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Abstract

The significance of fluid dynamics systems with well-separated length scales is discussed, serving
as the motivation for this thesis. To comprehend the interaction among primary physical mech-
anisms, specific modeling methods are required, as each scale is essential for reproducing and
predicting the large-scale phenomena under investigation. Given the diverse fluid dynamics do-
mains addressed in this manuscript, we first start in §1 by revisiting essential concepts frequently
employed throughout, including asymptotic theory, hydrodynamic stability theory, chaos theory,
and modeling of a dispersed particulate phase.

A first class of problems where well-separated length scales are of crucial importance leads to
particle clustering in laminar flows discussed in §2. We demonstrate and explain various cases of
particles clustering in steady flows, both in two and three dimensions. These examples of particle
accumulations reveal shared features among all the systems studied, leading to the identification
of a class of particle attractors called Finite-Size Coherent Structures. The underlying physical
mechanism relies on considering the global fluid transport at largest scale, the particle dynamics
at intermediate scale, and the particle-boundary interaction at smallest scale.

Thereafter, §3 is dedicated to the application of well-separated-scale flows to turbomachines.
A centrifugal pump and an axial compressor are considered, focusing on the instabilities observed
upon a variation of the flow rate. It will be discussed how small radial gaps can strongly affect
the onset of rotating instabilities at the large flow scale, i.e. impeller or carter radius, potentially
leading to rotating stalls. Their significance stems from the reduced safety margin and the impact
on the operating conditions of the machine.

A last example of problems with well-separated length scales is discussed in §4 delving into the
respiratory fluid mechanics of distal airways. Asymptotic theory and hydrodynamic instability
will provide the theoretical tools to understand the occlusion reported in the bronchioles as they
undergo an interfacial instability originated in thin non-Newtonian films coating the airway. The
impact of mucus rheology and surfactants on the liquid plug formation will be discussed entering
in details about the importance of the thin layer of mucus coating the airways (smallest scale) on
the potential hindering of gas exchange for large portions of the lungs (largest scale).

Finally, five avenues for future research in multiscale flows with well-separated length scales are
discussed in §5. The research vision integrates theory, numerical simulations, machine-learning,
reduced-order models, and scale-matching approaches. Given the specific challenges of each

proposed project, dedicated multiscale approaches are envisioned and briefly discussed.



Résumé

Dans ce mémoire est discutée I'importance de la dynamique d’écoulements fluides caractérisés
par des échelles de longueur bien séparées. Pour comprendre 'interaction entre les mécanismes
physiques primaires, chaque échelle est essentielle pour reproduire et prédire les phénomenes aux
grandes échelles étudiés. Compte tenu des divers domaines de la dynamique des fluides abordés
dans ce manuscrit, nous commengons en §1 par revisiter les concepts essentiels, tels que la théorie
asymptotique, la stabilité hydrodynamique, le chaos et la modélisation des particules dispersées.

Une premiere classe de problemes, ou des échelles de longueur bien séparées jouent un role
crucial, concerne I’accumulation de particules dans des écoulements laminaires (§2). Nous dé-
montrons et expliquons divers cas d’accumulation de particules en deux et trois dimensions.
Ces exemples révelent des caractéristiques communes a tous les systémes étudiés, conduisant a
I'identification d’une classe d’attracteurs de particules appelés Finite-Size Coherent Structures.
Le mécanisme physique sous-jacent implique la prise en compte du transport global des fluides
a une échelle macroscopique, de la dynamique des particules a une échelle intermédiaire, et de
I'interaction particule-limite a 1’échelle la plus petite.

Ensuite, §3 est dédié a 'application aux turbomachines. On examine une pompe centrifuge
et un compresseur axial, en mettant ’accent sur les instabilités observées lors de variations du
débit. On discute de l'impact que de petits jeux radiaux peuvent avoir sur l'apparition des
instabilités tournantes a grande échelle (le rayon de la roue ou du carter), pouvant éventuellement
entrainer des décrochages tournants. Leurs influences sur la marge de sécurité et leurs effets sur
les conditions de fonctionnement de la machine sont considérés.

Un dernier exemple de probléemes a échelles de longueur bien séparées est abordé dans §4,
qui examine la mécanique des voies respiratoires. La théorie asymptotique et les instabilités
hydrodynamiques seront utilisées pour comprendre l'occlusion dans les bronchioles due a une
instabilité interfaciale. On discutera de I'impact de la rhéologie du mucus et des tensioactifs
sur la formation des bouchons liquides, en considérant 'importance de la fine couche de mucus
recouvrant les voies respiratoires (échelle la plus petite) sur les obstructions qu’ils impliquent
potentiellement sur les échanges gazeux dans de vastes zones des poumons (échelle la plus grande).

Enfin, cinq orientations de recherche future sont abordées dans §5 en intégrant la théorie, les
simulations numériques, les modeles d’ordre réduit basés sur le machine learning et les méthodes
de couplage des échelles. Etant donné les défis spécifiques de chaque projet proposé, des approches

multi-échelles dédiées sont envisagées et succinctement discutées.
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Chapter

Motivation and Elements of Theory

Summary

Several flows have key features that originate from the presence of significantly differ-
ent characteristic length scales. They provide the motivation for this thesis and require
dedicated modeling approaches to understand the interplay between leading-order
physical mechanisms. The fundamental concepts and methods employed throughout
this thesis are therefore recalled in this chapter, with a special focus on asymptotic
modeling, stability analysis and chaos theory. The structure of the thesis is finally
outlined in the last section of this chapter.
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Chapter 1. Motivation and Elements of Theory

1.1 Introduction and motivation

In the field of fluid dynamics, the study of flows characterized by a few well-separated characteristic
scales has gained significant attention due to its relevance in understanding complex phenomena.
Characteristic scales separation is often manifested in the form of multiscale interactions, where
distinct spatial and temporal scales coexist and significantly influence the macroscopic behavior
of the flow. As example of the industrial relevance of such multiscale flows one could consider
the combustion process in engines, where the coupling of chemical reactions at molecular scale
influences the overall fluid dynamics on a larger scale [1]. In the domain of microfluidics, flows
often exhibit distinct characteristic scales, particularly relevant in the context of efficient particle
sorting in microchannels [2]. Other examples of multiscale flows with well-separated characteristic
scales are found in biological flows, such as blood circulation, where splenic filtration of red
cells through narrow interendothelial slits (see fig. 1.1(a)) involves a hierarchy of scales [3]. The
significance of distinct well-separated scales in understanding blood rheology and microcirculation
[4] is discussed in [5], while [6] considers the coating process in manufacturing, where the role
of capillary and viscous forces at the small scales influence the large-scale coating uniformity in
industrial processes (see fig. 1.1(b)).

These examples underscore the ubiquitous nature of fluid dynamic systems characterized by
a discrete amount of well-separated scales, emphasizing their crucial role in shaping the behavior
of complex flows. In this manuscript, we will investigate several examples of flows in which two
or three well-separated characteristic scales are simultaneously interacting in such a singular way
that neglecting the smallest scale would not allow to identify, understand, and reproduce the
dominant phenomena at large scale.

To guide the understanding of the phenomena of interest in this manuscript, we revisit and
interconnect several theoretical concepts. Asymptotic series will serve to unravel the behavior
as scales diverge (§1.2). In §1.3 stability analysis will be introduced for studying the system
dynamics to imposed perturbations. Thereafter, in §1.4, chaos theory will be employed as a
framework to deepen into the underlying deterministic yet unpredictable nature of certain flows.
Through this structured approach, the ensuing sections aim to recall some elements of theory
that will help analyzing and understanding the complexities inherent in flows with well-separated

characteristic scales. Finally, the manuscript structure will be summarized in §1.5.

HKL rT
L

{
HKD thin ﬁlm\\

(a) Red blood cell through a narrow slit (b) Gravure coating process

Figure 1.1: Examples of multiscale flows with well-separated characteristic scales, i.e. H < D, L:
(a) a red blood cell across a constriction and (b) the gravure coating system.
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1.2. Perturbation theory

1.2 Perturbation theory

The fundamental equations governing the motion of fluids encompass nonlinearities in the con-
tinuity, momentum, energy and constitutive law equations, with the exception of irrotational,
incompressible, inviscid single-phase fluids with no free boundaries. Owing to the almost ubig-
uitous nonlinear character of fluid dynamics equations, their exact solutions are know only for
a few idealized configurations. On the other hand, the high degree of symmetries encoded in
the system of partial differential equations (PDEs) that governs the motion of fluids can lead to
so-called self-similar flows that consist of invariant solutions in time or space, provided an ad-hoc
scaling of the mathematical problem coordinates and variables. Examples of inviscid compressible
self-similar flows include the steady supersonic flow past a convex corner [7, 8] or an unyawed
circular cone [9, 10], a cylinder uniformly expanding into a still ideal gas [11, 12], as well as an
infinite plane wall moved impulsively into a still ideal gas (Riemann problem, [13]). Correspond-
ingly, as examples of incompressible Newtonian flows one can consider the steady flow between
parallel plates (Couette and Poiseuille flows), in a circular pipe (Hagen—Poiseuille flow) and for
annular configurations [14], as well as the impulsive [15, 16] or sinusoidal motion (Stokes’ second
problem [17]) of an infinite plate in direction tangential to itself. All such examples of known
solutions apply to simplified configurations that respect the symmetries needed for assuming a
self-similar ansatz. Whenever intricate space- and time-dependent boundary conditions are ap-
plied, or whenever complex geometries are considered, approximating the targeted problem can
provide significant insights on the physical mechanisms that drive the flow [18].

There are several conceptually-different ways to provide an approximation for a complex
problem. Data-driven reduced-order modeling proposes to approximate the dynamics of a system
by using Dynamic Mode Decomposition (DMD [19, 20]), Proper Orthogonal Decomposition (POD
[21, 22]), Koopman modes [23, 24], or Sparse Identification of Non-linear Dynamics (SYNDy [25]).
Such methods have been proven successful in reproducing and sometimes predicting complex
dynamics, however, they require some information from the real system and they cannot derive
a-priori approximations. More classic approaches do not require solution or measured data of the
system to approximate, but they rather assume additional working hypotheses on the expected
solution and derive the corresponding approximated dynamics of the flow. Examples of such
approximations are the Chester—Chisnell-Whitham theory of shock dynamics [26, 27, 28], the
Karméan—Tsien theory of airfoils in subsonic flows [29, 30], and the Spreiter’s local linearization in
transonic flow [31]. Such theories apply to idealized configurations and can successfully provide an
insightful approximation of the flow if and only if the working hypotheses are robustly respected by
the original problem within a good degree of accuracy. To date, there is however no well-defined
mathematical limit under which such theories provide an exact solution of the fluid dynamics
governing equations. They are therefore heuristic approximations.

Perturbation theory provides a mathematical framework to systematically tackle the govern-
ing equations by employing successive corrections that provide a rational approximation of the
original problem. In fact, perturbation theory relies on asymptotic expansions of the fluid dynam-

ics equations in terms of a small perturbation parameter €. The resulting approximations become
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asymptotically accurate in the limit of the perturbation tending to ¢ — 0. The advantage of such
theories over the data-driven and heuristic approximations mentioned above is that perturbation
methods help rationalizing the original complex problem splitting it into multiple simpler systems
ranked in terms of their generalized order in €. For instance, let us consider the motion of a small
spherical particle moving in an unbounded flow. If the Reynolds number of the particle is very
small Rep, = ||u—upl||ap/v < 1, where u is the unperturbed flow velocity around the particle, u,
the particle velocity, a,, its radius and v the kinematic viscosity of the fluid, one can assume that
the particle Reynolds number is asymptotically small and derive an infinite set of governing equa-
tions that describe the particle motion as superposition of successive corrections. In our example,
the solution to the leading-order problem represents the particle dynamics in the inertialess limit
(see [32, 33] and §1.4.5 for more details), the linear-order correction includes the most significant
inertial contributions [34, 35], and higher-order corrections are provided by including more terms
of the asymptotic series in Rep,. Similar asymptotic expansions have been used to tackle a number
of fundamental fluid dynamics problems, such as the weakly compressible effects on the velocity
potential around a cylinder or an hypersphere (Janzen—Rayleigh expansion for asymptotically-
small Mach numbers [11, 12]), the flow field and aerodynamic coefficients for elongated bodies
(lifting-line theory for asymptotically-large aspect ratios [36, 37]), as well as the creeping flow
regime (Stokes flow for asymptotically-small Reynolds numbers [38, 39]), and boundary-layer
flows (for asymptotically-large Reynolds numbers [40]). Such a non-comprehensive list of asymp-
totic theories helps understanding the range of applications of perturbation methods, even if their
mathematical validity strictly holds only when the asymptotic limit is taken. Even if this formally
represents a limit of employing asymptotic expansions, most of the solutions, either in closed or
in numerical form, provide a remarkably good approximation of the target problem even signifi-
cantly far from their strict domain of applicability (see e.g. [18]). Known exceptions are however
reported in the literature, e.g., for the stability of shear flow to small perturbations (see [41, 42]
and §1.3 for more details) or for the dynamics of a gas bubble in a small pipe/channel where the
Bretherton solution for asymptotically-small capillary numbers Ca [43] deviates rapidly from the
corresponding flow at small, yet finite Ca [44]. In summary, perturbation theory overcomes the
need of information proper of data-driven modeling, as well as the lack of mathematical rigour
of the working hypothesis for non-asymptotic, but rather heuristic approaches. On the other
hand, perturbation methods may suffer rapid deviations of the target flow from its asymptotic
limits. Hence, combining such three approaches can strongly expand the domain for complex flow
approximations one can deal with.

A last introductory note about perturbation theory deals with the two kind of scenarios
reported in the literature. Whenever a perturbation solution is uniformly valid over the whole
domain and provides accurate approximation of the target problem within a few terms of the
expansion, the problem is said to be a reqular perturbation problem. An example is presented in
§1.2.1 for thin film coating a flat surface. If the perturbation solution rather leads to a violation
of the boundary or asymptotic conditions, a singular perturbation problem is faced. Among the
methods developed for dealing with singular problems there are the method of strained coordinates

and the method of matched asymptotic expansions. The latter will be briefly introduced in §1.2.2.



1.2. Perturbation theory

1.2.1 Long-scale asymptotic theory

When subjected to mechanical, thermal, or structural perturbations, thin fluid films manifest
dynamic phenomena encompassing propagation and steepening of waves, wetting fronts due to
ruptures or spreading of the film (examples of singular problems), as well as the emergence of
chaotic responses. Leveraging the inherent disparities in length scales, perturbation theory is
widely employed to simplify the complete set of governing equations and boundary conditions
into a highly nonlinear evolution equation or a set of equations. They conserve most of the
essential physics and yet yield a mathematical approximation notably more tractable than the
original one. For an extensive survey of asymptotic approximations applied to thin films, we refer
to [45, 46, 47, 48, 49].

Perturbation theory is here demonstrated by considering a two-dimensional liquid film bounded,
on the one side, by a flat horizontal solid wall and, on the other side, by an interface with a passive
gas (see fig. 1.2(a)). The isothermal, incompressible thin film flow is governed by the continuity

and momentum equation:

Oru + Oyv = 0, (1.1a)
p (Opu + udpu + voyu) = —0,p + HVQU, (1.1b)
p (O + udpv + vIy) = —yp + uV3v — pg, (1.1c)

where the ¢t and = (z,y) are the time and the spatial coordinates, u = (u,v) is the velocity
field of the film, p its pressure field measured relatively to the gas pressure, p is the liquid density,
u its dynamic viscosity, and g = (0, —g) the acceleration of gravity. The film is assumed to be
infinitely extended and the boundary conditions are enforced at the wall, i.e. at y = 0, and at
the interface, i.e. at y = h(x,t), where h denotes the local instantaneous thickness of the film.
Assuming no slip and no penetration at the wall, defining the kinematic relation between film
deformation and vertical flow velocity, accounting for the normal stress jump at the interface and

in the absence of an imposed shear stress, the boundary conditions (BCs) read:

y=0: u=v=0, (1.2a)
y=h(z,t): v=0h+udh, m-T-n—p=ro, t-T-n=0, (1.2b)

o being the surface tension, x the mean curvature, n the outward-pointing unit normal vector at

the interface, t the tangent vector and 7 = p (Vu + VTu) the viscous stress tensor. Expressing

ig : A “

2 v " /(By\:gh(m
Hf/é:\%/h(xy.t)\k*t 1V)T 2
\

X —U |

L !
(a) Bounded thin-film problem (b) Reynolds’ lubrication problem

Figure 1.2: Schematic of (a) a bounded thin film and (b) the Reynolds’ lubrication problem.
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k, n and t in terms of h yields
8:)%}7’ (_8wh7 1) " (17 a$h) (1 3)
k= 320 T /22 "7 1/2° :
1+ (.1 1+ (2.h)]" 1+ (2.h)]"

