cost, the statistics ob-
tained by solving the Fokker-Planck equation accurately reproduce those of a long-time direct numerical
simulation (DNS) of the unsteady forced Navier-Stokes equations, for different noise amplitudes ϕ.
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MODELING NONLINEAR DYNAMICS FROM DATA
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The transition to unsteadiness in the wake of fixed bodies is a classical problem in fluid mechanics
which has received a large number of studies, since the first observations of the characteristic vortex
alley structure by Bénard and Von Karman. This transition is now well explained through concepts
of hydrodynamic instability theory. The modern explanation for this transition, built upon properties
of the local velocity profiles and assuming a weakly nonparallel flow, was conceptualized by Chomaz
and coworkers (see e.g. [1]). Accordingly, the global instability is due to the existence of a region of
absolute instability of sufficient extend in the flow which acts as the ”wavemaker”. This scenario was first
demonstrated for simple mathematical models such as the nonlinear Ginzburg-Landau equation. It was
then shown to hold for the reference case a circular cylinder, and more generally 2D blunt bodies of other
geometries. In such wakes, the region of absolute instability can be grossly identified with the recirculation
region, which extends as the Reynolds number is increased until it reaches a sufficient size (the transition
occurring for Re ≈ 47 in the classical case of the circular cylinder). In this presentation, I will focus
on the case of slender 2D bodies, such as a NACA0012 wing profile, for which the transition occurs for
much higher values of the Reynolds number, of the order of 10000. A region of absolute instability is
also present in such wakes and the weakly non-parallel hypothesis is much better approached than for
slender bodies, so one would expect the whole scenario to remain valid. However, no available numerical
study (using either DNS or Linear Stability analysis) has been able to give a precise value for the critical
Reynolds number. For instance, Sabino [2] indicated a transition in the range Re ∈ [6000 − −8000]
and reported a significant dependence upon the size of the numerical domain, especially the position
Xout of the downstream boundary. Sabino also reported that close to the onset, there exists a large
number of near-neutral eigenmodes which are all spatially amplified up to the numerical boundary. This
suggests that the transition observed in numerical simulations in a truncated domain could actually be
dominated by spurious effects associated to the outlet boundary condition. By scrutinizing this problem
using DNS, linear stability and sensitivity approaches, along with simplified mathematical models, it
is demonstrated that two feedback mechanisms actually exist. The first one is local and related to the
region of absolute instability, following the generally adopted view. The second is non- local, and involves
a downstream propagating convective vortical perturbation and a pressure perturbation generated at the
boundary condition (the latter being instantaneous in the strictly incompressible case and associated to
a backward propagating acoustic wave in the compressible case). It is shown that the second mechanism
dominates for thin profiles such as the NACA0012, and prevents from being able to locate the ”true”
critical Reynolds number in a domain of infinite size without proper care of the problem. Two methods
(a complex mapping and a specifically designed sponge region) are eventually introduced to circumvent
the problem by damping the vortical structures in the region away from the absolute instability region
and preventing their spurious retroaction through the boundary condition. With these methods, along
with the use of systematic mesh adaptation as explained in Fabre et al. [3], it is possible to localize the
critical Reynolds for a NACA0012 profile in an infinite domain at Re = 8550. It is speculated that the
identified phenomenon likely manifests in other classes of strongly convective flows, such as coaxial jets.
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IMPERFECT BIFURCATIONS IN A LAMINAR 3-D BLUFF BODY WAKE:
EFFECT OF YAW AND PITCH
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The laminar wake of a perfectly aligned Ahmed body undergoes pitchfork bifurcations, leading to a static
symmetry-breaking deflection, either vertical or horizontal [1]. At slightly larger Re, the deflected wake
undergoes a secondary Hopf bifurcation, leading to vertical or horizontal vortex shedding. Here, using
3-D linear and weakly nonlinear stability analysis, as well as DNS, we investigate how pitch and yaw
modify these bifurcations, thus complementing existing turbulent studies [2, 3].

As typically observed for imperfect pitchfork bifurcations, at low Re a small misalignment selects one
of the steady states: vertical deflection under pitch (Figure 1a), and horizontal deflection under yaw.
Interestingly, pitch reduces the critical Re of the vertical Hopf bifurcation but also increases the critical
Re at which the vertically deflected state loses stability (Figure 1b), resulting in a cross-over of the two
bifurcations for α = 1◦ (Figure 1c). The flow dynamics in the vicinity of this cross-over are strongly
reminiscent of the very slow dynamics observed experimentally in ground proximity [4]: the wake first
oscillates vertically, before transitioning to a steady horizontal deflection.

Finally, for small angles, the effect of combined yaw and pitch is studied efficiently via a weakly nonlinear
analysis, unveiling complicated bifurcation diagrams.