As thin films are considered, the characteristic lengths in x— and y—direction are expected to
be different. We aim to derive an asymptotic approximation valid for long-wave deformations of
the thin film interface, hence we scale the horizontal coordinate with a characteristic wavelength
A. On the other hand, the characteristic length for the vertical direction must relate to the film
thickness. Here we use the average film thickness H (see fig. 1.2(a)). Consistently, the scaling
of u must rely on two different characteristic velocities for v and v, i.e. U and V, respectively.
Finally, scaling the time with the characteristic length and velocity of the interface long-wave

propagation, i.e. T'= A/U, and the pressure field by P yields
UN '0pu* + UH 190" = 0, (1.4a)
pU2A1 [at*u* FuF Ot + VU_l/\H_lv*ﬁy*u*] — _PAL,p*
+ pUA2 (02" + NP H20%u"),  (1.4D)
pVUN! {&gw* + uFOprv™ + VU*I)\H*IU*ay*v*] = —PH '9,:p* — pg
+pV A2 (20" + N HT2020%) (14c)
for the governing equations in the bulk. The asterisk in (1.4) refer to the nondimensional variables,
ie. t* =tU/\, * = (2%, y*) = (z/\,y/H), u* = (u*,v*) = (u/U,v/V) and p* = p/P. Defining
the small parameter e = H/A < 1 and the Reynolds number Re = pU H/p, it yields
Dpru* + V (eU) dyev* = 0, (1.5a)
¢ 'Re {at*u* + U Qe + V (eU) v*ay*u*} = P\ U0, p" 4+ 02wt + 67285*11*, (1.5b)
¢ 'Re {&g*v* + uFOpev* + V (eU)7? U*Gy*v*} = —Pe "M\ VOt — pgu APV
+ 2% + 6_23,3*’0*. (1.5¢)
In view of the asymptotic expansion, one has to define the physics to retain at the leading order
of the approximation. From the continuity equation, the solenoidal flow at leading order requires
that V (eU/)™' = O(1), hence V = eU. Moreover, as we will consider moderately small Reynolds
numbers, the pressure gradient in the z—momentum should balance the leading order viscous
term, i.e. 6_285*11,*. Hence, PA\u—U~1 = O(e72) that yields P = pU/eH. Re-writing (1.5) in

light of the characteristic scaling adapted to the dynamics of a low-inertial incompressible viscous

thin film and removing the asterisk for ease of readability, yields:

Oyt + Dyv = 0, (1.6a)
eRe [Oyu + u0yu + voyu] = —0,p + 0% + 8371, (1.6b)
Re [0v + udpv + vyv] = —Oyp — eFr ! + 2920 + 62851), (1.6¢)

where Fr = uU/pgH? denotes the Froude number. Consistently, the non-dimensional form of the
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BCs reads:
y=0: u=0, (1.7a)
v =0, (1.7b)
y=mn(x,t): v=0m+ udyn, (1.7¢)
p =2 {00 [@ (@) 1] — 0 (0.0 + 00 } [1 4+ @am)?]
—éca 1+ @m?] (1.7d)
(Oyu+ 0,0) [1 = & (3,m)°] — 4¢* (Bm) (D) = 0, (1.7¢)

where n(z,t) = h(z,t)/H is the film thickness adimensionalized with H, and Ca = Upu/o the cap-
illary number. The non-dimensional problem is partially reformulated to express the continuity
equation and the kinematic boundary condition in a mathematically more convenient way. Let
us integrate (1.6a) from y = 0 to y = n(x,t). Thereafter, by applying the integration by parts

and using the no-penetration (1.7b) and kinematic (1.7¢) BCs, the following equation is derived:

7
o + 6x/ udy = 0. (1.8)
0

Despite the asymptotic-convenient scaling and the multiple manipulations of the equations,
no approximations has yet been made. The asymptotic approximation is undertaken by seeking

for solutions in form of a perturbation power series in the small parameter e:

u = ug + eus + 2uy + O(e?),
v =g+ €vy + €2y + 0(62),
p=po+ep1+ pa + O(e?),
n=m0+en + e+ O(e),

where the index 0 denotes the leading order, 1 the linear order, 2 the quadratic order, etc. All the
corresponding solutions, for instance uy, are assumed to be of O(1) because they are multiplied by

their corresponding power of the small parameter €

in the power-law asymptotic series, where
k € Np. Within the perturbation theory framework, we take the limit for ¢ — 0 and derive
consistent approximations YO(e*). Before doing so, one still needs to specify how the other
parameters relate to €, so to specify the physics to study within the perturbation theory.

Let us consider weakly inertial flows such that Re = O(1). Moreover, we assume that gravita-
tional forces can be neglected up to first order, i.e. Fr = O(1), while capillary stresses are taken
as leading order effects in the dynamics of the thin film we want to investigate, i.e. Ca = O(e~3).

The corresponding leading-order approximation reads:
1o
leading order O(1) : 9o + 833/ uody =0, Ozpo = 8§u0, Oypo =0, (1.10a)
0

up(y =0) =0, po(y=m)=—€Ca 020y, dyuo(y =m) =0, (1.10b)

and it includes simplified viscous effects in the bulk, capillary effects at the interface, and no iner-
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tial effects. The resulting problem is strongly non-linear, as one can appreciate by reformulating
it in terms of the sole leading-order PDE for the film thickness hg:

leading order O(1) :  39my + €3Ca~10? (ngain()) =0. (1.11)

Appropriate leading-order BCs on the left and right boundaries are needed to solve it. We further
stress that the solution in the primary variables at leading order, i.e. ug, vg, and pg can be com-
puted a-posteriori once the dynamic equation for the interface hg has been solved. In fact, in the
considered asymptotic limit, the pressure pg = —egCaflagno is a projected capillary pressure due
to the interface curvature, ug = —e>Ca™'93ng (y2 — 2m0y), and vg = €2Ca™ 0o (y> — 3moy?) /3.

If we carry on with the asymptotic expansion up to linear-order, it yields:

linear order O(e) :  Jyur + Oyv1 =0, (1.12a)
Re [0puo + up0zuo + vo0yug) = —0zp1 + 8§u1, (1.12b)
dyp1 +Fr! =0, (1.12c)
ui(y =0) =0, (1.12d)
vi(y =0) =0, (1.12e)
pi(y =no) = —€Ca™' P, (1.12f)
Oyui(y = no) =0, (1.12g)
v1(y = no) = 01 + udamt + u1da10. (1.12h)

The inertial term is included in the linear-order x—momentum equation, and the gravitational
force in the y—momentum. Hence, p; = —e3Ca~t92n; +Fr~! (19 —v) results from the combination
of linear-order capillary effects and the hydrostatic pressure.

The consistent asymptotic approximations derived for the long-wave perturbation theory in
thin films demonstrate the remarkable simplification provided by such methods when used to
tackle a complex problem. Employing such systematic approximations greatly helps in the phys-
ical interpretation of leading-order effects, as well as in their correction at higher order. More-
over, perturbation theory has been proven extremely successful in identifying asymptotic scaling
laws that extensively helped rationalizing the solution of the original (non-asymptotic) prob-
lem, and they have been used to propose leading-order design rules for complex engineering
applications. For instance, the earliest example of the long-scale asymptotics applied to fluid
dynamics is due to the lubrication theory of Reynolds [50]. He considered a slipper bearing prob-
lem in two-dimensional Cartesian coordinates (see fig. 1.2(b)), assuming that the bottom wall
moves at velocity U, the lubrication film thickness varies slowly with time, and inertial terms
do not affect the leading-order solution. The small parameter in Reynolds’ lubrication theory is
€ = [h(0) — h(L)]/L = tan(at) < 1 and n(x) = n(0) — [a + O(a?)] z, where « is the tilt angle.
The most significant result of Reynolds’ lubrication theory is the inverse proportionality of the
lubrication pressure with the tilt angle p ~ oy ! hence the upward force exerted by the viscous

stresses Fy on the top inclined wall scales like Fy, ~ oy 2 for € — 0, hence for oy — 0.
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1.2.2 Method of matched asymptotic expansions

When singular perturbation problems are tackled, a given asymptotic series does not uniformly
converge over the whole set of mathematical constraints for the asymptotically approximated
problem (refer to [18, 51| for more details). A first singularity scenario is represented by an
asymptotic expansion that diverges upon a breakup of the asymptotic limit ¢ — 0. This is the
case, for instance, of the rupture of a thin film or the pinch-off of a slender liquid column, for
which the small parameter ¢ = H/A < 1 is not appropriate to describe localized breakups of
the interface. As a result, the asymptotic series for ¢ = H/A — 0 diverges where n — 0 (see
fig. 1.3(a)) and a second asymptotic problem is required [52]. Localized stretching of coordinates
near the interface breakup region is usually employed to tackle the singular region. The matching
between the long-wave asymptotic and the breakup asymptotic provides the global perturbation
theory approximation of the original non-asymptotic problem.

Another singular perturbation scenario is represented by an asymptotic expansion that does
not respect the BCs. For instance, let us consider a two-dimensional viscous flow past flat plate
at angle of attack null. The leading-order asymptotics for e ! = Re = pUz/p — oo leads to
the inviscid Euler equations that do not respect the no-slip condition at the wall. The singular
perturbation problem requires therefore to employ another leading-order asymptotic expansion
in the region of non-uniformity of the solution [53]. A local stretching of the coordinates in wall-
normal direction with the boundary-layer thickness dg ~ /€ leads to the Blasius boundary-layer
that includes viscous stresses capable of enforcing the no-slip boundary condition at the wall [54].
We stress that such a near-wall asymptotic approach still provides a great simplification with
respect to the non-asymptotic problem. In fact, the Blasius boundary-layer equations are steady
and parabolic along the coordinate tangential to the flat plate. Such symmetries lead to self-
similar solutions that allow to combine the asymptotic continuity and Navier—Stokes equations
in a sole third-order non-linear ordinary differential equation. The matching between the inviscid
Euler solution and the Blasius boundary-layer provides the global asymptotic solution for the
two-dimensional viscous flow past flat plate at angle of attack null for Re > 1. However, in a
neighborhood of the flat plate leading edge, i.e. for x < L, Re = pUz/u is small and another
asymptotic singularity is encountered because € = O(1). Such a singularity is tackled either by
applying optimal coordinates [55, 18] or by dedicated jump conditions [56, 57], where three rather
than two asymptotic approximations are employed (see fig. 1.3(b)). Similar triple-deck matching

methods are employed when separation of boundary layers occurs [58, 59].

e=L/H [] inviscid
H irrotational

>»— (5 :/Ay/H ', ........................................................................
L } °© f~¢ Sa(L)

Y. : Y [ Blasius

U e=0g(x)/x

Sg=\v/U’

(a) Thin-film breakup (b) Flow past flat plate

Figure 1.3: Schematic of singular perturbation examples.
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Following [18] and motivated by the previous applications, a simplified example is hereinafter
discussed to demonstrate the method of matched asymptotic expansions. This will give us the
chance of introducing the corresponding technical nomenclature. Let us consider the following

second-order ordinary differential equation defined on x € [0, 1] as prototype problem

ed?Y +d, Y =¢, T(x=0)=0, Tx=1)=1, (1.13)

where Y(x) denotes the dimensionless solution of (1.13) and x the sole coordinate Y depends
upon. Taking the asymptotic limit for e — 0 leads to a first-order ordinary differential equation
(d; Y = ¢) that cannot satisfy both the boundary conditions. We ran therefore into a nonuniform
perturbation problem.

Considering that x has been scaled on the total domain length, i.e. max(z) = 1, the singularity
of the problem must occur for values of = such that x = O(e). We can therefore assume that the
lime_,0(1.13) is valid for z = O(1), hence

d;T=¢, YT(xz=1)=1, (1.14)

where (1.14) is said outer expansion and x outer independent variable. When taking the limit
e — 0 for values of = such that x = O(e), we can stretch the outer independent variable such that

the singularity is locally removed. Reformulating (1.13) in terms of & = x /€ leads to

Y+ di Y =ec, Y(E=0)1=0, Y(E=1/e)=1. (1.15)

However, this limit holds true only for = O(e), hence the boundary condition at & = 1/ must
be dropped. Taking lim._,o(1.15) leads to the inner ezpansion, whose inner independent variable
is Z, and employing the matching principle that the limit of the outer expansion for the outer
variable tending to zero should tend to the limit of the inner expansion for the inner variable

tending to infinite yields:

Y+ dzY =0, Y0)=0, [Y(z—=0)], e = [Y(F— 00)] (1.16)

outer inner *

We can therefore solve the matching problem by finding the outer and the inner solutions:

Outer expansion Vz=0(1): YT =(1—-¢)+ cx, (1.17a)
Inner expansion Vi =0(1): T=(1-¢) (1 = e*i") . (1.17b)

Summing up the inner and outer expansion and removing the matching condition not to take
it into account twice at x — 0 and £ — oo, one can retrieve the asymptotic limit of the exact
solution for € — 0:

exact solution of (1.13)

inner expansion

1 2/ outer expansion matching BC

— e /€ —_—~~ . —

li_I}(I)T:y_I}I(l) (170)m+cx :(1*C)+C$+(1*C>(1*€_m)* (1-c¢)
=(1=0)(1-e/) + e (1.18)

10
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1.3 Hydrodynamic stability

Hydrodynamic stability is a branch of fluid dynamics that aims to assess if a flow state is stable
when subjected to finite or infinitesimal perturbations. Let us assume that an initially stable,
steady or unsteady, flow can be defined under controlled conditions. We refer to such a flow as
the basic state and denote it by q,. The study of its stability investigates an initial disturbance
q injected in the basic state at time ¢ = 0 grows or decays over time, ultimately determining
whether the flow remains stable, i.e. it returns to g, or it transitions into another configuration

q resulting from the non-linear interaction between g, and gq.

Hydrodynamic instabilities manifest ubiquitously in nature and engineering applications chang
ing the structure of the flow and inducing a complex dynamics. Three illustrative examples are

hereinafter presented to demonstrate the crucial role played by flow instabilities:

(a) Capillary instabilities [52] lead to the interfacial break-up of a liquid column (see fig. 1.4(a)
[60, 61, 62]) or a liquid film coating a pipe [63, 64] and hold relevance in most multiphase
microfluidic applications [65], ink-jet printing [66] and biological flows [67].

(b) Shear-flow instabilities [68, 69] are responsible for cloud waves (see fig. 1.4(b) [70, 71, 72, 73])
as well as laminar-to-turbulence transition [74, 75] in boundary layers [76, 77], channels [78]

and pipe flows [79] leading to a significant increase of drag forces and macroscopic mixing.

(¢) Buoyancy-driven instabilities [80, 81, 82, 83, 84] are responsible of the convective flows at
geophysical scales (see fig. 1.4(c) [85, 86, 87]) and find extensive use in thermal management

systems, such as floor heating [88] or ceiling cooling in buildings [89].

The underlying mechanisms leading to such instabilities are intrinsically different. However, they
all derive from the nonlinear character of the Navier—Stokes equations, which allows for multiple

solutions given the set of control parameters.

v8

_.—o—._ve, _.—o—.__e._v_o_,_ “~,\§'\\\\\\{§-}\x‘
Yy ty ——>  ——> t

(a) Rayleigh—Plateau instability (b) Kelvin—Helmholtz instability  (c) Rayleigh-Bénard instability

|
|

Figure 1.4: Examples of hydrodynamic instabilities. (a) Rayleigh—Plateau instability driven by
capillary stresses due to the surface tension o at the axisymmetric interface between two fluids. (b)
Kelvin—Helmholtz instability driven by the shear stress concentrated at the shear layer (interface
between blue and magenta domains). (c) Rayleigh-Bénard instability driven by buoyancy when
hot (light) fluid is initially at the bottom and cold (heavy) fluid at the top.
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1.3.1 General definitions

Given an initially perturbed basic state, its global stability can be classified based on the energy
associated to the perturbation. The evolution in time of the perturbation kinetic energy is given
by Exin(t) = (1/2V) [;, pu® dV, where @ € q is the perturbation velocity, p the fluid density, and
V' the volume of the domain. Corresponding definitions of other forms of energies, e.g. internal
energy, shall also be considered to fully characterize the stability of a system.

Without loss of generality, we will focus on the kinetic energy. A first classification of the
global stability of g, is done based on the initial amplitude of Ey;,. Two types of global stability

are therefore identified:

(i) Conditional stability: The basic state is conditionally stable if 3¢y > 0 such that g is
stable if Ey,(t = 0) < &p.

(ii) Unconditional stability: The basic state is unconditionally stable if the £y defined for the
conditional stability tends to infinite, i.e. £ — oo.

A second classification of the basic state stability is done based on the scenarios that can be

identified for the perturbation energy evolution in time:

(a) Lyapunov stability: ~ The basic state is Lyapunov-stable if V&, > 0, 3¢y(&) > 0 such that if
Eyin(t = 0) < &, then Ey,(t) < & Vit > 0 (see fig. 1.5(a)).

(b) Asymptotic stability: The basic state is asymptotically stable if it is Lyapunov-stable and
if 3¢y such that if Ey,(t = 0) < &, then limy_, oo Exin(t) = 0 (see fig.
1.5(b)).

(c) Monotonic stability: The basic state is monotonically stable if it is asymptotically stable
and if dyFyin(t) < 0 Vt, hence limy_, o Fxin(t) = 0 (see fig. 1.5(c)).

d,E\;, A Monotonically
t ka Unstable

e

~Y

~Y

(a) Lyapunov stability (b) Asymptotic stability (¢) Monotonic stability

Figure 1.5: Stability scenarios for the perturbation energy evolution: (a) Lyapunov stability, (b)
asymptotic stability, and (c) monotonic stability.

The relevance of such definitions for the physical systems considered in this manuscript will
become clearer once discussed for specific examples. We anticipate, however, that Lyapunov
stability is crucial for Hamiltonian systems that are energy conservative, as well as for phase-
space trajectories in dissipative systems. Hence, a change of the perturbation energy due to
a perturbation growth/decay feeds back on the flow system leading to a state close but not
exactly equal to the unperturbed equilibrium g,. On the other hand, asymptotic stability applies
to dissipative systems such as the viscous flows we consider. Finally, monotonic stability is

significant to exclude the occurrence of nonmodal phenomena for small, yet finite perturbations.

12



1.3. Hydrodynamic stability

1.3.2 Linear modal stability analysis of steady basic states

When we restrict the domain of all possible perturbations to the sole infinitesimal g, the per-
turbation dynamics problem results from the O(e) of the continuity, Navier—Stokes and energy
equations. Expanding the solution q in form of an asymptotic series that relies on the power-law

expansion in € = 0 around the equilibrium state gg:

q=qy+eq+0(), (1.19)

where q, and @ are of O(1), the perturbation dynamics affects the solution g at O(e), hence q
must be governed by a linear system of PDEs in g (see also (1.12) in §1.2.1). We stress that
the term g would correspond to g; when employing the notation of (1.9), and we here prefer
employing the tilde sign for O(e) terms such to recall that the perturbation theory has been
applied to linear stability theory where higher order terms are neglected.

Using the Oberbeck—Boussinesq approximation [90, 91], the continuity, Navier—Stokes, and
energy equations for an incompressible non-isothermal flow with density p, dynamic viscosity u,

thermal conductivity x and specific heat at constant pressure ¢, read:

Vou=0, (1.20a)
p(Ou +u-Vu) = —Vp + uV3u — gBb, (1.20b)
pcp (010 +u - V) = kV30), (1.20c)

where [ is the thermal expansion coefficient, and u, p and 6 are the velocity, reduced pressure and
temperature fields, respectively. Note that the reduced pressure already includes the hydrostatic
pressure and the thermal correction given by the scalar potential of g36,.t, where .o is the
reference temperature at which the thermophysical properties are considered. The total solution
of the governing transport equations gathers all scalar and vector fields, i.e. ¢ = (u,p, H)T. The
BCs that provide mathematical closure of the problem (1.20) are not specified in this section as
our aim is to recall the fundamental principles of linear stability analysis (LSA).

If the basic state is a steady solution of (1.20), i.e. 9;qy = (w0, po,6p) = 0, one can define
the linear [L], convective [C(v)], and time-derivative 9;[B] operators of (1.20)

V. 0 0 0 0 0 00 O
[L] = |pV2 =V —gB|, [Cw)]=|pv-V 0 0 , [Bl=1p 0 0. (1.21)
0 0 kV? 0 0 pcpv-V 0 0 pcp
Hence, the leading and first order governing equations read:
leading order O(1) : [C(uwo)lgo = [L]qo, (1.22a)
linear order O(e) : [B]q + [C(up)]q + [C(u)]qy, = [L]q. (1.22b)

The leading order problem for the basic state leads to a system of non-linear partial differential

equations in space that does not require ¢ = (@, p, é)T. In the simplest flow configurations, such
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as the three examples depicted in fig. 1.4, g, can be computed analytically. In most of the cases,
however, the analytical solution is not known and (1.22a) is solved numerically by employing,
e.g., Newton—-Raphson [92] or Selective Frequency Damping [93] methods. The O(e) problem
(1.22b), conversely, is linear in g because the convective operator is employing the pre-computed
basic state in the transport terms for the dynamics of q. As the problem (1.22b) is linear, it can

be reformulated in matrix form as:

0 0 0
(0:[B] — [A])@ =0, where [A] = —p |[ug-V + (Vug)-] 0 0 | +I[L] (1.23)
cp (Vo) - 0 cpuo-V

As the matrix [A] does not depend on ¢ and is homogeneous in time, the solution of (1.23)
can be decomposed in a linear superposition of normal modes. Hence, the dynamics of the

infinitesimal perturbation ¢ must satisfy the ansatz
q(x,t) = Z q;(z)e" +c.c., (1.24)
i

where @ denotes the spatial coordinate, ; € C is the i—th normal mode exponent, and the g, (x)
the corresponding mode. The real part of «y; represents the growth rate of the i—th mode, while
its imaginary part is the angular frequency. We stress that g;(x) is a vector field that can be
complex valued, hence the complex conjugate (‘c.c’) has been added in order to retrieve real
valued solutions for q.

Plugging (1.24) into (1.23) leads to a generalized eigenvalue problem per each normal mode
il Bl@; = [A]g;, (1.25)

where «; is the i—th eigenvalue and g, the corresponding eigenmode. The linear modal stability

of a steady basic state is classified based on the maximum real part of the growth rate:

If max; R (7;) < 0: the basic state g, is asymptotically stable to infinitesimal perturbations q.

If max; R (7;) = 0: the basic state g is marginally stable to infinitesimal perturbations q.

If max; R (7;) > 0: the basic state g, is unstable to an arbitrary linear combination of all the

infinitesimal perturbation modes with positive growth rate.

In case of marginal (also called neutral) stability, the LSA predicts that the perturbation modes
with null growth rate neither grow nor decay. Therefore, in the neighborhood of critical conditions,
weakly non-linear O(€?)-effects can play a crucial role in determining the character the instability
bifurcation. Further information on the instability are provided by the imaginary part of the

eigenvalues corresponding to the unstable modes:

If S (y;) = 0: the perturbation produced by @, + c.c. is not oscillatory.

If & (i) # 0: the perturbation produced by q; + c.c. has oscillation frequency w; = S (7;).
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1.3.3 Reynolds—Orr equation

Taking the scalar product between @ and the linearized momentum equation, an equation for
the evolution of the perturbation kinetic energy is obtained. By integration by parts, application
of the Green’s theorem and of the incompressibility constraint, assuming that the perturbation

vanishes at all inlets and no-slip boundaries, we arrive at the so-called Reynolds—Orr equation:

1
A\ Fin = / p0@? AV = —Dign + I + B + Kyn + M, (1.26)
\%

where Dy, = [, uV@ : Va dV is the viscous dissipation term, I = — [;, p@t - (% - Vug) dV de-
notes the global kinetic energy production/dissipation due to the convective term, B = — [, @ -
gB6 dV is the energy production/dissipation due to buoyancy, while the two surface integrals
Ky = %fsout plug - Moy dS and M = — fSI\/Ia pt - (nyg, - Va) dS refer to the kinetic energy
exchange at the boundaries of V' due to the kinetic energy outflowing Ki;, across an outlet of
surface Souy and normal vector ng., and the Marangoni stresses on thermocapillary or soluto-
capillary driven boundaries of surface Sy, and normal vector nyg,, respectively. Note that (1.26)
is valid for basic states whose boundaries are not deformed by the perturbation at O(e). An
additional term is required whenever surface wave instabilities are considered in order to consider
the energy transfer due to interface deformations [94, 95].

The counterpart of the kinetic energy budget (1.26) for the thermal energy [, pc,0; (52 / 2_) dVv

is derived by multiplying the linearized energy equation by the perturbation temperature 6:

| ~
d\Fu = /V pe,d8? AV = — Dy + J + Ko + H, (1.27)

where Dy, = [, AV@ - V0 dV is the thermal dissipation, J = — [;, pc,f (@ - V) dV the global
thermal energy production/dissipation due to the convective term, and Ky, = % /. Sout pcpézuo .
Nous S and H = — |, S 9 (nint . Vé) dS are the thermal energy exchange at the boundaries of V
due to the thermal energy passing across Syt and heat diffusion at the interface Siyt between two
domains, respectively. A generalized form of (1.26) and (1.27) for fully-temperature-dependent
thermophysical properties has been recently derived by [96].

Analyzing the energy transfer between the basic state g, and the marginally stable modes,
i.e. all the ¢; + c.c. such that max; R (y;) = 0, (1.26) and (1.27) serve the understanding of
the instability mechanism, aiding in the comprehension of the underlying physical processes that
lead to linear modal instability. As neutral (i.e. marginally stable) conditions are considered, the
contributions to d¢FEy, and d;FEy, of the neutral modes are null and dyEyi, = deFy, = 0 if @ is
built as linear combination of the sole neutral modes. The studies that employ the Reynolds—Orr
equation to gain insights on the physics of the modal instability mechanism tend to investigate the
perturbation energy production/dissipation for the neutral modes + c.c. (either one if I (y;) =0
or two complex conjugate modes if I (y;) # 0). The energy dynamics due to the transient
interaction of marginally and asymptotically stable modes is rather investigated by nonmodal

stability analysis [97].
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1.3.4 Beyond infinitesimal perturbations and steady basic states

As stressed in §1.3.2, the eigenvalue spectra produced by the LSA are conclusive solely for in-
finitesimal perturbations. Despite their linear asymptotic stability, however, some systems can
become unstable to small, yet finite, perturbations. In such cases the basic state g, is said
conditionally stable.

It is reported in the literature that several linearly stable shear flows such as the Hagen—
Poiseuille and the Couette flow undergo a significant amplification of linear perturbations before
experiencing their asymptotic exponential decay. This is also true for shear flows that can admit
a linear instability, such as the plane Poiseuille flow, for which the transient growth of ¢ can occur
at Reynolds numbers much lower than the critical conditions predicted by LSA (Re. = 5772 for
the plane Poiseuille flow [98]). To better understand how a linearly stable equilibrium can become
unstable, we first focus on small, yet finite, perturbations, i.e. ¢ < 1 and € /A 0. Without loss of
generality, let us consider the Couette flow as an example of a classic linearly stable steady basic
state (see eigenspectrum in fig. 1.6). The Couette flow is here taken a paradigmatic example for
shear flows to illustrate the significance of the non-normality of the linear operators originating
from (1.23) whenever a shear flow is assumed as basic state.

Mathematically, the non-normality property implies that an operator does not commute with
its adjoint, hence the eigenvalues are not orthogonal. This results in the potential for a transient
growth of the perturbation before its asymptotical exponential decay. It is extensively reported in
the literature that linearly stable non-normal dynamical systems may undergo transient growth
of several orders of magnitudes bigger than the initial perturbation amplitude. In such cases, it
is important to compute the eigenspectra of the perturbed linear system by adding €[E] to [4],
where €[E] is a matrix of O(e) that can be constructed with different properties, e.g. in [41] [E]
is an identity matrix, whereas in [99] a normalized matrix of random values produced with a
normal distribution of standard deviation 1 and mean 0. Perturbing the linear operator [A] by
€[E] has the aim to investigate the robustness of the modal LSA prediction to small, yet finite,
perturbations. We further stress that the perturbation of the linear operator €[E] enters at O(e)
in (1.23), hence at O(e?) in (1.22), therefore it does not provide any energy to the perturbation

q in asymptotic sense, i.e. for ¢ — 0. The eigenspectra computed for the perturbed linear

Re =pUH/u

S(r)

Figure 1.6: Couette flow (left) and spectra (right) for Re = 350. The black line denotes the
eigenspectrum, while the blue lines are the e—pseudospectra for e = 1072, 1072%, and 1073, and
[E] = [I], where [I] is the identity matrix. Figure re-adapted from [41].
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1.3. Hydrodynamic stability

operator are termed e—pseudospectra and they are used to determine the minimal perturbation
amplitude €y, capable of turning the linearly stable basic state for the unperturbed operator
[A] into a linearly marginally stable equilibrium for the perturbed operator [A] 4 emin[E] (see
e—pseudospectrum in fig. 1.6).

We stress, however, that also the stability analysis based on e—pseudospectra relies on the
linear superposition of normal modes. However, when the perturbation amplitude becomes sig-
nificant, €gq; can grow up to O(1), hence it can dynamically affect the leading-order basic state.
To take such dynamics into account, a nonlinear stability analysis is required (see [100]). In

summary, different approaches are used to investigate the stability of a basic state:

Linear modal stability analysis: It investigates the stability of a basic state subjected to
infinitesimal perturbations (¢ — 0) based on the eigen-
spectrum of the unperturbed linear operator [A]. The
aim of modal LSA is to assess the asymptotic stability of
a basic state gy based on the growth rate R (7;) of every

single normal mode g;.

Linear nonmodal stability analysis: It investigates the stability of a basic state subjected to
small, yet finite, perturbations (¢ < 1 and € 4 0) based
on the e—pseudospectra of the perturbed linear operator
[A] + €min[E]. The aim of nonmodal LSA is to assess the
minimal perturbation amplitude €,,;, below which the

perturbed system remains asymptotically stable.

Nonlinear nonmodal stability analysis: It generalizes the linear nonmodal stability analysis by
including nonlinear effects. The concept of minimal per-
turbation amplitude €y is here replaced by the minimal
seed, i.e. the perturbation of minimal amplitude capable
of optimizing its energy growth at a certain time after its
initial injection in the basic state.

The considerations discussed so far for LSA assumed that the basic state is steady, i.e. 0;qy =

0. Their generalization to time-periodic equilibria of period 7, i.e. qy(x,t) = go(x,t+7), implies

the introduction of a more complex theoretical framework known as Floquet theory. Following

[14], the generalized eigenvalue problem (1.23) for time-periodic basic states reads:

(vr + 0¢) [Blg = [A]q, (1.28)

where g is the Floquet exponent of the perturbation ansatz q(x,t) = q(x,t)e’t = q(x,t +
7)e’Ft where now q(x,t) denotes a time-periodic function. The same definitions of asymptotic
and marginal stability detailed for steady LSA apply for time-periodic basic states replacing R (y;)
with ® (7). On the other hand, when considering the mode frequency  (vr), three scenarios
are possible in Floquet stability: (i) if S (yp) = 2n7w/7 where n € N then g(x,t) is 7—periodic,
(ii) if S (yp) = £m/7 then q(x,t) is 2r—periodic, and (iii) if S (yr) = apm/7 where |ap| # 1

then q(z,t) is quasi periodic with periods 7 and 27/ap.
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Chapter 1. Motivation and Elements of Theory

1.3.5 Flow control

Control theory provides a general framework for manipulating the evolution of a system based on
static or dynamic inputs aimed to achieve the control target [101]. When flow control applications
are considered, passive flow control refers to control strategies that employ static modifications
of the geometry and do not require any injection of energy in the system. Conversely, active flow
control deals with static or dynamic modifications of the flow energy via static or dynamic jets,
as well as dynamic modifications of the boundaries. Whenever the active control is dynamically
adjusted on measured states of the controlled system we talk about closed-loop control. Vice
versa, open-loop controls are considered. For an extensive review on open- and closed-loop active
flow control by jet actuators, we refer to [102]. For engineering applications, active and passive
flow control is used to maintain, recover, or improve the performance of a system by reducing
drag, enhancing mixing, and avoiding/promoting unwanted/desired flow configurations.

Stability analysis and receptivity theory are tightly related to optimal flow control. In fact,
on the one hand, stability analysis provides a framework to study the flow response to an initial
perturbation and, on the other hand, receptivity theory investigates the excitation of potentially
unstable perturbations by external disturbances [103]. This provides the cause—effect chain to
predict the occurrence of the instability that we may aim to prevent. By combining the direct
(linearized or fully non-linear) Navier—Stokes operator and its adjoint, the structural sensitivity
of a system can be characterized, together with the most receptive areas of the flow [104]. Such
information can then be employed to localize the control strategy in order to hinder the most
receptive path leading to the excitation of the potentially unstable disturbance that one wants to
avoid.

Breaking the receptivity chain is however just one of the ways to employ flow control. The
information on the most receptive areas of the flow could also be employed to trigger rather
than to suppress an instability. This is the case, for instance, of passive flow control by vortex
generators, an array of optimally designed obstacles placed on a flat plate [105] or an airfoil [106]
to favour the transition to turbulence [107] or enhance heat transfer [108] in boundary layers.
Owing to its significance for aerodynamic applications, the receptivity of such flows has been
extensively investigated in the literature. Most of the recent studies on controlling boundary
layers focuses therefore on the optimal perturbation to trigger laminar-to-turbulent transition
[57] and shape optimization of the vortex generators for passive flow control.

A final introductory note on optimal flow control is about the theoretical frameworks employed
to study it. Beside the so-called model predictive control (adjoint-based control optimization
approach), other theoretical methods are also employed, such as the optimal control (Riccati-
based feedback control approach), the 4Dvar (adjoint-based state estimation approach), and the
Luenberger observer (Riccati-based state estimation approach) that turns into a Kalman filter for
stochastic theory. For a review of all such methods, we refer to [109]. Moreover, we stress that
the recent development in machine learning greatly enhanced the capabilities of previous control
strategies by means of reduced-order modeling [110] and digital twins [111] with multiple levels

of granularity [112].
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1.4. Chaotic flows

1.4 Chaotic flows

The trajectory of a fluid element is computed integrating the velocity field over time and supplying
the initial fluid element position. The dynamics of such a problem is therefore deterministic, given
that the flow velocity is exactly known. However, under certain circumstances, the integration
of the pathline is so sensitively affected by small uncertainties either on the flow or on the initial
fluid element position that the predictability of the system dynamics gets significantly degraded
over time [113]. This is known as deterministic chaos [114], which notion can be generalized to
all dynamical systems governed by the evolution equation C = E((¢, s), where ¢ denotes the state
of the system in phase space, 2(¢, s) its flow, and s the independent variable such that ¢ = dy(.

Connecting chaos theory with fluid mechanics can be readily achieved when considering
the fluid element trajectories by exploiting their Lagrangian description, i.e. for { = x¢ and
2(¢, s) = u(xy, t), where a¢(t) is the fluid element location at time ¢. If the flow is two-dimensional
and incompressible, a streamfunction 1 (z,y,t) exists such that u = (9yt, —0,¢) in Cartesian
coordinates. If the flow is also steady, the fluid trajectories coincide with the flow streamlines,
i.e. the isolines of ¢. This implies that the advection problem is integrable. Equivalently, in
dynamical-systems theory, one would describe such a problem as a Hamilton’s canonical equa-
tion of one degree of freedom (dof), which implies integrability when the system is autonomous,
i.e. when the flow E((,s) does not depend on the independent variable s [115]. As in our two
dimensional steady flow w(x¢,t) does not depend on ¢, all its streamlines are regular, i.e. non
chaotic (addressed as tori in dynamical system theory).