(a)

top view

side view

(b) (c)

Figure 1. Effect of a small pitch angle α on the wake of an Ahmed body (width-to-height ratio W/H = 1.2,
length-to-height ratio L/H = 3). (a) Base flow streamwise velocity u in the planes z = 0 (top view) and y = 0
(side view), for α = 4◦, Re = 360. (b) Nonlinear base states (vertical velocity w measured in the wake on the
axis y = z = 0) and their linear stability (solid/dashed lines: stable/unstable). (c) Stability diagram. Inset:
slow transition from vertical vortex shedding (v = 0, w ̸= 0) to steady horizontal deflection (v ̸= 0) for α = 1◦,
Re = 400.
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Low-frequency unsteadiness is a common feature of separated flows, such as turbulent separation bubbles
(TSBs), where they produce a characteristic “breathing” motion [1]. Centrifugal instabilities have been
proposed as a possible mechanism for the observed unsteadiness in incompressible flows [2] and also in
high-speed flows subject to shock wave/boundary layer interaction [3]. Here, we explore another possible
mechanism for low-frequency unsteadiness in incompressible flows based on a destabilizing effect produced
by a Coriolis force [4]. For that we consider a model problem wherein turbulent plane Couette flow is
subject to constant rotation in the spanwise direction. Direct numerical simulations (DNS) of this flow
have been performed at Reynolds number Re = 1000 and different rotation rates, Ω. It is found that
low-frequency turbulent fluctuations increase substantially in the rotating system. This is illustrated in
figure 1, which shows averaged pressure spectra on the lower wall for cases with and without rotation.

Figure 1. Pressure spectra computed from DNS of turbulent plane Couette flow at Re = 1000 and rotation rates
Ω = 0, 10. The spectra are computed at the lower wall and spatially-averaged.

The low-pass filter effect observed in rotating Couette flow is quite similar to that observed in TSBs [5],
suggesting that this kind of rotational instability is a plausible physical mechanism for the generation of
low-frequency motion in the latter (wherein rotation is induced by the concave streamline curvature of
the mean flow). Furthermore, this low-pass filter effect is found to be correctly captured by a resolvent
model based on the linearised Navier-Stokes system. We also investigate the link between low-frequency
unsteadiness and the onset of superstructures that occupy the entire length of the domain.
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STABILITY OF LARGE-AMPLITUDE PULSATILE FLOW IN A TORUS

J. S. Kern [johann-simon.kern@ensam.eu], J.-C. Loiseau
DynFluid, Arts et Métiers Institute of Technology (ENSAM), Paris, France

Pipe flows are ubiquitous in nature and technology, from the cardiovascular system to heat exchangers
and hydraulic piping. This has led to a theoretical and practical interest in this geometry since the late
19th century in order to understand the flow behaviour, and its stability characteristics. While the linear
stability of steady flow in a straight pipe up to very high Reynolds numbers is a well established result
of stability theory, recent efforts by a number of research teams have extended the steady analysis to
toroidal and helical pipes, showing that even small amounts of curvature and torsion lead to a linear
instability at finite Reynolds numbers (e.g., [1, 3], among others).

However, many practical applications involving pipe flows in curved geometries are not subject to steady
flow. A classic example is the blood flow in the aorta that is driven by periodic contractions of the heart.
In cases without curvature, linear stability analyses of pulsatile channel flow have shown that time-
periodic variations of the baseflow can lead to both stabilisation and destabilisation of the flow [6]. In
order to assess the interaction of pulsations and curvature, a recent study has followed a similar approach
to extend the linear stability results for steady flow in toroidal pipes to the pulsating case [4]. Progres-
sively adding pulsations to a slightly supercritical steady state, the study showed that small-amplitude
pulsations have an overwhelmingly stabilising effect. Unfortunately, in spite of its high accuracy, the use
of a fully spectral matrix-forming approach severely limited the range of considered pulsation amplitudes.

In the present work, we revisit the case of pulsatile flow in the torus using a fully three-dimensional
matrix-free time-stepper approach, thus eliminating the main restrictions of the previous analysis. The
new implementation unlocks not only a considerably larger parameter range for the harmonically forced
case, in particular to larger pulsation amplitudes in the highly nonlinear regime, but also opens up the
perspective to include more complex geometries or pressure variations at modest extra development cost.
Using a radically different numerical methodology, the new results for a curvature of δ = 0.3 will allow
us to cross-check and confirm the conclusions of the previous work. Furthermore, we fully map the
space of laminar nonlinear periodic orbits with Womersley numbers and pulsation amplitudes in the
ranges Wo ∈ [ 15, 100 ] and Q ∈ [ 0.0, 0.5 ], respectively, and track the leading unstable Floquet eigenvalue
originating in the Hopf bifurcation of the steady flow for a larger range of pulsation amplitudes than before.
The analysis is performed using neklab, a combination of the spectral element solver Nek5000[2] with
the novel open-source toolbox LightKrylov[5] for linear algebra and stability calculations using Krylov-
based methods written in modern Fortran making heavy use of abstract types for a highly adaptable, yet
lightweight and portable implementation.