Such considerations suggest that the theoretical results on non-integrability (or chaos) of
Hamiltonian systems [116, 117, 118, 119, 120] are applicable to the pathlines of a fluid dynamic
system. In particular, it is sufficient that the Hamiltonian system becomes non-autonomous
in order to admit the existence of chaotic behaviours. This implies that if the generic two-
dimensional flow considered above becomes time-dependent, its regular streamlines may lead to
chaotic pathlines, regardless of the flow regime. A similar consideration holds true for steady
three-dimensional flows that correspond to piecewise Hamiltonian of 1.5 dof [121], hence they
admit chaotic dynamics.

Another significant overlap between Hamiltonian and volume-preserving (V - u = 0) dynam-
ical systems consists of recognizing that chaos can be traced back to a stretching-and-folding
mechanism in phase space, also known as Smale horseshoe [122, 123, 124]. To generate a horse-
shoe map, a flow needs the ability to stretch and fold a section of fluid, then return it—stretched
and folded—to its original position, meeting a set of criteria referred to as Moser’s conditions
[119]. Various theorems and techniques [125, 115, 126] are utilized to understand the behavior
under small perturbations, however initial expectations regarding the applicability of established
Hamiltonian theories, like Kolmogorov—Arnold-Moser (KAM) theory, have been moderated [127].
Nonetheless, specific methods such as the Melnikov method [125, 126] have proven useful in study-
ing analytical systems with slight deviations from integrability, as first demonstrated by [128, 129,
130, 131]. Such chaotic phenomena, also observed in dissipative systems, are not limited to phase

space dynamics, as they represent the backbone of stirring and mixing [132, 133, 134, 135].
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Chapter 1. Motivation and Elements of Theory

1.4.1 Classification of critical points and orbits

Visual representation is often used in chaos theory for summarizing the expected paradigmatic
dynamics. This relies on the identification of critical points and orbits, whose interplay induces
mathematically rigorous consequences for the system trajectories in phase space. Given a flow
2(¢, s) and its motion { = &, (Z) that transforms the initial system state Z = (s = 0) into the

current system state {(s) for all s, two kinds of critical points can be identified:
(i) Fixed point: The point IT is a fixed point of the flow if IT = &, (IT) Vs.

(ii) Periodic point: The point II is a periodic point of the flow if IT = ®,,5 (IT), where n € N
and S is the period.

This implies that fixed points keep their location in phase space regardless of the evolution of the
surrounding system states, while periodic points get back to their position after every period S.
Hence, the fixed point can be intended as a periodic point for S — 0, and a periodic point can
be turned into a fixed point for discrete maps or stroboscopic section with period S [114]. We
further stress that the identification of critical points depends on the reference frame in which the
system is described. Hence, an optimal description of the dynamical system is such that critical
points naturally emerge in the phase space picture of the system dynamics.

To further characterize the system dynamics in the neighborhood of a critical point, a local
linearization of the motion is used by computing the eigenvalues (or Lyapunov exponents) i, of
the Jacobian [J] for the local flow, such that J;; = 0 [E(I1, S)]; /0¢;. For the easy-to-picture case
of a two-dimensional flow, the point IT is classified based on the trace and determinant of [J] (see
fig. 1.7(a)). For generalization of such concepts to three-dimensions, refer to [125, 126, 114].

The eigenvectors of the Jacobian represent a local linearization of the system manifolds. They
consist of all points ¢ in the phase space such that the trajectory approaches IT as s — oo (stable
manifold) or as s — —oo (unstable manifold). Both such manifolds are invariants of the flow,
and a system state initially belonging to them will permanently orbit on such manifolds. These
orbits, as well as the critical points, have direct consequences on deterministic chaos implied

by: (i) transverse homoclinic or heteroclinic intersections (see fig. 1.7(b)), (ii) positive Lyapunov

exponents, or (iii) generation of horseshoe maps (see fig. 1.7(b)).

det([J])

A(J)) =0

hyperbolic
point

unstable
manifold

homoclinic
orbit

elliptic_ \-~
point

stable
manifold

Figure 1.7: (a) Classification of critical points based on A([J]) = {tr([J])}? — 4 det([J]), (b)
stable/unstable manifolds, critical orbits, and chaos scenario by stretching and folding.
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1.4. Chaotic flows

1.4.2 Chaotic advection and mixing

In various applications, optimizing the mixing rate of a fluid is a common goal. In its simplest
form, this optimization aims to minimize the time required for molecular diffusion to homogenize
an initially non-uniform distribution of a scalar tracer. When advection is absent, molecular
diffusion alone takes a considerable amount of time to establish homogeneity, especially in compact
containers. To expedite this process, chaotic advection is employed. Inertial turbulence, achieved
by maintaining a high Reynolds number in a 3D flow, is a classical method for enhancing mixing.
This leads to the formation of a Kolmogorov energy cascade, where energy cascades from large
to small scales, resulting in the development of small-scale structures in any scalar field advected
with the flow. These small-scale structures are then rapidly homogenized by molecular diffusion.

In contrast, laminar flows do not necessarily imply the presence of ubiquitous small scales and
chaotic advection [135], based on the stretching and folding property of chaotic flows, offers an
alternative to inertial turbulence for generating small-scale structures in the spatial distribution
of advected fields. Chaotic dynamics quickly transforms a smooth initial distribution into a
complex pattern of filaments or sheets, exhibiting a fractal structure [132]. This dynamic process,
independent of high Reynolds numbers, operates even in time-dependent 2D Stokes flows, also
known as Basset flows. Unlike turbulent mixing, chaotic advection does not necessitate the
significant energy input required to maintain the Kolmogorov cascade and can be applied in
scenarios, such as microfluidics, where a high Reynolds number is not feasible.

As recalled in the previous section, the Lagrangian representation of the advection problem

for a passive tracer by a prescribed flow defines the dynamical system
T, = u, (1.29)

where @, is the tracer position. As discussed in §1.4, for a two-dimensional incompressible flow,
this system is an Hamiltonian, with just one degree of freedom. In the case of unsteady flow,
the system becomes non-autonomous, and chaotic particle motion is expected [134]. This same
consideration can be extended to three-dimensional steady flows, that are piecewise Hamiltonian
systems with 1.5 degrees of freedom [121].

In the context of advection, stirring involves purely kinematic transport (1.29), while mixing
combines stirring with diffusive effects. The mathematical formulation of advection incorporating

molecular diffusion is described by the advection—diffusion equation:
oC +u-VC =Pe V20, (1.30)

where C represents the scalar concentration, and the Péclet number Pe = UL/D¢ balances
diffusive and advective time-scales, where D¢ denotes the mass diffusion coefficient of C. A
similar equation will be used in §4 for modeling the dynamics of surfactant in the bronchioles,
also accounting for adsorption and desorption processes.

The Batchelor scale (Ag = /D¢ /1), where ~, is the Lyapunov exponent of the flow, serves
as the natural scale for mixing. At scales smaller than Ag, diffusion smoothens concentration
gradients, promoting molecular-scale mixing. For Do = 0, the advection—diffusion equation
(1.30) describes the same dynamics of (1.29) from the Eulerian point of view for C'(t = 0) = 1 on
the single particle at x,(t = 0) and C(t = 0) = 0 everywhere else.
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Chapter 1. Motivation and Elements of Theory

1.4.3 Coexistence of chaotic sea, KAM islands and cantori

In open flows, the presence of chaos becomes evident as fractal structures emerge during the
advection of initially uniform distributions of passive tracers [136]. Considering tracers originating
from the inflow region, most fluid particles have only a finite residence time before exiting the
fluid domain through the outlet. Consequently, the advection dynamics in an open flow is to be
dealt with as a transient phenomenon, which fundamentally distinguishes the qualitative aspects
of mixing in open flows from the closed flows of interest in this manuscript.

Especially for moderate and low-Reynolds-number flows, a key characteristic of the kinematic
template is the emergence of stable orbits in space, encircled by KAM (Kolmogorov—Arnol’d—
Moser) islands or tori [137]. While KAM surfaces can appear in open flows, they are a well-
documented feature of closed flows. These islands create a fractal hierarchical structure, where
large islands encompass smaller ones, forming nested patterns. The existence of KAM islands
implies that considering initial conditions residing within such islands produce a dynamics con-
fined within the KAM tori. Consequently, the set of initial conditions on a KAM surface leads to
trajectories moving on such a surface, hence leading to a local violation of the hyperbolicity (see
elliptic Poincaré section! of KAM tori in fig. 1.8). On the contrary, fluid particles with initial
conditions outside each KAM torus cannot penetrate any of the KAM tori. As a consequence, the
islands induce significant distinctions in the transient dynamics, contributing to crucial differences
between hyperbolic and non-hyperbolic scenarios for the motion of fluid tracers.

Transport near the islands is dominated by cantori, remnants of broken KAM tori. Unlike
KAM islands, cantori permit fluid particles to cross their virtual border, acting as partial transport
barriers [138, 137, 135]. Although crossing may occur, it often takes extended durations, rendering
cantori as quasi-persistent transport barriers. Their presence significantly impacts the advection
dynamics, observable in the Poincaré section by noticing the cloud of points surrounding the sub-
islands. As a result, they promote stickiness, a phenomenon in non-hyperbolic flows leading to
exceptionally long escape times compared to hyperbolic dynamics. The overall depiction of non-
hyperbolic transport is demonstrated in fig. 1.8, where a Poincaré section illustrates the self-similar

organization of the kinematic template in a cubic lid-driven cavity for Re = 100.
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Figure 1.8: Numerical simulation (left) and schematics (right) of a Poincaré section of the stream-
lines (orange in the schematics) for a cubic one-sided lid-driven cavity flow for Re = 100 (left
[139]). Left: Black dots denote the Poincaré returns for chaotic streamlines, green dots refer to
the cantori, and pink dots are due to regular streamlines on the KAM surfaces.

We recall that a Poincaré section is a dimensional reduction technique that marks the returns of a system
trajectory over a given hypersurface in phase space.
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1.4.4 Dilute particle-laden flows

When considering spherical particles of radius a, and density p, in a fluid of density p and
kinematic viscosity v, the particle concentration and size play a crucial role in defining the
suspension’s characteristics. Under the assumptions of Stokes drag, the particle response time
Tp, intended as the characteristic time to follow a step change of the surrounding fluid velocity,
is defined as 7, = 2ppa§ /9pv. An alternative definition is usually employed when sedimentation
phenomena are of primary importance, i.e. when p, > p. This is not the case for our study, as
all the particles we consider are assumed to respect the condition p = O(1), where o = p,,/p.

Upon definition of the characteristic time scale of the flow 7¢, a corresponding non-dimensional
Stokes numbers St = 7,/7¢ is obtained. The flow time scale is supposed to be chosen based on
the phenomenon of interest, such that the corresponding Stokes number is representative of
the particle resistance under the assumption of negligible higher-order inertial corrections that
scale with the particle Reynolds number Rep, hence with the particle-fluid slip velocity and the
particle radius. To study the behaviour of small particles in turbulence, the characteristic flow
time is often assumed to be equal to the Kolmogorov time [140], as the focus of such studies is to
investigate the interaction of small particles (typically smaller than the Kolmogorov length). In
this manuscript, we will rather study particles mostly in steady laminar cavities of characteristic
length L and for which the viscous time scale L? /v is most relevant to the phenomenon of interest
in §2. Therefore, hereinafter, the Stokes number will be defined as St = 2¢(ap,/L)?/9 whenever
not explicitly mentioned.

The concentration of particles may become important in large-scale suspensions [141] and
is often characterized by the volume fraction ®y = V;,/Vie, i.e. the volume occupied by the
particles V}, over the total volume encompassing fluid and particulate phases. Additionally, the
mass fraction &y = Py /[Py + o(1 — Py)] is also considered to estimate the expected order
of magnitude of the momentum transfer between particles and surrounding fluids. Whenever
®y < 1 one talks about dilute particle suspensions, and further considering ¢ = O(1) and
ap/L < 1 allows to model the particles dynamics as an ensemble of non-interacting particles
whose feedback on the carrier phase can be neglected. This is known as one-way coupling.

Reducing the complexity of a particle-laden flow to an ensemble of single-particle dynamics
provides a great simplification for the understanding of leading-order effects as it significantly
shrinks the dimensions of the parametric space. Studying clustering/depletion of particles by a
one-way coupled approach means searching for attracting/repelling manifolds of a single particle.
Particles accumulation would then be assimilated to a single-particle trapping phenomenon driven
by the dissipation effects of the single-particle flow &, = u,, where @, denotes the particle location
and u,, its velocity. The definitions recalled in §1.4.2 could then be applied to the particle flow in
order to determine the local character of the attractor based either on an Eulerian estimate of the
Lyapunov exponents or on the application of Lyapunov stability to the mutual distance between
two trajectories for particles initialized infinitesimally close in phase space. We further stress a
major difference between the dynamics of an incompressible fluid tracer @, = w and the one of
a finite-size particle &, = up: the former is a non-dissipative dynamical system, i.e. V-u =0,

while the latter can admit local dissipation, i.e. V - u, é 0.
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1.4.5 Modeling small inertial particles

The initial effort to derive the equation of motion for an inertial particle in a non-uniform flow
is documented in [142]. Further corrections of the inconsistencies on the pressure gradient and
viscous stress have been derived in [143] and [144]. The equation proposed in [144] relies on
an alternative interpretation for the time derivative of the undisturbed fluid flow velocity, a
suggestion later corrected by [145]. A significant contribution by Maxey and Riley [32], as well
as by Gatignol [33], was the formulation of the equation for particle motion in a reference frame
moving with the particle centroid, establishing a connection between this reference frame and
an inertial one. Within the particle’s frame of reference, they expanded the continuity and
momentum equations based on the relative velocity (slip velocity) between the particle and the
fluid. By asymptotic matching the unperturbed velocity field (far from the particle) with the
disturbed flow near the particle, they derived an equation of motion for the particle centroid,

known as Maxey—Riley—Gatignol (MRG) equation, applicable under specific conditions:

« small particle Reynolds numbers, i.e. Rep, = ap|U — Up|/v < 1, where U is a characteristic

velocity of the undisturbed fluid flow and U}, the one of the particle centroid;

o small shear Reynolds numbers, i.e. Reg = agU/ Lv <« 1, where L is a characteristic length
of the undisturbed fluid flow;
 small particle ap, < L.

The MRG equation is extensively utilized for investigating the motion of an inertial particle
within an unsteady and nonhomogeneous flow. The particle acceleration d;u, is determined in
the Lagrangian reference frame by accounting for buoyancy, pressure forces, added mass, Stokes

drag, and Basset—Boussinesq history force detailed from left to right in (1.31), respectively:

dup Du m:D
Mgy = me —mo gty = Sy

62 d rtu, —u—a2Viu/6
— 6a/mpup dt/to —

where my, is the mass of the particle, m¢ = my, /o the mass of the fluid occupying the same volume

(up —u— af)VQu/lO) — 6papm (up —u— agv2u/6)

ds, (1.31)

of the particle, d; denotes the time derivative along the particle trajectory, and D; the material
derivative along the fluid trajectory.

The MRG equation (1.31) has undergone extensive mathematical scrutiny, including recent
insights into the fractional term of the history force by [146]. Demonstrations of the existence
and uniqueness of a mild local solution, particularly when the particle velocity initially matches
the fluid velocity, are outlined by [147]. An extension to establish the existence and uniqueness
of mild global solutions, encompassing scenarios where there is an initial velocity mismatch be-
tween the particle and the fluid, has been validated by [148]. Recent advancements focused on a
mathematical reformulation of (1.31), aimed to ease the computation of the history force [149].

While the MRG equation serves as a widely employed model for predicting particle motion,
it encounters limitations when the particle approaches a boundary, such as a wall, a free surface,

or another particle. This limitation arises from the derivation of the equation, which involves
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1.4. Chaotic flows

matching the inner expansion near the particle with an outer expansion assuming the particle
perturbation vanishes at an infinite distance from the particle centroid. Near boundaries, correc-
tions to the MRG equation are essential because the asymptotic approach based on the smallest
scale being the particle radius breaks down. Specifically, the formulation of the Basset—Boussinesq
history force as presented in [32] has its theoretical roots in the work of [150, 151], who derived
it for a particle impulsively accelerated in an unbounded flow. As the history force originates
from the vorticity diffusion modeled by unsteady Stokes equation, the presence of a boundary
changes the vorticity field, hence requires to reconsider the kernel function (see [152] for experi-
mental evidence). Similarly, adjustments are necessary for the added mass term [153, 154] when
a confinement is present, and the Stokes drag should incorporate the influence of a boundary
[155, 156, 157, 158]. For small, yet finite, particle Reynolds numbers, further corrections to the
MRG equations are analytically derived for bounded flows [159].

We anticipate that incorporating boundary-normal Stokes-drag corrections based on the exact
creeping-flow solution of Brenner [155] provides the most significant modification to the MRG
equation for the boundary-driven flows considered in this manuscript [160, 161]. In fact, our
particles rapidly approach the driving boundary [162] and the correction factor A of [155] tends
to infinite as ~ a,/dp, where 0, denotes the distance of the particle surface from the boundary.
Figure 1.9(a) depicts A\ against the normalized particle-to-wall distance § = dp,/ap.