(a) Streamwise velocity of the nonlinear periodic orbit
over the period T for δ = 0.3, Wo = 35, Q = 0.3.

(b) Full torus geometry with steady baseflow (slices)
and isocontour of the leading eigenmode (lower half).
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STABILITY OF TURBINE DRAFT TUBE VORTEX
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For a given specific energy in hydraulic machines, there is a peak efficiency at a certain flow rate, known
as the Best Efficiency Point (BEP). Beyond this point, efficiency decreases in an almost quadratic manner
as flow rate deviates. This study aims to establish a connection between this phenomenon and the flow
stability properties at two different operating points. The base flow vortex considered here is based on
the experimental data by [1, 2]. Based on experimental measurement at a location of turbine outlet
(upstream of draft tube), Susan-Resiga et al. [1] proposed a mathematical fitting of the turbine vortex
into one rigid body motion and two batchelor vortices with two different core radii Ub = [0, Vθ, Vz]:

Vθ = Ω0r +
Ω1R1

r/R1

(
1− exp(−r2/R2
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)
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(
−r2/R2

2

)
, (2)

where W0 is the free stream velocity (positive for downward direction). The subscription 0,1 ,2 are
fitting parameters which vary with the operation points and by construction R1 > R2. The values
are nondimensionalized by turbine outlet radius R0 = 20 cm and the turbine velocity at this radius
(Voutlet = 1000 rpm ×2π/60 × R0). A local stability analysis (u′ = u(r) exp(−iωt + imθ + ikz) + c.c.)
is performed for two different operating points (two different baseflows). Following [5], the turbulent
viscosity (∇ · [(ν + νT )(∇û + (∇û)T )]) is taken into account and νT is derived from the experimental
data [2]. The first operating point (OP1) corresponds to the part-load regime, where the flow rate is
approximately 97% of that at the BEP. The second operating point (OP2) corresponds to the BEP
itself. For OP1, the most unstable mode is associated with an azimuthal wavenumber of m = 2 . In
contrast, for OP2, the dominant instability is an axisymmetric mode for all axial wavenumber k. These
findings align with previous observations [4], as shown in Figure 1a for a similar discharge coefficient. In
the experiment, a vortical structure with a small radius is observed and visualized through cavitation.
Figure 1b illustrates the vorticity distribution of the most unstable mode for OP1 (marked as a circle in
Figure 1c), exhibiting five axial wavenumber cycles. The large grey circle represents the draft tube radius,
indicating that the instability mode is concentrated near the center. The mode shape and its localization
near the axis further support this interpretation. At the BEP (OP2), experimental observations reveal
no distinct vortical structures (not shown).

(a) 95%BEP (b) (c) OP1
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Figure 1. (a) Experimental observation [4]. (b) Three dimensional view of vorticity (ζ = 0.3max(ζ)) of the
most unstable mode of m = 2, ζ(r) exp(imθ + ikz), (marked as • in (c)). The growth rate as functions of axial
wavenumber k and azimuthal wavenumber m for (c) OP1 (97 % BEP) and (d) OP2 (BEP).
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DETUNED STREAK INSTABILITIES ORIGINATE LARGE-SCALE FLOWS IN
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2LISN-CNRS, Université Paris-Saclay, 507 Rue du Belvédère, 91405 Orsay, France
3DynFluid, Arts et Métiers Paris /CNAM, 151 Bd de l’Hôpital, 75013 Paris, France

Plane shear flows at low Reynolds number are characterized by the coexistence of laminar and turbulent
flow. As the Reynolds number is decreased, initially homogeneous turbulence becomes modulated in
the streamwise and spanwise directions resulting in oblique patterns referred to as turbulent bands [1].
Recently, it was shown that such modulation arises as a linear instability of the homogeneous turbulent
flow [2]. Several direct numerical simulations of a perturbed turbulent channel flow were performed and
ensemble averaged in order to extract a statistical dispersion relation. With this technique, it was possible
to obtain a growth rate for the large-scale component of the perturbation. This growth rate becomes
positive as the Reynolds number is decreased, giving the critical Reynolds number for the appearence
of the pattern. Nevertheless, using this approach, it was not possible to retrieve the unstable mode.
On the other hand, a recent work [3] employed the block-circulant matrix method [4] to show that a
detuned instability of near-wall streaks can generate large-scale motions in the turbulent channel flow at
moderately high Reynolds number. Although this second approach needs some modelling assumptions, it
allows the formulation of a classical stability problem with eigenvalues and eigenmodes. The idea of the
present work is to perform a similar analysis on the transitional channel flow and recover the unstable
mode that brings the large-scale modulation of the turbulent flow. With this aim, near-wall streaks are
computed from the linear optimal forcing of the mean flow with the typical spanwise spacing of 100 wall
units. Then, a secondary stability analysis is performed over an array of streaks plus the mean flow. If
the amplitude of the streaks is large enough and if an eddy viscosity is included in the linear operator
to model unresolved turbulent motions, the streaky base flow becomes unstable as the Reynolds number
is decreased. The instability is found over a range of wavenumbers compatible with those reported in
[2]. Nonlinear simulations initialized with the unstable mode and the base flow are performed in order
to observe the saturation of the mode. The outcome is portrayed in figure 1 where it can be seen a
large-scale wall-parallel flow developing around an oblique band. This represents the first stage of the
pattern development. Key takeaways and limitations of the modelling approach will be discussed.