A further simplification to the particle dynamics model can be derived under the particular
asymptotic conditions of density matching particles ¢ — 1 with vanishing Stokes number St — 0.
In such conditions, the MRG equation (1.31) tends to the particle tracer equation &, = u in
the bulk [163]. However, whenever a small, yet finite-size particle approaches an impenetrable
boundary, the corresponding corrections to the MRG equation become a leading-order effect that
determines the particle dynamics. This allows to propose an heuristic particle-motion model that
relies on the perfect tracer equation far from the boundaries and annihilates the normal-wall
velocity of the particle within a region of size A, = 6, + a, from the boundaries (see fig. 1.9(b)).
Such a minimal model, termed particle-surface-interaction (PSI) model, has first been proposed
in [164] and implies that the particle dynamics is governed by a dissipative Filippov system [165,

162]. This is an essential feature, as it will be discussed in §2.
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Figure 1.9: (a) Correction factor A\ [155] for the normal-wall component of the Stokes drag for
a particle moving near a solid wall. (b) Schematic of the approximation employed for density-
matched particles with vanishing St rapidly approaching a wall (&, = w + PSI model [164]).
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1.5 Structure of the thesis

In this first chapter we established the scientific significance of fluid dynamics systems charac-
terized by two or more distinct length scales. Each of these scales will prove indispensable for
understanding, reproducing, and predicting the noteworthy large-scale phenomena under consid-
eration. Systems falling within this category represent an ideal candidate for applying perturba-
tion theory, particularly when dealing with small parameters arising from aspect ratios between
distinctly separated characteristic scales. To delve into this, we revisited fundamental concepts
of asymptotic theory, recognizing their sensitivity to the smallest scale in play. Anticipating the
significant influence of these scales on overall flow stability, we also recalled the basics of hy-
drodynamic stability theory, laying the groundwork for subsequent chapters. Furthermore, we
dedicated attention to multiphase flow systems with well-separated scales, with a specific focus on
thin films and dilute particle-laden flows, for which the relevance of chaotic advection and dissi-
pation sources deserved a dedicated section. The remaining part of this manuscript is structured
in four chapters dealing with scientific research and future perspectives.

In §2 we will investigate a striking inherently multiscale phenomenon that leads to parti-
cle attraction in closed boundary-driven flows. In the considered systems, the particle radius
is much smaller than the cavity characteristic length. In turn, the viscous layer between the
particle surface and an undeformable boundary — typically the driving boundary of the cavity
— is much smaller than the particle radius. This allows to identify two hierarchically-ordered
small parameters that, as discussed in §2, will turn out to play a leading-order role at the largest
flow scales. Several examples of such a particle focusing process will be discussed for regular and
chaotic mixing in cavities in two- and three-dimensional systems, respectively. Beside showcasing
several demonstrations of the occurrence of such a phenomenon, we will enter in details about
the physical mechanisms responsible for the particle clustering, recalling the equivalence between
clustering and trapping of particles within the one-way coupling framework.

In §3 we will focus on the application of well-separated-scale flows to turbomachines. At first,
the stability of a centrifugal pump will be investigated, focusing the discussion on the vaneless
radial diffuser mounted at the outlet of a pump impeller. In this case, the influence of a small
radial gap between rotating and steady components of the pump will be considered in details.
Moving forward in the same chapter, we will deal with instabilities in an axial compressor. As for
the case of the transition to turbulence along an airfoil or a flat plate, also for the spike instability
in axial compressors the most receptive flow region has already been identified in the literature.
It corresponds to the thin gap between the rotor blades and the carter, known as tip leakage gap.
We will show how active flow control, localized near the tip leakage gap can successfully control
the spike instability for the CME2 axial compressor operated at Arts et Métiers, Lille.

Thereafter, §4 discusses typical problems at the core of respiratory fluid mechanics in distal
airways. Asymptotic theory and hydrodynamic instability are essential to comprehend the classic
results of interfacial instabilities originating in thin non-Newtonian films coating the airway.
In this case, the smallest scale is the mesoscopic scale, where constitutive laws for stresses at

continuum level are derived in the literature by modeling the response of single polymers to a
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1.5. Structure of the thesis

given deformation and computing their feedback on the solvent matrix. Several rheological models
will be tested, showing how the polymeric scale can greatly impact on the formation of a liquid
plug. Moreover, in the same chapter, we will discuss the impact of surfactants on liquid plug
formation that, in turns, occludes the considered airway. In particular, the reported research
activities about bronchioles occlusion highlights the significance of prevented gas exchange at
distal airways, as well as the induced mechanical stresses on the airway epithelium. These two
aspects are thoroughly discussed owing to their relevance at the largest scale of the pulmonary
network.

Finally, in §5, five in-progress research projects will be discussed, focusing on their multiscale
nature and the strategy that will be adopted to tackle them. Necessarily, owing to the challenges
involved in each of these projects, dedicated multiscale approaches will be proposed and briefly

discussed.
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Chapter

Finite-Size Coherent Structures in

Boundary-Driven Cavity Flows

Summary

Several examples of particles clustering in laminar flows are discussed, focusing on
the particle trapping mechanism that relies on the interaction between a finite-size
particle of radius a, and an impenetrable boundary. The corresponding physical
mechanism is contingent on considering the global fluid transport (at scale L > a;),
the particle dynamics (at scale ap,), and the particle-boundary interaction (at scale
dp < ap). Several examples of particle accumulations in two-dimensional and three-
dimensional steady flows are demonstrated and explained, pointing out the features
shared by all the investigated systems and leading to the class of particle attractors
termed Finite-Size Coherent Structures.
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2.1. Introduction

2.1 Introduction

Particle-laden flows are fluid systems in which solid particles are suspended and transported
within a fluid medium. These multiphase flows commonly occur in natural phenomena, such as
sandstorms [166], the transport of volcanic ash in plumes [167], and debris flows [168]. Particle-
laden flows also play a significant role in human-engineered processes, including combustion [169],
the dispersion of pollutants [170], industrial pipelines [171] as well as in biomedical applications
like drug delivery [172].

Particles carried by a fluid flow have a tendency to gather in specific areas. This clustering
has been extensively studied in turbulent flows, where it typically occurs due to (i) the particles’
inertia leading to coherent structures controlled by the Lagrangian transport of material lines for
the carrier flow (Lagrangian Coherent Structures [173]), (ii) turbophoresis [174] that relies on the
net drag force and the gradient of particle kinetic stresses induced by turbulence acting on the
particles, and (iii) the sweep-stick mechanism [175] that implies the tendency of heavy particles
with a Stokes number lying in the inertial range of time scales to aggregate in the neighborhood
of zero-acceleration points for homogenoeus isotropic turbulent flow.

In low- and moderate-Reynolds-numbers flows, a qualitatively similar clustering is also ob-
served even for negligible particle inertia. In particular, the phenomenon of micro- and nano-
particles self-organization is reported within millimeter to micrometer-scale systems characterized
by laminar flow conditions. Hence, the particles clustering in such flows cannot rely on any of the
three dissipative mechanisms listed above. Illustrative examples of the phenomenon of interest
encompass particle clustering at fluid interfaces determined by the substrate wetting properties
[176], as well as the emergence of bacterial clustering [177, 178] and boundary-induced particle
accumulation in various microsystems [179, 180].

These latter class of particle cluster phenomena can be elucidated through the consideration
of finite-particle-size effects and the interaction of each particle with impenetrable boundaries
[164, 181, 182]. In fact, the viscous forces exerted by the fluid on the particle, when the latter
is moving in the proximity of a boundary can lead to the transfer of particles to a limit cycle
or a quasi-periodic manifold that does not mix with the surroundings. The resulting particle
accumulation structures solely rely on the dissipation of kinetic energy produced in the near-
boundary region inaccessible to finite-size particles (see fig. 1.9(b)). Such an energy dissipation
is due to the net repulsive forces primarily generated by the viscous stresses resulting from the
interaction of a finite-size particle and a boundary in its proximity (see fig. 1.9(a)). Hence, the
resulting particle coherent structures are termed Finite-Size Coherent Structures (FSCS).

In this chapter, we will consider FSCS in various boundary—driven cavity flows. We will start
with two-dimensional cavities where the flow is regular and particle accumulation is observed
in the form of limit cycles or point attractors. Thereafter we will move to flows where three-
dimensional effects can lead to chaotic advection that strongly complexifies the understanding of
FSCS. Finally, we will conclude by summarizing the class of flows that can lead to FSCS and

briefly identify examples of this same clustering phenomenon reported in the literature.
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Chapter 2. Finite-Size Coherent Structures in Boundary-Driven Cavity Flows

2.2 Two-dimensional FSCS in non-chaotic flows

Whenever a dispersed particulate phase is embedded in an incompressible carrier phase, several
two-dimensional flows admit manifolds of attractions for the particles. The resulting coherent
particle structure cannot rely on the dissipation of the carrier phase because an incompressible
flow is, by definition, a non-dissipative dynamical system (V -« = 0). The dissipation source
must therefore be looked for in the particulate system. As already briefly discussed in §1.4.5,
the Stokesian asymptotic of the flow around the particle provides several mechanisms of kinetic
energy dissipation that could lead to particle clustering, even for low-Reynolds-number regimes.
Namely, the Maxey—Riley—Gatignol equation identifies Stokes drag, buoyancy, Faxen’s forces due
to streamline curvature ~ apVQu, the Basset—Boussinesq’s memory term and, whenever included,
finite Reynolds number corrections such as the Saffmann’s lift force. Each of such terms can lead
to specific two-dimensional particle clustering phenomena such as light particles clustering at a
steady vortex core [183, 184], high-strain induced attractors for density-matched particles [185],
and shear-induced particle migration due to the Segre—Sielberg effect [186].

All such particle attractors can be explained by the MRG equation, i.e. neglecting the per-
turbation of each particle on the carrier flow, as well as collective particle phenomena. Another
remarkable feature of such particle coherent structures is that they make use of an asymptotic
expansion that assumes an unbounded flow around the particle (see discussion about the MGR
equation in §1.4.5). Thereafter, they never require to introduce an additional scale smaller than
the characteristic scale of the carrier fluid coherent structures L and the characteristic scale of the
particle, i.e. its radius a,. This does no longer hold when a rigid particle moves near an impene-
trable boundary and the Stokes drag gets significantly intensified within a scale §, < ap,, where 0,
measures the distance between the particle surface and the undeformable boundary (see §1.4.5 for
a brief discussion [155, 158]). Corresponding corrections are reported for the Basset—Boussinesq
term [152] and low-particle-inertia regimes [159].

In the following subsections we will present a few examples of particle coherent structures that
inherently rely on the interaction between the particle and the boundary, hence on the viscous
forces that become dominant within a distance d, from the boundary. Particle attractors either in
form of limit cycles or point attractors will be demonstrated for three classes of two-dimensional
boundary-driven flows: (i) a confined oscillatory Kirchhoff vortex, (ii) shear-driven cavities, and
(iii) a singular dihedral corner. In all such systems, the particle attractor results from the equi-
librium between a force pushing the particle towards the boundary and the enhanced Stokes
drag due to the particle-boundary interaction that results in a net repulsive effect away from the
boundary. The relevant mechanisms leading to such particle coherent structures will be briefly
summarized for each of the three examples, demonstrating the non-trivial role that the particle—
boundary interaction plays in determining the particle attracting manifolds. Three approaches
for simulating the particle dynamics will be employed: (a) one-way coupling with MRG equation
supplemented by the PSI model, (b) fully-resolved simulations with a two-dimensional circular

particle, and (c) fully-resolved simulations with a spherical particle in Stokesian motion.
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2.2. Two-dimensional FSCS in non-chaotic flows

2.2.1 Confined oscillatory Kirchhoff vortex

The conventional inertial centrifugation observed in heavy particles within a steady Kirchhoff
vortex has been demonstrated to turn into a centripetal motion when subjected to a pulsating
Kirchhoff vortex. This phenomenon has first been reported by [187], who termed it Oscilla-
tory Counter-Centrifugation (OCC). They further estimated that OCC occurs when a specific
threshold of vortex pulsation frequency f is reached in relation to the fluid kinematic viscosity
v, particle radius ap,, and particle-to-fluid density ratio o = pp/p. Experimental confirmation of
OCC has recently been provided for the agglomeration of fiber particles in periodic flows [188].

The pulsating Kirchhoff vortex has been further investigated by [189]. His work delves into
the influence of Coriolis forces, which are responsible for reversing the centrifugal motion, leading
to the emergence of a more complex phenomenon that he termed Oscillatory Switching Centrifu-
gation (OSC). In fact, depending on Stokes number St = 2¢a2/9R? (where R is the characteristic
scale of the Kirchhoff vortex) and particle-to-fluid density ratio p, the asymptotic particle repellor
at the vortex core can be converted into an asymptotic particle attractor and vice versa, all by
altering the vortex Strouhal number Str = 27 f/Q, where f is the pulsation frequency and 2 the
vortex rotation rate. Additionally, [189] explored the intricate dynamics of particles in chaotic
motion and their connection to non-trivial limit cycles observed at specific boundaries in param-
eter space. These boundaries mark the transition where particle centrifugation transforms into
centripetal motion and vice versa.

In confined oscillating systems, OSC provides therefore the mechanism that can centrifuge
light and heavy particles, i.e. p < 1, from the bulk towards the cavity wall. An example is shown
in fig. 2.1 for p = 0.9, St = 1, Str = 0.094. The initial centrifugation of the light particle leads to
an increase of its radial coordinate rp(t), normalized with the confinement radius R. When the
particle reaches the wall proximity, i.e. for r, = O(ap), the viscous forces between the particle
surface and the no-slip wall oppose to the radial acceleration of the particle, potentially leading
to non-trivial limit cycles that represent single-particle attractors (see green trajectory in the
right panel of fig. 2.1). They are therefore an example of FSCS for a confined pulsating Kirchhoff
vortex. For a detailed analysis of the scenarios that can occur in such a system, we refer to [190]
who identified steady and rotating FSCS by one-way coupling (see MRG and PSI in fig. 1.9(b)).

0=p,/p=0.9

St =20a,/9R* = 1
Str = 27/Q = 0.094

; A =a,/R, 5,=0
,': § I
S (<)
N % Iz 2x10°*

Figure 2.1: Schematic (left), radial coordinate (middle), and particle attractor (right) for FSCS
in a confined pulsating Kirchhoff vortex. Non-dimensional parameters are reported in the figure.
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Chapter 2. Finite-Size Coherent Structures in Boundary-Driven Cavity Flows

2.2.2 Shear-driven cavities

A second class of two-dimensional problems in which finite-size coherent structures are demon-
strated deals with steady shear-driven cavities. They are characterized by one or multiple driving
boundaries responsible for producing the shear that drives the cavity flow. Consequently, the
highest flow velocities produced near the driving boundary lead to a pronounced clustering of
streamlines. The presence of surrounding no-slip walls further enhances this streamline crowding
at the driving boundary, leading to the frequent transport of particles in its close proximity.
Three examples of cavity flow driven by different kinds of shear are considered: (i) a lid-driven
cavity, where the shear is produced by the no-slip condition at the contact with a lid translating
at constant velocity U (see fig. 2.2(a)), (ii) a shear-stress-driven cavity, where boundary shear
Ts 1s constant over the whole driving boundary and directly enforced as a boundary condition
(see fig. 2.2(b)), and (iii) a thermocapillary liquid bridge, where the shear driving the flow along
the interface is due to a surface tension gradient proportional to the interfacial temperature
gradient ds0 = 09050 (see fig. 2.2(c)). As the driving mechanism of these three systems produces
qualitatively different shears at the moving boundary, the definition of the corresponding Reynolds

numbers Re is reported in fig. 2.2 for each flow case.

| I S B S
l : l : I

)

L > L d R > ~cold
Re = ULN Re = L*/pv* Re = |o,|AOH/pV
I'=L/H I'=L/H I'=H/R
(a) Lid-driven cavity (b) Shear-driven cavity (¢) Thermocapillary liquid bridge

Figure 2.2: Schematic of (a) a lid-driven cavity, (b) a shear-stress-driven cavity, and (c) a ther-
mocapillary liquid bridge subject to a gravitational field of acceleration g.

Figures 2.3(a,b) demonstrate the occurrence of particle attractors in the form of limit cycles
for lid- and shear-stess-driven cavities. Three particle radii, a,/H = 0.01, 0.03 and 0.05, are
simulated for ¢ = 2 in the lid- and shear-stress-driven cavities using a fully-resolved approach
with circular particles. The limit cycles are identified by root-finding of the fixed point on the
Poincaré section at y/H = 0.3. Regardless of the initial position of the particle, the attracting
limit cycles are stable global attractors for the particulate system whenever ¢ > 1, even if the
location of the attractor slightly depends on the particle-to-fluid density ratio. The variation
of the minimum distance A, of the particle centroid from the driving boundary for such two
cavity flows is reported in the bottom panels of figs. 2.3(a,b), demonstrating that the minimum
lubrication gap J, between the particle surface and the impenetrable driving boundary depends
significantly on the particle radius ap,, hence on the finite size of the particle.