Figure 1. Large-scale flow developed by the nonlinearly saturated unstable mode over the streaky base flow. The
figure shows the wall-normal integrated wall-normal velocity kinetic energy (shaded contours) and the wall-normal
integrated wall-parallel large-scale flow (arrows). Flow from left to right.
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The present work investigates the two-dimensional (2D) and three-dimensional (3D) linear stability of the
fluid-structure interaction (FSI) problem composed of an incompressible fluid flowing past an infinite and
flexible circular cylinder at low Reynolds number (see figure 1). The flexible cylinder is free to oscillate
in the x and y direction, with a characteristic wavelength of λz = 2π/β in the spanwise direction z, and
its dynamics is governed by the Euler-Bernoulli beam equation. By varying the bending stiffness of the
cylinder over more than two orders of magnitude we characterise the bifurcation scenario ranging from
the (well-known) rigid case to the (here considered for the first time) extremely flexible one.

The FSI problem is formulated using an Arbitrary Lagrangian Eulerian (ALE) approach. At the interface
between the fluid and the deformable structure the continuity of the velocity, which is in the x-y plane
at leading order, and of the normal component of the stress tensor are enforced. For both the fluid and
the structure we solve the equations in an initial, fixed reference system, similarly to what has been done
in previous works [1]. We use the finite element, open source library GetFEM [2] to implement the ALE
scheme and run the simulations.

Our preliminary results show that the flexibility of the cylinder influences the primary bifurcation of the
FSI problem in a non trivial way. At low values of the bending stiffness, the primary instability consists
of a Hopf bifurcation towards the classical von Kármán unsteady wake, as for a rigid cylinder [3]. In
contrast, when the cylinder is flexible enough, the primary bifurcation consists of a regular bifurcation
towards a 3D steady state. This bifurcation is due to an anti-symmetric mode that, to the best of our
knowledge, has never been observed so far.

At the conference we will characterise the bifurcation scenario in the complete parameter space, and shed
light on the role of the flexibilty of the cylinder on the stability of this FSI system.

 

Figure 1. Sketch of the FSI system. An incompressible fluid with unperturbed velocity u = U∞êx flows past an
infinite flexible cylinder of diameter D having axis aligned with êz.
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WIDOM-LINE EFFECT ON THE BOUNDARY-LAYER TRANSITION WITH A

HIGHLY NON-IDEAL FLUID
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Research on the hydrodynamic stability of boundary layers with fluids exhibiting non-ideal thermody-
namic behaviour has made notable progress in recent years. The newly identified Mode-II instability [1] in
the transcritical-heating regime – linked to the kinematic viscosity minimum at the Widom line – arises
from the interaction between shear and baroclinic waves [2]. Non-modal stability analysis has shown
that Mode II alters the streamwise invariance of optimal streamwise streaks [3]. More recently, the first
controlled laminar-to-turbulent transition of a transcritical boundary layer with a fluid at supercritical
pressure was performed by means of direct numerical simulation (DNS) [4]. Nevertheless, the role of the
Widom line in the non-linear stages of boundary-layer breakdown remains an open question.

In this talk, we consider a transitional zero-pressure-gradient flat-plate boundary layer at a Mach number
of 0.2 and reduced pressure of p∗/p∗c = 1.10, with p∗c being the critical pressure, using the open-source
DNS solver CUBENS (CUBic Equation of state Navier-Stokes) [5]. To investigate the Widom-line effect,
a strongly stratified transcritical (pseudo-boiling) temperature profile with slightly heated wall is selected.
First, we compare linearly and non-linearly forced two-dimensional (2-D) boundary-layers. The latter is
characterised by a train of billow structures resembling the Kelvin-Helmholtz instability in shear layers,
along with localised flow reversal, which is typical of an adverse streamwise pressure gradient (see Fig. 1).
Second, we analyse the three-dimensional (3-D) breakup of the spanwise-oriented billows under high-
amplitude 2-D forcing. The near-wall downstream-convected local separation bubbles further destabilise
the dominant 2-D mode, amplifying it to high amplitude levels and triggering a rapid fill-up of the
spectrum of all 3-D modes. The breakdown of each spanwise roller into fine-scale 3-D structures occurs
over an extended streamwise distance before the boundary layer becomes fully turbulent. A detailed
analysis of this 3-D transition mechanism will be presented, alongside additional controlled transitional
scenarios under varying wall blowing–suction conditions.

0
1
2

y
/δ

99
,0

(a)
v′

0
1
2

y
/δ

99
,0

(b)
Max. cp (pseudo-critical line)

0
1
2

y
/δ

99
,0

(c)

0
1
2

y
/δ

99
,0

(d)

u < 0

650 675 700 725 750 775 800 825
Reδ

0
1
2

y
/δ

99
,0

(e)

-0.020

0.000
0.010

p′

-0.213
0.000
0.213

ρ
′

-2.000

0.0000.500

ω
z

0.000

1.013

u

0.000

0.302

M
=
u
/a

Figure 1: Instantaneous contours of transcritical-heated case with A
(1,0)
2-D

= 7.5 × 10−3: (a) pressure fluctuation p′, (b) density

fluctuation ρ′, (c) spanwise vorticity ωz , (d) streamwise velocity u, and (e) Mach number M = u/a. The Widom line y = yWL lies
in the black region, i.e. between 95%max{cp} and max{cp}. In the inset of (a), wall-normal velocity fluctuation v′. In the inset
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FLOW TRANSITION OVER GAPS
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Aircraft wings are not perfectly smooth; they often feature spanwise gaps due to manufacturing tol-
erances, structural components, or control surface discontinuities. These geometric discontinuities can
significantly influence boundary layer transition, potentially affecting aerodynamic performance and effi-
ciency. In this study, we investigate the interaction between such gaps and the transition process, with
a particular emphasis on the enhanced amplification of Tollmien-Schlichting (TS) waves and by-pass
mechanisms. Specifically, we examine the role of gap-induced modes in triggering or enhancing natural
boundary layer instabilities [1]. The analysis is conducted at low Mach number under incompressible flow
conditions at a Reynolds number of Reδ∗ = 1000, where δ∗ denotes the displacement thickness measured
at the upstream edge of the gap on a smooth surface that is free of discontinuities. The depth of the
gap considered is d/δ∗ = 4, while the width is varied within the range w/δ∗ ∈ {10, . . . , 30} to assess
the onset of global instability. High-fidelity numerical simulations are performed using the spectral/hp
element method implemented in the open-source framework Nektar++ [2]. The results provide new in-
sights into the transition mechanisms induced by geometric discontinuities, contributing to the design of
more aerodynamically efficient wings. Future work will extend the study to compressible flow regimes
and three-dimensional configurations to account for sweeping effects.
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A FAST AND ACCURATE METHOD TO SIMULATE THE EFFECT OF A
BUMP ON A TS WAVE

Fernando H. T. Himeno1, Marcello A. F. Medeiros1
1University of Sao Paulo, Sao Carlos, Sao Paulo, Brazil, 13566-590.

The simulation cost can be greatly increased due to the mesh spacing when dealing with very small bumps
(h ≲ 10% of the local displacement thickness, δ∗R). Using a high-fidelity simulation code, we were inspired
by a similar approach used in receptivity studies [1] but here used in the context in which the bump
affects the evolution of a propagating Tollmien-Schilichting (TS) [2]. For the method, the boundary layer
profile distorted by a sufficiently small irregularity is modelled by including a non-homogeneous velocity
boundary condition at the wall. For the steady flow, the magnitude of the wall velocity components is
estimated via Taylor expansion of the smooth case profiles. An unsteady term must be added in the wall
velocity condition to cancel out the amplitude of the travelling TS wave at the bump contour. One may
also need to consider that the unsteady correction is damped along the normal direction and also takes
a time interval to reach the bump top. Based on the solution of well known second Stokes problem we
added a correction term in the wall velocity components that finally becomes expressed as,

uwall(x, t) = −hR
∂ūS
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∣∣∣∣
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(1)

where ‘T’ indicates the steady term, ‘A’ is the unsteady term needed to cancel out the TS wave amplitude
at the bump contour, and ‘S’ the term related to the Stokes problem used to correct the amplitude damp-
ing and delay time. Figure 1 compares the approximate approach with the body-fitted bump solution.
We also considered repeating the calculation in a second iteration of the method. The agreement of the
second iteration case with the body-fitted is remarkable (relative error below 1%). The computational
cost was also considerably reduced since the minimum mesh spacing could be increased by a factor of 5
relative to that required to simulate the body-fitted bump.
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Figure 1. Approximated bump compared with body-fitted solution showing the contribution of each term of equation
1. The Reynolds number at the bump center was Reδ∗ = 950 and the Mach number was set to M∞ = 0.1. The
bump was centered at xR = 320.82 with height hR = 0.05 and length of LR = 18.18, all normalised by δ∗R. TTS

denotes a period of the TS wave which had a non-dimensional frequency of F = 2πf⋆ν⋆/U⋆
∞