Figure 2.3(c) reports the numerical prediction (solid line) of a particle limit cycle in a thermo-
capillary liquid bridge. The thermocapillary flow is first simulated without the particle and then
the particle trajectory is obtained by a one-way coupling approach based on a simplified MRG
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2.2. Two-dimensional FSCS in non-chaotic flows

equation for computing the particle trajectory in the bulk and the PSI model (with A taken from
fig. 2.3(b)) for taking into account the asymptotic net repulsion of the particle from the driving
boundary. The comparison with experiments was carried out in terms of the radial location of
the particle (see bottom panel of fig. 2.3(c)) and led to satisfactory agreement assuming that a

layer of surfactant of height 6% H deposits on the cold rod and rigidifies the interface.
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Figure 2.3: Two-dimensional limit cycles in (a) a lid-driven cavity, (b) a shear-driven cavity,
and (c) a thermocapillary liquid bridge. The bottom panels in (a) and (b) denote the minimum
distance of the particle centroid from the driving boundary A, = a, + dp, normalized with the
particle radius ap, as well as the minimum dimensionless distance d,/H of the particle surface
from the same boundary. The bottom panel of (c) denotes the comparison between the numerical
prediction and the experimental measurement of the radial coordinate of a 30um-radius particle
in a liquid bridge with H = 1.7mm upon assuming a surfactant layer height of 6% H deposited
at the cold corner. The aspect ratio equals I' = 1 for (a) and (b), while it is 0.66 for (c). The
corresponding Reynolds numbers are Re = 100, 1000, and 331. For further details, we refer to
[191, 181, 192, 193], respectively.

For particles initially located in the bulk of the cavity, the physical mechanism leading to
the emergence of a particle limit cycle relies on inertial centrifugation, which is possible only
if the particle-to-fluid density ratio is larger than 1, i.e. o > 1 (as the flow is steady). The
particle is then pushed from the vortex core towards the boundary, where the viscous forces
significantly oppose the centrifugation for § = O(1), leading to an equilibrium trajectory that
represents the particle limit cycle. When the particle is initialized in a region of the cavity for
which the fluid flow streamlines intersect the prohibited region for the particle centroid (region
at distance < A from the driving boundary), also neutrally buoyant particles can experience
a limit cycle by the sole streamline hopping effect due to particle-boundary interaction (see fig.
1.9(b)). In this sense, the corresponding equilibrium trajectory for ¢ = 1 is no longer a global
attractor. Owing to the essential role of the particle-boundary interaction, possible only thanks
to the finite particle radius, the demonstrated particle limit cycles represent examples of FSCS

in shear-driven cavities.
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Chapter 2. Finite-Size Coherent Structures in Boundary-Driven Cavity Flows

2.2.3 Singular dihedral corner

A last example of finite-size coherent structures in a two-dimensional flow is here considered
investigating the Stokesian motion of a spherical particle near a singular dihedral corner formed
by a steady vertical wall and an horizontal wall that slides tangentially to itself. As the resulting
Stokes problem is linear, [194] employed the superposition principle to solve it numerically by
decomposing it in six sub-problems. Each of them allowed to determine very accurate closed-
form fitting functions for the force and torque components once the particle is kept fixed. To
grant consistency with the dynamics of a particle near a wall and far from the corner, such fits
have been constructed to relax to the corresponding asymptotic forces and torques theoretically
computed by [195, 155, 157, 156].

Thereafter, assuming that the particle is free to move in the surrounding fluid, its trajectory
is determined by enforcing that the resultant force and torque applied to its centroid are null.
This is a direct consequence of the quasi-steady approximation implied by the creeping flow as
Stokesian dynamics relies on the asymptotic limit of negligible inertial effects, i.e. negligible
particle accelerations. The resulting particle dynamics leads to a dissipative system that can
admit sinks, hence particle attractors. Upon the consideration of a gravitational field oriented at
an angle ¢, with respect to the z-axis, [196] characterized such attractors and their correction

due to flow inertia in a two-sided lid-driven cavity (see fig. 2.4).
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Figure 2.4: (a) Normalized gap of the particle attractor (65t 5St), and (b) correction (6, — 65", Oy —

5§t) for inertial effects estimated via a two-sided square lid-driven cavity for three particle radii
a = ap/H = 0.005, 0.01, and 0.02. The green lines in the inset of (a) are a schematic of the
particle flow trajectories leading to the particle attractor located at the stagnation point for up.

The dissipation mechanism is due to the corrected viscous drag F', = 6mpa,u[Kr|(d) and
torque T', = 8mrpa’u[K1](8) exerted by the fluid on the rigid particle, where the matrices [Kr](6)
and [K7](d) correct the Stokes drag and the particle torque taking into account the proximity of
the particle to each wall § = 8, /a, = (0z,0y), with limg , o [K¥] = limg_, o [KT| = [I]. Hence,
the observed particle attractors are due to the particle finite size (a, # 0) and its interaction
with the boundaries, provided that the gravitational force drives the particle against the corner
or one of the walls. The resulting finite-size coherent structure leads to point attractors in two-

dimensions that vary in location with Uy, ¢, and Re}, (see fig. 2.4).
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2.3. Three-dimensional FSCS in laminar chaotic flows

2.3 Three-dimensional FSCS in laminar chaotic flows

The major difference between the two-dimensional flows considered so far and the three-dimensional
systems dealt with in this section is that the latter can admit chaotic mixing for the carrier phase.
Despite the fact that in both the cases the considered regimes are laminar, the two-dimensional
flows considered have been carefully selected to limit the generalized non-homogeneous coordi-
nates to two, which prevents chaos to occur. In fact, the generalized coordinates for the oscillatory
Kirchoff vortex are r and ¢, while the other two-dimensional flows only depend on x and y or
r and t. Chaos could emerge, for instance, if our two-dimensional lid-driven cavity would have
an oscillating lid capable of bringing the generealized non-homogeneous dimensions of the carrier
flow system beyond 2, i.e. (z,y,t), see [197, 198].

Laminar chaotic systems can also be studied by steady three-dimensional flows, which are
equivalent to Hamiltonian systems with 1.5 dof (see §1.4 [121]). The argument about the non-
dissipative nature of incompressible systems (V - u = 0) still holds, hence the clustering of
particles cannot be directly derived as a consequence of the fluid flow. However the physical
constraint that two distinct streamlines cannot cross is far less restrictive in three-dimensional
flows. Hence, chaotic advection can repeatedly bring a fluid element near a boundary even if it
has been initialized in the bulk, provided that the chaotic sea connects the bulk and the near-
boundary regions. This identifies a qualitative difference between regular and chaotic systems: A
particle initialized far from a boundary needs a bulk force (e.g. one of the MRG equation terms)
to approach a boundary and form a FSCS in regular flow. Conversely, in chaotic systems, the
ergodicity of the fluid flow will naturally drive tracer particles near a boundary.

This implies that particle attractors in chaotic systems can also be found for the idealized case
of finite-size density-matched particles that behave like perfect tracers in the bulk and experience a
net repulsion near an impenetrable boundary (see fig. 1.9(b)). The particle-boundary interaction
would then provide the dissipative mechanism capable of reducing the kinetic energy of the
particulate system owing to a significant reduction of the boundary-normal particle velocity once
the particle moves close to a boundary. As a consequence, the particle hops across fluid flow
streamlines near the boundary, leading to two possible scenarios: (a) after the interaction the
particle is released inside the chaotic sea, hence it keeps behaving ergodically without giving rise
to any cluster, and (b) after the interaction the particle is released inside a regular region of the
carrier flow that does not mix with the surrounding chaotic sea. In the latter case, the particle
is trapped inside the regular region (corresponding to a KAM torus, see §.1.4.3). This whole
process requires at least one KAM torus located close to a boundary, and the right intensity for
the particle repulsion in order for the particle to pierce the outer KAM surface an odd amount
of times, hence being released inside of the KAM torus upon interaction with the boundary.

Three examples of such systems are: (i) a liquid bridge, (ii) a two-sided lid-driven cavity,
and (iii) a cuboidal lid-driven cavity. Linear stability analysis will be employed to determine the
critical conditions under which a two-dimensional steady flow undergoes a bifurcation that turns
it into a three-dimensional steady flow. The aim is to allow chaotic advection without significantly

increasing the flow strength in order to preserve the existence of KAM tori inside the flow.
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Chapter 2. Finite-Size Coherent Structures in Boundary-Driven Cavity Flows

2.3.1 Thermocapillary liquid bridge

2.3.1.1 Linear stability analysis
In a thermocapillary liquid bridge enclosed in an adiabatic chamber and surrounded by air, we
examine the axisymmetric basic state. Thermocapillary stresses induce a clustering of streamlines
at the interface, generating a clockwise vortex within the liquid phase (fig. 2.3(c)). Despite
the absence of buoyancy-driven instability due to the overall stable thermal stratification [199],
buoyancy forces affect the slenderness of the vortex in the liquid phase, as the hot fluid transported
near the free surface tends to ascend in the bulk, leading to a significant separation bubble on
the cold wall [200]. The boundary layer in the liquid phase results from the sharp temperature
gradient near the hot and cold corners, giving rise to peaks in surface velocity close to these
corners. Notably, the peak at the cold corner is particularly pronounced because the fluid,
accelerated toward the wall, decelerates along the liquid—gas interface to zero velocity at the wall.
Due to the gas chamber geometry [201], a much larger vortex forms in the gas phase (counter-
clockwise in fig. 2.3(c)). The gas-to-liquid ratio of Rayleigh numbers indicates negligible buoyancy
effects in the gas, hence the flow in the gas phase is primarily driven by interfacial shear.
Non-dimensionalizing by using a thermocapillary scaling, i.e. H, H?/v, |og|A8/pv, |og|A0/H,
and A# for lengths, time, velocity, pressure and temperature, respectively, it yields
H i  lool0H  pucy pgSH?

, Pr , Bd=

I'= o) V= ) )
R TR2H ¢ pv? K |og]

(2.1)

where 1] is the volume of the liquid bridge, and Pr and Bd the Prandtl and dynamic Bond
numbers, respectively. The basic state represents a two-dimensional axisymmetric steady flow
that precludes chaotic mixing. When I' = 0.66, ¥V = 1, Bd = 0.41, Pr = 28, and Re. = 731,
the basic flow transitions to instability characterized by a pair of azimuthally propagating modes
with we = J(7.) = £14.85 and m = 3. One of these critical modes is depicted in fig. 2.5(a).
Analysis of the global temperature distribution in the horizontal plane at z = 0.20 (top-left panel
of fig. 2.5(a)) reveals that temperature perturbations primarily occur within the liquid phase,
with weak perturbations in the gas phase. The perturbation velocity vector field displays charac-
teristic structures consistent with internal temperature perturbations and axial vortices observed
in cases with smaller Pr [202]. Azimuthal temperature gradients on the free surface predomi-
nantly drive the perturbation vortices (bottom panel of fig. 2.5(a)), which transport cold (hot)
fluid from the interior (free surface) just ahead of the cold (hot) internal perturbation temper-
ature peaks, thereby determining the azimuthal propagation direction of the wave. Conversely,
radial conduction of perturbation temperature from internal extrema to the free surface sustains
the perturbation flow, driving primarily axial perturbation vortices (seen in the top-left panel
of fig. 2.5(a)) through mainly azimuthal thermocapillary stresses. This confirms the nature of
the perturbation flow as a hydrothermal wave [203, 202]. The three-dimensional structure of the
temperature perturbation field is visualized by isosurfaces in the top-right panel of fig. 2.5(a).

To further confirm such interpretation, the total thermal energy budget is computed

B ~ 2 ,
B, = Dy, dy / %(92 [2) AV = =143 7 Jji+ Hii i€l g (22)
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2.3. Three-dimensional FSCS in laminar chaotic flows

where all terms have been scaled by the thermal dissipation rate Dy, = (s /Pr) [y, (V)2 dV, o
being the ratio between the local thermal diffusivity and the one of the liquid phase k. Thus, the
scaled dissipation rate Dy, = 1 is constant. The terms Y J; = > [j;dV =
—(Re/Di) [y 6 (20,00 + wd.0y) dV represent the scaled total production rates of thermal en-
ergy, which is transferred between the basic state and the perturbation flow, with corresponding
local production densities j;j. Moreover, Hys = £(2ma;)(Din,iPr) f_lgz h (8T1§2 — hzﬁz@Q) dz de-
notes the heat transferred through the liquid—gas interface.

The significance of the temperature transport described for the most dangerous perturbation
is reaffirmed by the total thermal energy budget illustrated in fig. 2.5(b). In the liquid phase (left
panel), thermal perturbation energy primarily originates from J; (resulting from radial convection
of basic state temperature) and dissipates within the bulk. Notably, the instability cannot be
attributed to axial temperature gradients, as their collective contribution to the thermal energy
budget is negative: Jy < 0. Only a negligible portion of thermal perturbation energy Hg transfers
to the gas phase (consistent with fig. 2.5(a)), which instead emerges as the primary source term
Hi o = —Hg(Dth/Dth,g) in the gas phase (right panel of fig. 2.5(b)) and dissipates rapidly. In
this two-phase system with cylindrical gas confinement, the gas phase plays a passive role in
the instability mechanism. Furthermore, given the very high Prandtl number, inertial effects do
not contribute to the instability [202]. Similarly, buoyancy does not significantly influence the
instability in the reference case [199]. Additionally, from the isolines depicted in the top-left panel
of fig. 2.5(a), one can observe that thermal perturbation energy is generated just ahead of the
instantaneous perturbation temperature peaks, aligning with the clockwise propagation of the
hydrothermal wave.

Figure 2.5(c) presents the relationship between the critical Reynolds number Re. and the
length of the liquid bridge, indicated by the aspect ratio I'. Maintaining a constant relative
volume of the liquid bridge at V = 1, we adjust Bd as Bd = Bdef x (I'/T1e)? = 0.41 x (I'/0.66)2.
Thin lines denote neutral Reynolds numbers and associated neutral frequencies for Re > Re,.. The
critical azimuthal wave number m is color-coded. Within the range of I" considered, only critical
modes with m = 1, m = 3, and m = 4 emerge. The instability mechanism remains qualitatively
consistent across all modes, with similar considerations as discussed for the reference case. For
further insights into the impact of volume ratio, buoyancy, gas phase blowing, dynamic surface

deformation of the interface, and thermally-dependent properties, refer to [201, 96, 204, 205, 206].

2.3.1.2 Streamline topology of the three-dimensional flow

As the most dangerous mode is three dimensional, the supercritical flow allows for chaos to set in.
Therefore, to investigate finite-size coherent structures in laminar, chaotic, thermocapillary liquid
bridges we focus on Re > Re.. The supercritical flow for Pr = 28, Re = 1600, I' = 0.68, V = 1, and
Bd = 0.43 is here selected to demonstrate the intricate flow topology in a thermocapillary liquid
bridge. As the selected conditions are strongly supercritical, one cannot assume that the flow is
given by a direct superposition of the basic state and the corresponding most dangerous. It turns
out, however, that simulating the nonlinear Navier—Stokes equations, the mode m = 3 predicted

by the LSA still largely dominates the Fourier spectrum [200]. A corresponding hydrothermal
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Figure 2.5: (a) Critical conditions for I' = 0.66, V = 1, Bd = 0.41, Pr = 28, Re. = 731, and
m. = 3. The top-left panel shows a cross section at z = 0.2, the top-right panel is a three-
dimensional reconstruction in the liquid phase, and the bottom panel considers the free surface.
The perturbation temperature 6 in plotted in colors, @ as black arrows, and the gray arrow
denotes the direction of rotation of the most critical perturbation. In the top-left panel, j1 + js
is shown by black contour lines (J; = [i, j; dV'), while the magenta line denotes the interface.
(b) Thermal energy budget in the liquid (left) and in the gas (right) for corresponding critical
conditions. (c) Stability diagram for V =1, Pr =28, T € [0.5, 1.8], and Bd = 0.41 x (I'/0.66)>.
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2.3. Three-dimensional FSCS in laminar chaotic flows

wave traveling at constant rotational rate 2 = —4.15 emerges as fully developed state for the
flow, in agreement with the experimental observations of [207, 200] (|Qexp| = 4.27).

The fully-developed supercritical flow is found to be organized around three fixed points and
three limit cycles, which is a robust feature also observed for Re = 1750, 1850, and 1950 [200].
These invariant topological elements in the rotating frame are sketched in fig. 2.6(a). The figure
also sketches the stable and unstable manifolds of the fixed points and limit cycles. The singular
points on the cold and hot walls, denoted s; and s, respectively, are degenerate, since the wall-
normal flow field in their vicinity vanishes at linear order. They are degenerate spiralling-out
saddle foci whose unstable manifolds lie on the respective solid wall and up to computational
accuracy, they are located on the axis of symmetry. The limit cycles w; and we at the contact
lines in the cold and the hot corner, as well as the line of flow separation w. on the cold wall, are
saddle limit cycles and likewise degenerate. Since the unstable manifolds of the saddle foci s; and
so are located on a solid boundary the heteroclinic connection of s; and s9 with the saddle limit
cycles w, and ws, respectively, must be understood in a degenerate sense. The third singular point
s’ is a free spiralling-in saddle focus located in close proximity of the z axis. Within the given
numerical accuracy, s’ is heteroclinically connected with sy on the hot wall, but disconnected
from s; on the cold wall. The two saddle limit cycles located in the cold and hot corners w;
and wy are heteroclinically connected with each other along the cylindrical liquid—gas interface.
While the stable manifold of ws is connected with the saddle focus so, the unstable manifold of
wy is connected to the saddle limit cycle w. on the cold wall (fig. 2.6(a)). Along w. the flow
separates from the cold wall via a stream surface into the bulk. The broken connection together
with the feedback mechanism provided by the axisymmetric part of the flow is responsible for the
chaotic streamlines present in the liquid bridge. Regular and chaotic streamlines can co-exist in
this steady three-dimensional incompressible flow [132, 208]. Owing to their relevance for FSCS,
the analysis of the streamline topology is focused to the regular streamlines inside of the KAM
tori in the rotating frame of reference. Figure 2.6(b) shows Poincaré section at z = 0. A three-
dimensional reconstruction of the outermost KAM surface is depicted in 2.6(c). For a similar

topological characterization at different Prandtl numbers, we refer to [209, 210, 211, 212].

(a) Topology sketch (b) Poincaré section (¢) KAM torus

Figure 2.6: Lagrangian topology of the flow streamlines. (a) Sketch of critical points, limit cycles,
and their stable/unstable manifolds. (b) Poincaré section at z = 0: Poincaré returns of chaotic
streamlines in light gray, Poincaré returns of regular streamlines as black dots, projection of the
largest reconstructible KAM torus in gray shading, and projection of the periodic orbit as full line,
while its Poincaré section is denoted by white diamonds. (c¢) Three-dimensional reconstruction
of the outermost KAM surface.
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2.3.1.3 Finite-Size Coherent Structures

The KAM tori analyzed above are properties of the flow field alone. The fluid inside of KAM tori
does not mix with the fluid outside of the KAM tori. Their importance for particle accumulation
[213] has been first explained by [164], and further generalized by [182] who described how particles
moving in the region of chaotic streamlines can be transferred to the region of the KAM tori by
way of the particle-surface interaction caused by, and depending on, the finite size of the particles.
Once moving in the region of the KAM tori of the flow field the particles are prevented to leave
this region by repeated collisions with the interface if the deviation of the particle trajectories
from the streamlines is sufficiently small. In this respect, the KAM tori are templates for particle
motion attractors (see fig. 2.7).

Owing to its Hamiltonian character [121], the fluid flow alone does not provide any dissipative
mechanism that could drive the particle accumulation. Therefore we consider the motion of
finite-size rigid spherical particles using the one-way coupling approach and including drag-,
lift-, buoyancy- and viscous forces due to particle—free-surface interactions. Such simulations
are capable of reproducing the rapid accumulation of particles well-established by experimental
evidence (cf. fig. 2.7(b,c)). FSCS is found for various a, o, Re, I, Bd, and Pr in experimental
realizations [214, 215, 207, 216, 217] and numerical simulations [164, 210, 209, 218, 200, 212].

As for the mechanism leading to the particle trapping, one shall notice that the KAM tori
closely approach the free surface. The repeated particle-boundary interaction is responsible of
transfering the particles from the chaotic regions of the flow to the KAM tori, where the particles
get trapped. This interpretation is further confirmed by two numerical counter proofs: (i) no
particle accumulation is found by including all the dissipative mechanisms of the unbounded MRG
equation and excluding the viscus forces near the free-surface, and (ii) a particle accumulation
almost indistinguishable from fig. 2.7 is found excluding all the dissipative mechanisms except for
the viscus forces near the free-surface [182], which corresponds to the use of a one-way coupling
with perfect tracer in the bulk and the PSI model near the free surface (see fig. 1.9(b)). Hence,

the particle-free-surface interactions provide the key dissipative mechanism for the FSCS.

(a) FSCS and flow topology (b) Simulations (c) Experiments

Figure 2.7: (a,b) Finite-size coherent structures for A,/H = 0.00552 corresponding to the ex-
perimental particles in (c) at ¢ = 25 from an initially random distribution of 1000 particles using
&, = w supplemented by the PSI model. (a) Three-dimensional view in the rotating frame
showing the outermost KAM torus (dark-gray), the temperature isosurface § = 0.5 (light-gray
transparent surface) and particles (dark spherical markers). (b) Axial projection of (a) without
the temperature field. (c) Experimental observation from the top view in the liquid bridge.
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2.3. Three-dimensional FSCS in laminar chaotic flows

2.3.2 Antiparallel two-sided lid-driven cavity

2.3.2.1 Linear stability analysis

The incompressible two-dimensional flow in a two-sided lid-driven cavity offers a remarkably rich
set of scenarios for the qualitatively different basic states and instabilities that can emerge upon
a change of the two Reynolds numbers characterizing the two sliding walls. Here we focus on
equal antiparallel motion, i.e. the left wall slides upward and the right wall slides downward at
the same velocity U. This reduces the control parameters to one Reynolds number Re = HU /v.

For long cavities where I' = L/H 2 2, each moving wall can induce its own nearly square
vortex. Examining one of these vortices: Downstream from the trailing edge of the corresponding
moving wall, a wall jet forms. This jet separates from the downstream stationary wall and
reconnects with the opposite (upstream) stationary wall of the same moving lid, driven by the
significant underpressure at the upstream corner of the moving wall. This flow mirrors that of a
one-sided lid-driven cavity. However, under sufficiently high Reynolds numbers, the wall jet from
each of the two downstream corners remains attached and can extend to the opposite moving
wall. Here, it becomes entrained by the upstream corner flow of the opposing moving wall, which
now induces suction on the wall jet. Additional flow patterns arise for antiparallel wall motion
due to the breakdown of point reflection symmetry concerning the center of the cavity [219].

Interest in double-lid-driven cavities stems not only from the nonuniqueness of the two-
dimensional flow but also from providing insights into flow instabilities resulting from the in-
teraction of two vortices confined to a rectangular domain. An interesting phenomenon is the
elliptic instability, which occurs when a vortex experiences strain, causing the streamlines within
the vortex core to become elliptical. Within a certain range of aspect ratios I', the co-rotating
vortices generated by the antiparallel motion of the lids either fully coalesce into a vortex with
elliptical streamlines at the center (as depicted by the black lines, representing streamlines of the
basic state, in the top panel of fig. 2.8(a)), or they partially merge, resulting in a free hyperbolic
stagnation point at the cavity’s center, surrounded by closed streamlines beyond the separatrix.
Both flow configurations exhibit a bipolar strain field, with the strain rate either smaller (elliptic
point) or larger (hyperbolic point) than the rotation rate of the flow at the cavity’s center.

The mechanism of the instability can be explained in terms of a resonance among two different
three-dimensional Kelvin waves traveling about the vortex, where the resonant amplification is
communicated by the strain field as part of the two-dimensional basic flow [220, 221]. This same
mechanism also occurs for a single strained vortex in an unbounded domain [222].

The linear stability of the two-dimensional antiparallel lid-driven cavity flow as function of I'
was investigated by [223], who reported three distinct unstable mechanisms:

(i) the elliptic instability mechanism, characterized by a perturbation energy production at the
merged vortex core (see top panel of fig. 2.8(a)) or at the cat’s-eye vortices core if I' > 1
and due to lift up effects (see left panel of fig. 2.8(b)),

(ii) the quadripolar instability mechanism (not shown),

(iii) the centrifugal instability mechanism, still promoted by lift up effects (see right panel of fig.
2.8(b)) but concentrating the energy production (see bottom panel of fig. 2.8(a)) in regions
of the basic state prone to destabilization by Rayleigh’s centrifugal criterion [224, 225].
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(a) Perturbatuion energy production
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Figure 2.8: (a) Critical conditions for (I', Re.) = (1.5, 191.9) and (2.5, 334.3) depicted at the
top and bottom panel, respectively. The basic-state streamlines are shown as solid lines, the
velocity perturbation @ is depicted as black arrows. The energy production for iz and 3_;i; are
shown in color for the top and bottom panels, respectively, with I; = [, i;dV. (b) Kinetic energy
budget for (I', Re.) = (1.5, 191.9) and (2.5, 334.3) for the left and right panels, respectively.
(c) Stability diagram for T € [0, 2.5]. See [223] for the numerical data (lines) and [226] for the
experimental ones (markers).
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2.3. Three-dimensional FSCS in laminar chaotic flows

The critical curve shown in fig. 2.8(c) (black line) summarizes all the scenarios reported in [223].
All instabilities are stationary. The aspect ratio ranges for which the elliptic instability mechanism
(E1,E2), the centrifugal mechanism (C), and the quadripolar (Q) instability mechanism dominate
are indicated by orange lines. In addition to the critical wave numbers (blue lines) experimental
results of [226] are shown as symbols. The stability analysis is complicated by the existence of

multiple basic states. Their range of existence is indicated by dashed lines in fig. 2.8(c).

2.3.2.2 Streamline topology of the three-dimensional flow

As discussed for the thermocapillary liquid bridge, also for the two-dimensional steady two-sided
lid-driven cavity, the three-dimensional most dangerous mode is needed for chaos to set in. Such a
perturbation is steady, which is also confirmed by simulating the supercritical conditions without
linearizing the convective term of the Navier—Stokes equations. Therefore, to investigate finite-
size coherent structures in laminar, chaotic, antiparallel lid-driven cavities, we focus on I' = 1.7,
which implies an elliptic instability onset at low critical Reynolds number Re. = 211.53. Periodic
boundary conditions are enforced to simulate the critical wavelength A\, = 2.73H. To ease the
notation, all the lengths are scaled by H and the center of the periodic cell is assumed to be at
z=0.

For the current aspect ratio I' = 1.7, which exceeds 1.58, the strain rate at the center of
the cavity cross-section slightly surpasses the rate of rotation. Consequently, the center forms
a hyperbolic point iL, while two elliptic points €12 surround it, shaping a cat’s-eye flow pattern
(see left panel of fig. 2.9(a), Re = Re.). Beyond the critical Reynolds number, translational
invariance in z breaks due to a critical mode, manifested as steady convection cells periodic in
z, each period containing two cells [223, 227]. The flow field of this critical mode exhibits point
symmetry with respect to the centers x. = (0,0, £n\./2), where n € Ny, of each convection cell,
with the origin of the coordinate system defined at n = 0. Additionally, the critical mode displays
mirror-symmetry planes at z, = +(1 + 2n)\./4, where the spanwise velocity w becomes zero.
These point and mirror symmetries persist in the full finite-amplitude supercritical flow.

As translational invariance in z breaks beyond Re > Re,., the periodic lines of fixed points
in the two-dimensional flow are disrupted. Only four discrete fixed point types persist, with
three located on the cell boundary (visible in the left panel of fig. 2.9(a)). Hyperbolic points at
cell centers and boundaries retain their hyperbolic nature only within a narrow range of slightly
supercritical Reynolds numbers. The fixed point at the cell center remains stationary due to
flow symmetry. Fixed points €2 on periodic lines at Re = Re. vanish for Re > Re., except
on cell boundaries. Only on these mirror-symmetry planes do the two elliptic points smoothly
transition into weak saddle foci, one spiraling inward (s5) and the other outward (s2). These four
fixed points per cell undergo further alterations within a small range of supercritical Reynolds
numbers, with s}, disappearing already for Re > 1.0127 x Re.. Further insights into the merger
of elliptic with hyperbolic points in two-dimensional incompressible flow are available in [228].

In the right panel of fig. 2.9(a), a depiction of supercritical flow for Reynolds numbers exceed-
ing Re. by more than 1.3% is presented. The remaining saddle points, namely s, s1, and so, have

been characterized based on their eigenvalues and stable/unstable manifolds. Analysis reveals
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Figure 2.9: Lagrangian topology of the flow streamlines. (a,left) Evolution of the critical points
on the mirror-symmetric planes at z, = £(1 + 2n)A./4. (a,right) Sketch of critical points, limit
cycles, and their stable/unstable manifolds. (b) Poincaré section at = 0. (¢) Three-dimensional
reconstruction of the outermost KAM surface. Color coding consistent with fig. 2.6.

that s; and s on the cell boundaries act as simple saddle foci, attracting along one-dimensional
stable manifolds from the bulk and repelling along two-dimensional unstable manifolds spiraling
outward on the respective cell boundary [229]. Conversely, s’ represents a complex Shilnikov
saddle with a stable two-dimensional spiraling-in manifold and a one-dimensional unstable man-
ifold ejecting fluid elements from s’ into the bulk, with a discontinuous connection to the stable
manifolds of s; and sy (indicated by solid green and dashed magenta lines in the right panel of
Fig. 2.9(a)). Alongside fixed points, degenerate saddle limit cycles are also observed. Two types
of limit cycles exist on the walls. One type, labeled w; 2, forms rectangles at the intersection of
each cell boundary with the walls. These wall limit cycles are saddle limit cycles, attracting along
the cell boundary and repelling in close proximity to the walls. The two unstable manifolds of
wy and wy converge on the walls midway between both cell boundaries, representing the stable
manifolds of another non-trivial degenerate saddle limit cycle w.. Motion on the four walls is
thus degenerate, with velocity being step-wise constant at magnitude Re or zero.

Since the one-dimensional manifolds of s’, s1, and s5 are not connected their further evolution
is of interest. All the one-dimensional manifolds originating by such saddle foci are found to
alternate a spiral motion near the cell boundary to the one near the stable two-dimensional
manifold of s’. During their evolution all streamlines approach the central saddle limit cycle
we (dashed green in the right panel of fig. 2.9(a)) very closely or eventually terminate on the
wall before coming even closer to the wall limit cycle. The close approach of all one-dimensional

manifolds to the saddle limit cycle w, signals its importance for the flow. The existence of a
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2.3. Three-dimensional FSCS in laminar chaotic flows

degenerate heteroclinic tangle between the two-dimensional stable manifold of s’ and the two-
dimensional unstable manifold of w. has indeed been found to be at the origin of chaos in the
antiparallel lid-driven cavity [229].

The Lagrangian topology of the two-sided lid-driven cavity is demonstrated by a Poincaré
section for a representative Reynolds number Re = 400 (see fig. 2.9(b)). Two pairs of point-
symmetric KAM tori are found to co-exist with the chaotic sea surrounding them. The corre-

sponding reconstruction of the KAM tori is depicted in fig. 2.9(c).

2.3.2.3 Finite-Size Coherent Structures

As already observed for the thermocapillary liquid bridge, also the KAM tori in a two-sided
lid-driven cavity approach closely the moving boundary. This implies that they can potentially
serve as template for particle Finite-Size Coherent Structures if the particle-boundary interaction
allows to transfer the particle centroid from the chaotic to the regular regions of the flow. An
experimental confirmation is provided by fig. 2.10(a) for slightly different flow parameters, i.e.
two-sided lid-driven cavity with I' = 1.6 and slightly curved driving walls [230]. All experiments
are carried out with a single particle, at initial random location in the domain. To experimentally
confirm that inertial dissipation is not essential to the physical mechanism, particles are almost
density matched to the flow, i.e. the experimental density ratio is ¢ = 1.0001. By adjusting the
particle radius, one can regulate the minimum distance at which the particle is released after
interacting with the moving wall. For a = a,/H = 0.025 (cyan), the particle is released on the
outermost KAM surface identified through numerical simulations (depicted by black dots in fig.
2.10(a)). As the particle radius increases to a = 0.39 (red) and a = 0.50 (yellow), the distance
from the wall increases, intersecting narrower KAM surfaces that align closely with the closed
periodic orbit (black cross, computed numerically). Further enlarging the particle radius prevents
the particle from being released precisely on the periodic orbit; however, it remains trapped in
the KAM torus. This leads to a displacement of the periodic particle attractor (illustrated by
maroon a = 0.059 and brown a = 0.071 Poincaré returns in fig. 2.10(a)). Due to the presence of
a second (5-periodic) KAM torus discovered for I' = 1.6 (visible as black dots around the largest
KAM torus in fig. 2.10(a)), the smallest particle (a = 0.025) is also compatible with this second
KAM torus, wherein it can become trapped (as indicated by blue Poincaré returns).

To further provide experimental evidence that bulk dissipative effects are negligible to the
phenomenon and the transfer of particles from the chaotic sea to the regular region is at the core
of the physical explanation of FSCS in laminar chaotic flows, we consider a particle of radius
a = 0.004. The particle-boundary interaction is not sufficient to keep such particle far enough
to the wall and transfer it inside the KAM torus. Therefore, we observe that the particle that
was initially in the chaotic region, keeps producing random Poincaré returns (gray dots in fig.
2.10(a)), therefore bulk dissipation effects are not providing the necessary mechanism to produce
a particle attractor compatible with the location and time scales of the previously demonstrated
periodic and quasi-periodic particle coherent structures. This is a further confirmation that the
observed phenomenon falls in the category of FSCS.

A further numerical proof of the essential role of particle-boundary interaction is given in
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figs. 2.10(b,c). We initialize the particle on the periodic streamline at the center of the KAM
torus for I' = 1.7 (black line). The particle-to-fluid density ratio p = 1 + 0.1 is selected such
to either promote centrifugation of the particle outside of the regular region by inertial effects
(0 > 1, green), or attraction (¢ < 1, red) of the particle towards the KAM core. If particle—
boundary interaction is included in the modeling equation for the particle dynamics, a line-like
FSCS is found regardless of the sign of inertial effects, i.e. for o < 1 (see fig. 2.10(b)). This
is in agreement with the experimental observations of [230]. On the contrary, if we neglect the
particle-boundary interaction, and keep inertial effects in the particle motion model, the heavy
particle gets centrifuged out of the regular region (see green line in fig. 2.10(c)). As expected, the
lighter particle gets attracted to a periodic attractor near the closed streamline (see red line in
fig. 2.10(c)), but the attraction rate is much slower that what observed in the experiments (see
fig. 2.10(d) [160, 230]). For further details about the effect of inertia, gravity and particle size,
we refer to [160, 230].
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Figure 2.10: (a) Poincaré section at y = 0 of experimental particle trajectories of nearly neutrally-
buoyant (¢ = 1.0001) spherical particle after convergence on their respective attractor in a two-
sided lid-driven cavity for (I', Re) = (1.6, 400). The colour indicates the particle radius: ap =
0.15mm (grey), 0.45mm (cyan and blue), 1.00mm (red), 1.58mm (yellow), 2.00mm (brown), and
2.37mm (maroon). Particles with ap, = 0.15mm (grey) move chaotically in the chaotic sea. For
comparison, the Poincaré section of KAM tori and of closed streamlines are shown as black dots
and crosses, respectively (see [230] for more details). (b,c) Trajectories of inertial particles with
0 = 0.9 (red) and ¢ = 1.1 (green) for ap/H = 0.05 computed integrating a simplified MRG
equation without Basset—Boussinesq history force and Faxén correction in a two-sided lid-driven
cavity for (I', Re) = (1.7, 400). (b) Includes the near-wall correction of [155] (see fig. 1.9(a)). (c)
Does not include any near-wall correction, hence makes use of the unbounded MRG equation. (d)
Attraction to the limit cycle for a,/H = 0.058 expressed by the distance between the fixed-point
attractor and of the Poincaré returns for the particle trajectory dp at & = 0. See [160] for more
details about (b—d).
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2.3.3 Cuboidal lid-driven cavity

2.3.3.1 Linear stability analysis

The last example of laminar chaotic flows considered in this manuscript is the one-sided lid-driven
cavity for which the sole top lid slides from left to right. The two-dimensional setup is depicted
in fig. 2.2(a). For Re = LU/v — 0 the streamlines are symmetrical, due to the symmetries of
Stokes flow. By increasing the Reynolds number, the streamlines tend to crowd near the moving
lid, where the largest velocities arise, and two separated eddies in the bottom corners can be seen.
For even larger Reynolds, the separated vortices at the bottom become stronger, even a second
separated vortex can be found in the bottom right corner, and a third separated region is created,
for Re 2 1000, close to the upstream corner of the moving lid near (z, y)/H = (—0.5, 0.5). For
even higher Reynolds numbers the core of the vortex approaches a solid-body rotation with
circular streamlines and constant vorticity [231].