2 = 90 × 10−6. ‘S’:
Smooth, ‘BF’: Body-fitted, while ‘T’, ‘A’ and ‘S’ denote the terms of eq. (1), ‘TAS-2’: ‘TAS’-2nd iteration.
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CROSSFLOW-DOMINATED LAMINAR-TURBULENT TRANSITION DOWN-
STREAM OF AN ISOLATED ROUGHNESS ELEMENT OF SMALL HEIGHT

Hans Peter Barth1, Stefan Hein1
1German Aerospace Center, Institute of Aerodynamics and Flow Technology, Department of High Speed
Configurations
The effect of an isolated roughness element on laminar-turbulent transition has been thoroughly investi-
gated in the range of roughness Reynolds numbers Rek for which the laminar-turbulent transition front
advances to the immediate vicinity of the isolated roughness, a behaviour often referred to as direct
tripping. Experimental studies for this range have been conducted in both two-dimensional (e.g. [1])
and three-dimensional boundary layers (e.g. [2]). Radeztsky et al. [3] showed that roughness elements
with Rek values orders of magnitude smaller can already have a significant impact on the location of
laminar-turbulent transition. In this investigation, the effect of an isolated roughness element with a
particularly low roughness Reynolds number of Rek = 0.55 (compared to typical critical values for direct
tripping of Rek ≫ 100 [3]) is studied experimentally in a three-dimensional boundary layer. Detailed
spatially scanned hot-wire anemometry measurements are performed in the SPECTRA-B configuration
(shown in Fig. 1a, see [4]). The development of steady and unsteady instabilities is characterized in
comparison to a reference case without artificial roughness and a case with spanwise-periodic forcing. In
Fig. 1b, isocontours of the nondimensional main velocity component us in the coordinate system locally
aligned with the boundary-layer edge streamline visualize an overview of the three-dimensional steady
boundary-layer flow field. The local boundary-layer edge velocity is denoted by qe. The red curve follows
the flow direction at the wall-normal distance of the inflection point in the crossflow velocity component
vs, starting from the chordwise and spanwise location of the isolated roughness element (represented as
a black circle). The artificially excited wave packet can be traced downstream across a large portion of
the model chord up to the location of the final turbulent breakdown. The final breakdown is significantly
advanced relative to the reference case without roughness.
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Figure 1: (a) Cross-section of the SPECTRA-B configuration (b) Overview of the steady boundary-layer
flow field downstream of the isolated roughness element
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OPTIMAL PERTURBATIONS IN A BLASIUS BOUNDARY LAYER

Riccardo Bertoncello1, Alessandro Chiarini1 and Franco Auteri1
1Dipartimento di Scienze e Tecnologie Aerospaziali, Politecnico di Milano, via La Masa 34, Milano, Italy

Non-normal growth may induce a transient amplification of finite amplitude perturbations in boundary
layers, eventually favouring the bypass transition towards a turbulent regime [1]. Among all the velocity
disturbances, the Optimal Perturbations (OP) are able to maximize the energy growth over a finite time
horizon and they represent the most threatening flow state which can lead to bypass transition.

The aim of this work is to asses the ability of a spanwise motion of the wall to influence the growth of
both linear and non-linear OP in a Blasius boundary layer. Indeed, apart from reducing skin friction drag
in turbulent wall-bounded flows [2], the spanwise motion of the wall has also proven the ability to delay
the onset of bypass transition in laminar boundary layer flows [3, 4]. However, the physical mechanism
for which the wall-forcing is effective at postponing transition is still under debate.

In this work we study how the growth of OP is affected by streamwise travelling waves of spanwise
wall velocity i.e. w(t, x) = Acos(κx − ωt), where κ and ω are the spatial wavenumber and temporal
frequency of the wave, respectively. After fixing a suitable time horizon T , we compare the energy gain
G(T ) = E(T )/E(0) (where E(t) =

∫
Ω
u(t)2 + v(t)2 + w(t)2dΩ; Ω is the volume domain) experienced

by the OP with and without the control. Unlike previous studies, we consider a wide portion of the
parameter space, varying κ and ω in the range 0 < κδ∗ ≤ 2.5 and −2 ≤ ωδ∗/U∞ ≤ 2, where δ∗ is
the displacement thickness at the inlet section and U∞ is the external velocity of the boundary layer.
We search for the shape of the OP with an optimization loop consisting of a sequence of direct-adjoint
iterations [5]. The employed code is fully three-dimensional and no assumptions on the shape of the
perturbations are necessary. As an example of our results, figure 1 shows how the energy gain G and
the shape of the linear OP are influenced by κ, when ω = 0. We clearly see that for a suitable choice of
κ the energy gain G decreases with respect to the uncontrolled case. Finally, we use Direct Numerical
Simulations to describe how OP evolve in a fully non-linear framework. This passage is crucial to observe
how the coherent flow structures which are the main characters of the non-normal growth phenomena
(i.e. streamwise vortices, streaks and hairpin-like eddies) are altered by the wall actuation.

Figure 1. Left: Energy gain G of linear optimal perturbations controlled by a steady wall motion, i.e. κ ̸= 0 and
ω = 0. Red region: G(T ;κ) > Guncontrolled. Green region: G(T ;κ) < Guncontrolled. Right: Shape of the linear
optimal perturbation with κ ≈ 1. Isosurfaces of streamwise perturbation velocity u = ±0.018.
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LINEAR STABILITY ANALYSIS OF FREELY FALLING ANNULAR DISKS
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We examine the stability of the steady vertical descent and the resulting trajectories of a buoyancy-driven
annular disk as the diameter of its central hole varies (Fig. 1a). For small hole diameters, the steady and
axisymmetric wake resembles that of a permeable disk, where vortex ring detachment occurs due to flow
bleeding through the hole. As the hole enlarges, a secondary vortex ring with opposite vorticity forms at
the annulus’s inner edge. Further increases in hole size lead to the shrinkage and eventual disappearance
of these recirculating regions. These flow modifications influence the stability characteristics of the steady,
axisymmetric descent (Fig. 1b).

The coupled fluid-solid problem exhibits a nonmonotonic trend in the critical Reynolds number for
destabilization of the steady vertical path, particularly for low disk moment of inertia. However, when
the hole diameter exceeds approximately half of the outer disk diameter, the neutral stability threshold
rises significantly. The primary instability also changes in nature with hole size, resulting in large (small)
amplitude oscillations at intermediate (very small and large) hole diameters (Fig. 1c).

We further present fully nonlinear simulations of the time-dependent dynamics and compare them with
linear stability analysis results. Various falling styles—such as steady descent, hula-hoop, fluttering,
chaotic motion, and tumbling—emerge as attractors in the nonlinear coupled fluid-structure system.
Interestingly, the presence of a central hole does not always decrease the falling Reynolds number; instead,
it can drive transitions from tumbling to fluttering, fluttering to hula-hoop, and hula-hoop to steady
descent, effectively reducing lateral deviations from the vertical. The observed trajectories and flow
patterns align well with predictions from linear stability analysis near the instability threshold (Fig. 1c).

Figure 1. (a) Sketch of the freely falling annular disk and trajectories. (b) Velocity magnitude colormaps overlaid
with streamlines for increasing values of the hole size and fixed falling velocity. (c) Stability diagram with marginal
stability curves for various internal hole sizes (colors) overlaid with results of nonlinear simulations in terms of
falling trajectories: steady vertical (circles), hula hoop (squares), flutter (triangles), chaotic (squares), tumbling
(crosses).
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INTERFACE STABILITY OF A FERROFLUID COATED CHANNEL FLOW
SUBJECT TO COLLINEAR MAGNETIC FIELD
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Predicting the interfacial stability of a channel flow with the walls coated by a ferrofluid layer is essential
for achieving significant drag reduction in applications that encompass a variety of applications from
mechanical seals to biomedical devices. More precisely, identifying the conditions that cause interface
instabilities can lead to more efficient flow control techniques. In the laminar regime, it was demonstrated
by linear stability analysis that interfacial disturbances are suppressed in the presence of a collinear
magnetic field [1, 2]. Experimental results of turbulent channel flow with a ferrofluid layer showed that,
in the presence of a collinear magnetic field, the interface can also be stable under high-shear conditions
and that the interface waves formed, which propagated in the flow direction [3, 4]. These results motivate
an extension of the linear stability analysis to turbulent-flow conditions with the objective of reliably
predicting the ferrofluid interface stability across laminar and turbulent flow regimes. We carry out the
linear stability analysis in the laminar flow conditions by perturbing the Navier-Stokes equations, in order
to predict the stability regions of the parameter space and derive dispersion relations for the evolving
interface instabilities. Our formulation of the problem in the turbulent flow regime is obtained by replacing
the incompressible Navier-Stokes equations with the RANS equations, where an eddy viscosity that varies
with the distance from the boundaries is considered. We complement the theory with experiments using
an experimental facility that consists of a closed-loop water circulation system in a Plexiglas channel
facility, which is equipped with a magnetic field and a two-dimensional particle tracking velocimetry
(PTV) system [3, 4]. Accurate flow measurements allowed the exploration of the parameter space and
the characterization of the ferrofluid interface dynamics under controlled magnetic field conditions (cf.
figure 1). The experimental observations were compared with the predictions of the linear stability
analysis, constituting a novel approach that has not been performed in the literature yet, which is
ultimately expected to provide new insights into magnetically controlled interfacial dynamics and pave
the way for the development of drag reduction and optimised flow control systems.

Figure 1. Raw image from the PTV recordings showing travelling waves of the interface between ferrofluid
(above) and main flow. The bright dots are tracer particles seeded into the diamagnetic fluid (water).
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COMPETITION BETWEEN DEFORMATION AND DRIFT IN UNIAXIAL STRAIN-
ING FLOWS

Aliénor Rivière1, François Gallaire1

1LFMI, Ecole Polytechnique Fédérale de Lausanne, CH-1015, Lausanne, Switzerland

The equilibrium positions of a bubble centered at the stagnation point of an axi-symmetric uniaxial
straining flow have been first described by Miksis in 1981 [1], for an inviscid flow. He showed that bubble
dynamics undergoes a saddle-node bifurcation, controlled by the ratio between inertial and capillary
forces, namely the Weber number We. Below a critical Weber number, Wec, there exist one stable
and one unstable equilibrium position. While, above Wec, there is no stable solution anymore and
the bubble unconditionally breaks. This transition remains valid in finite Reynolds number flows [2].
However, in practice, the dynamics is richer: first, bubbles can break at sub-critical Weber due to finite
amplitude perturbations [4] or random fluctuations of the velocity field, second, bubbles can escape from
the stagnation point and avoid breakup. Indeed, Sierra-Ausin et al. [3] showed recently that there
exist additional unstable drift modes along the azimuthal and radial directions which will compete with
the deformation modes. An illustration of these two behaviors is given in figure 1 (pictures from D.
Ruth) which shows a bubble in a turbulent flow, encountering a local flow geometry similar to a uniaxial
straining flow. The bubble can either break (1a) or escape (1b) from the uniaxial straining flow.

In this work, we investigate the non-linear bubble deformations and focus on the competition between
deformation and drift. To do so, we generalize the recently developed linearized Arbitrary Lagrangian-
Eulerian (ALE) approach of Sierra-Ausin et al. [3] to derive amplitude equations controlling bubble fate.
These equations help to predict breakup or escape given an initial bubble shape or location. They also
help computing breakup statistics under stochastic excitations.

a) Breakup b) Escape

Figure 1. Experimental picture from D.Ruth illustrating the two possible behaviors of a bubble in a local flow
similar to a uniaxial straining flow. a) Breakup. b) Escape, here along the straining direction.
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STABILITY OF QUANTUM FLUIDS WAKES
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In 1938, it was observed for the first time that Helium II was able to flow without viscosity, a property
that led to the choice of the name superfluid. The macroscopic behaviour of a superfluid can be described
using the Gross-Pitaevskii equation (GPE), where the unknown field is the complex wavefunction Ψ(x, t).
The GPE can be written in a fluid dynamics fashion by seeing the squared modulus of the wave function
as the density of the fluid, whereas the gradient of the phase represents its velocity.
The effect of an obstacle moving with constant horizontal velocity inside a superfluid has been the
subject of extensive research, both through experimental [1] and numerical [2] means. In the existing
literature, the dynamics of the transition from stationary profiles to periodic and then irregular vortex
wakes occurring when the velocity is increased has been investigated through direct numerical simulations
(DNSs). Based on direct observation of temporal evolution, a preliminary classification of the parameter
space has been proposed [2], the most significant parameters being the dimensionless velocity of the
system and the diameter of the obstacle. The question of whether this transition can be attributed to an
underlying instability is still debated.
In this talk, we propose a novel approach in addressing this challenge by extending stability analysis tools
from classical to superfluids. To this aim, firstly a coordinate change from the laboratory frame to the
one moving with the obstacle is applied. The system is thus rewritten as a scattering problem, where
an incoming carrier wave interacts with the obstacle, and the subsequent wave reflections are collected.
Afterwards, having subtracted the incoming wave to the system, we implement an arclength continuation
technique to follow the behaviour of the basestate varying the obstacle velocity. We identify a fold in
the velocity-basestate curve and we study the structure of the different bifurcations happening along
the curve, investigating the effect of the symmetries of the system on it. The evolution of the leading
eigenfunctions (see Figure 1) and eigenvalues along the bifurcation diagram will be presented, and a
discussion on the limits of the linear analysis near the fold will be given, with comparison to the DNSs
results. If time allows, we will share some insight concerning the structural sensitivity of the system.

(a) Density of the unstable mode after the fold.
(b) Fold plot. The red dot indicates the parameters
value for the lefthand side plot.

Figure 1: Linear unstable modes.
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