While the two-dimensional flow for small and moderate Reynolds numbers is steady, it under-
goes a Hopf bifurcation and becomes time-dependent for higher Reynolds numbers when inertia
effects become larger. The breaking of the time translation symmetry for two-dimensional square
lid-driven cavities occurs at critical Reynolds number Re.(I' = 1) = 8018.2 + 0.6 [232]. Even
though the time-periodic two-dimensional flow resulting from the Hopf bifurcation admits chaotic
mixing, owing to the high Reynolds number, the flow configuration is unlikely to allow regular
regions near the boundaries, hence is not a suitable candidate to study FSCS. On the other hand,
allowing for three-dimensional instabilities, the critical Reynolds number reduces of one order
of magnitude. In fact, considering I' = 1, the one-sided lid-driven cavity undergoes a steady
centrifugal instability for Re. = 786.3+6 and k. = 15.43+£0.06 in form of Taylor-Gortler vortices
(see fig. 2.11(a), [233]). The dominant destabilizing interaction mechanism between the basic
flow and the critical mode is due to the term lift-up mechanism (see i3 in fig. 2.11(b)). For other
aspect ratios the instability is also centrifugal in nature, but can have different flow structures,
wave numbers and time dependence. In total, four different critical modes are destabilized across
all the unstable branches (see 2.11(c)), typically having smaller critical wave numbers than the

Taylor-Gortler vortices, C§ for I' = 1.

2.3.3.2 Streamline topology of the three-dimensional flow

The Lagrangian topology of such a supercritical flow has been investigated by [139] for Re = 800,
850 and 900. Despite the moderate Reynolds number and the co-existence of regular and chaotic
streamlines, they pointed out that none of the KAM tori closely approaches the moving lid except
for a narrow regular region identified at Re = 800. The steady three-dimensional supercritical
flow of an infinitely deep, square one-sided lid-driven cavity does not provide therefore a robust
flow template for FSCS.

Rather than driving a two-dimensional flow beyond its stability limits for inducing a three-
dimensional perturbation that could allow chaos to set in, one can consider an intrinsically three-
dimensional flow. The origin of the reference frame is taken at the front-bottom-left corner of
the cavity and all lengths are non-dimensionalized by H. The three dimensionality of the flow is
therefore produced by considering no-slip walls at z = £A/2 = £W/2H, where W denotes the
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Figure 2.11: (a,left) Critical conditions for (I', Re., k.) = (1, 786.3, 15.43): The velocity pertur-
bation @ is depicted as black arrows, and the energy production for io are shown in gray scale.
(a,right) Isosurfaces of the spanwise velocity for w = 0.01 (light grey) and w = —0.01 (dark grey)
for (T, Re, A;) = (1, 900, 0.40678). (b) Kinetic energy budget for (I', Re.) = (0.25, 288.2) and

(1.0, 786.3) for the left and right panels, respectively. (c) Stability diagram for T' € [0, 4]. See
[233] for more details.
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2.3. Three-dimensional FSCS in laminar chaotic flows

cavity depth. Let us consider a cubic one-sided lid-driven cavity, i.e. I' = A = 1 for Re = 200.
The fluid transport is mainly organized between the saddle focus in the midplane (s2) and those
on the end walls (s1) (fig. 2.12(a)). Fluid originating from the vicinity of the half-saddle foci s; on
the end walls moves in z direction towards s2 in a spiralling fashion. From there it moves radially
away from so, being separated into two streams. Omne of them is approaching the half saddle
s3, while the other one is approaching the saddle focus s4. Near the edges (z,y) = (0,0) and
(1,0) each of the two streams symmetrically splits into two and leaves the midplane in positive
and negative z directions to reach the two end walls, near which they are again interwoven in
the vicinity of the stable manifold of s;. This three-dimensional splitting and merging provides
the basic mechanism for chaotic mixing in the three-dimensional cavity. The chaotic (grey dots)
and regular (black dots) Poincaré returns on the plane z = 1/2 are depicted in fig. 2.12(b).
They demonstrate the rich variety of KAM tori found for such a moderate Reynolds number and
resulting from a sequence of topological resonance phenomena. The outermost KAM surface for
T} and T7 is depicted in fig. 2.12(c), together with the closed streamline Ly at the core of Tj.
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Figure 2.12: Streamline topology for (I', A\, Re) = (1, 1, 200) [139]. See fig. 2.6 for color coding.

2.3.3.3 Finite-Size Coherent Structures

Equivalent KAM tori are found numerically for the cuboidal cavity with slightly curved walls
used in the experiments of [161]. Their study further strengthens the experimental evidence of
FSCS forming in correlation to the template provided by the KAM tori of the flow. The particle
size determines the attractor, potentially more than one if multiple KAM tori are compatible
with the § due to a and p, in agreement with the experimental evidence [230] and the numerical
simulations for the two-sided lid-driven cavity (see fig. 2.13(b), [160]). The rapid attraction rate
of a particle initially located in the chaotic sea to the corresponding attracting periodic orbit
is not compatible with inertial attraction rates, but rather determined by the dissipation due to
repeated particle-boundary interaction. This further confirms that the FSCS mechanism detailed
in §2.3.1 and §2.3.2 applies also for the cuboidal one-sided lid-driven cavity (see fig. 2.13(a)).
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Figure 2.13: Poincaré section and dp for (I', A) = (1, 1): (a) Re = 100 and (b) Re = 200 [139].
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2.4 Summary and conclusions

In this chapter we presented an overview of Finite-Size Coherent Structures occurring in a variety
of fluid dynamic set-ups. They are all single-particle attractors that rely on a mechanism capable
of repeatedly bringing the particle near an impenetrable boundary. The viscous forces due to
the particle’s finite size are responsible of the intense dissipation experienced by the particulate
dynamical system when the particle-boundary distance is small, i.e. § < 1. We stress that
the inherent multiscale nature of such phenomenon presents three characteristic scales that are
well separated among each other such that a sequence of asymptotic approaches can be used to
explain the leading-order physics. Indeed, the largest scale L is due to the carrier fluid flow. As
the particulate phase is here assumed to be dilute and formed by small particles a, < L, the fluid
flow is not perturbed by the particles. This represents the leading-order asymptotic expansion
for the carrier fluid flow (first outer expansion at | — x|/ap > 1). To match such expansion
with the dynamics of the particulate flow (first inner expansion at | —x|/ap = O(1)), the MRG
equation is used, which consists of a leading-order correction for the trajectories of small particles
(ap < L) far from the boundaries (§ > 1). A second asymptotic matching between the far-
(second outer expansion ¢ > 1) and the near-boundary (second inner expansion § < 1) dynamics
is then required to correctly take into account the leading-order particle-boundary interaction
that is responsible of the emergence of the FSCS in two- and three-dimensional systems.

At first, FSCS in two-dimensional non-chaotic systems have been considered, demonstrating
the occurrence of such phenomenon in confined oscillatory vortices, shear-driven cavities and near

singular dihedral corners:

e The FSCS in oscillatory vortices are expected to hold significance for microfluidic systems
that involve the centrifugal movement of particles. In fact, as OSC applies to heavy and
light particles, FSCS could help sorting particles for a wide range of o < 1. Such ap-
plications encompass systems like confined cavities mounted on rotating disks, which are
widely employed for automating life science analysis and synthesis protocols [234]. Indeed,
as emphasized by [187], the phenomenon of counter-centrifugation in inertial particles be-
comes apparent when dealing with oscillatory frequencies and rotation rates that align with
conventional bead beating protocols. Another pertinent domain for the OSC phenomenon
is the realm of microscale centrifugation devices, with the potential for integration into
lab-on-a-chip devices [235]. It is worth noting that utilizing FSCS as a result of the OSC
phenomenon for the separation of stem cells with varying densities could complement other
density-based separation methods, including density gradient centrifugation [236, 237] or

density gradient centrifugation with negative selection [238].

e The FSCS in shear-driven cavities are observed in several microfluidic applications, such
as microchannels with a meniscus subject to Marangoni stresses [180], and microbubbles
attached to a locally heated channel wall [239]. Other applications involve microcavities
mounted on a microchannel for cells capturing [178, 240] or size sorting [178, 241]. They
are novel (bio)particle-focusing platforms developed for efficient cell/particle separation in

bio-fluids, offering continuous high-throughput processing without the need for sheath fluids
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2.4. Summary and conclusions

or external forces. The mechanism at the core of FSCS allows to overcome the limits of
traditional methods that rely on centrifugal effects [242, 243, 244] or external forces [245],

and often lead to bulkier equipment and increased energy consumption.

e The FSCS near a singular corner have potential implications for microfluidic applications
characterized by Stokesian flow and the presence of non-interacting, density-mismatched
particles. Specifically, we find that the orientation of the device relative to gravity and
the wall velocities can control the positioning of the particle attractor near the singular
corner in a free stationary point or in a cavity [196]. Similar attractors are expected near
the separatrix of a microfluidic T-junction [246]. In another relevant configuration, i.e. a
channel flow past an open microcavity, the shear layer between the channel flow and the
recirculating flow within the cavity induces particle clustering reminiscent of our identified
corner attractor, as observed experimentally by [247]. Likewise, [248] observed particle
clustering near a corner with an active surface in D-junction configurations. Additionally,
due to the Stokesian nature of the attractor, reversing the velocity vectors and the corner’s
orientation results in a particle repellent effect. This hints at a novel approach for corner-

cleaning in microfluidic devices.

The second part of this chapter dealt with FSCS in steady three-dimensional chaotic systems.
The distinct feature of such class of particle coherent structures is that they do not rely on bulk
forces, hence their occurrence can be understood as a result of the particle-boundary interaction
and the transfer of the particles from the chaotic to the regular regions of the flow. It follows that
after a relatively short time, the chaotic sea is depleted of particles and the KAM tori closest to
the boundaries become a template for the attracting manifolds. As such mechanism does not rely
on inertia or buoyancy, it could become a strong candidate for particle segregation in micron-sized
cavities. Experimental evidence proving the robustness and generality of such a phenomenon are
reported for: (i) thermocapillary liquid bridges [249, 250, 251, 252, 218, 200, 253, 217] over a wide
range of aspect ratios, Prandtl and Reynolds numbers, (ii) single- and two-sided lid-driven cavities
[254, 182, 230, 161], and (iii) thermocapillary droplets [255]. Equivalently, two-dimensional time-
dependent flows can lead to chaotic mixing, hence they can experience the formation of FSCS

conceptually similar to the ones we studied for steady three-dimensional flows [177, 178].
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Chapter

Instability and Flow Control in Rotating

Machines

Summary

Two types of turbomachines will be considered, namely a centrifugal pump and an
axial compressor, focusing on the instabilities observed upon a variation of the flow
rate. It will be discussed how a small radial gap AR can strongly affect the onset
of rotating instabilities at the large flow scale R (i.e. impeller or carter radius),
leading to rotating stalls that affect the safety margine and impact the operating
conditions of the machine. We stress the significance of flows with well-separated
length scales as the performance for optimal turbomachine design is contingent to
employing AR/R < 1. Finally, flow control specialized to affect the flow in the radial
gap will be briefly discussed, demonstrating the effectiveness of active flow control in
an axial compressor by employing air jets for suppressing an instability generated in
the radial gap.
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3.1. Introduction

3.1 Introduction

Turbomachines serve to transfer energy between a rotating component, known as the rotor,
and the fluid that flows across it. Their designs vary based on their specific functions, such as
turbines (which transfer energy from the fluid to the rotor), compressors (which transfer energy
from the rotor to the fluid), jet aircraft engines, pumps, turbochargers, etc [256]. Despite their
diverse applications, most turbomachines share common features, with rotors comprising wheels
mounted on a common shaft connected to a stationary housing through bearings. While it is
essential to maintain a small clearance between rotor and housing to prevent leakage and optimize
machine efficiency, this clearance introduces the risk of contact during rotation. Efficient and safe
turbomachine operation necessitates therefore effective risk control for potential contacts. For
a comprehensive review on rotor-to-stator contacts in turbomachines, we recommend consulting
[257].

In axial and centrifugal compressors, minimizing the clearance between blade tips and the
surrounding statoric elements enhances aerodynamic efficiency. As a consequence, the strive for
improving turbomachinery performance tends to promote the separation of characteristic length
scales between the bulk and the blade tip leakage flow between rotoric and statoric components.
The bulk flow has typical coherent structures characterized by the radial dimension of the rotor R,
as well as by the blade chord c. On the other hand, the leakage flow between statoric and rotoric
components is established in radial gaps of characateristic size AR that is typically hundreds
times smaller than R, i.e. AR/R < 1. This motivates the importance of multiscale flows with
well-separated length scales for turbomachinery applications.

Despite the significance of the clearance between rotoric and statoric components in terms of
turbomachinery performance, a first optimal design of the rotor and stator blades is normally
obtained under the simplifying assumption that the two-dimensional core flow far from the casing
and the shaft is representative for estimating the mean turbomachinery performance. Such a sim-
plification has been (and often still is) standard practice as it provides a leading-order guidance
to designers [258, 259, 260]. Thereafter, blade-to-blade two-to-three-dimensional inverse methods
have been implemented [261, 262, 263, 264, 265, 266], eventually integrating optimization algo-
rithms with three-dimensional (or computationally cheaper quasi-3D) numerical simulations [267,
268, 269], and recently with genetic [270], adjoint [271], and machine learning [272] algorithms.

Due to the intricate nature of internal flows in turbomachinery, numerous flow characteristics
are inherently three-dimensional, and quasi-3D approaches may fall short in predicting them [273,
259]. In the following sections, we will consider the intrinsically multiscale three-dimensional flows
in turbomachinery, emphasizing the significance of the smallest scales, with a special focus on the
importance of considering leakage flows when explaining, predicting and potentially controlling
hydrodynamic instabilities. Our focus will center on two configurations: a centrifugal pump and

an axial compressor.
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Chapter 3. Instability and Flow Control in Rotating Machines

3.2 Instabilities in centrifugal pump vaneless diffuser

Radial compressors or pump vaneless diffusers often encounter performance limitations in pres-
sure recovery. Typical scenarios involve either dynamic or static stall, the former being far more
complex to characterize compared to the latter. Unlike static stall, dynamic stall patterns are
not stationary relative to a given reference frame; instead, they rotate within the machine system
at a fraction of the machine’s rotational speed. Such dynamic conditions can arise across various
components in all types of turbomachines, contingent upon the specific speed and design. How-
ever, in radial flow machines like pumps, fans, and compressors, they are predominantly observed
in configurations featuring a vaneless diffuser, which emerges as the component most suscepti-
ble to such instabilities. Given their potential to induce vibrations and trigger or amplify surge
conditions throughout the machine system, controlling or mitigating these instabilities is crucial.

This is particularly evident when operating at partial flow rates, meaning rates below the
design flow rate. The performance limitations stem from flow separation phenomena, as outlined
by [274], which are typically categorized as singular and ordinary flow separations. Singular flow
separation occurs when the vaneless diffuser induces excessive mean deceleration, while ordinary
flow separation is more frequently caused by local streamline overturning near the wall.

The primary cause of separation is attributed to the local decrease in kinetic energy, as
elucidated by various authors (see, for instance, [275]). Both forms of performance constraints
pertain to static stall configurations that manifest in particular fixed positions within the machine.
Nevertheless, they can trigger distinctive rotating instabilities, commonly referred to as rotating
stall, to underscore the dynamic nature of the stall phenomenon.

Building upon insights from [275], critical evaluations of reverse flow onset in a vaneless dif-
fuser were conducted by [276, 277]. In their initial work, [278] performed dynamic measurements
within a vaneless diffuser, shedding light on the flow features of dynamic stall phenomena. They
noted a gradual development of dynamic stall conditions throughout the diffuser as the machine
flow rate decreased. This investigation was expanded to consider variations in diffuser geom-
etry [279]. Theoretical inquiries into these unforced rotating instabilities have employed two
distinct approaches: a three-dimensional wall boundary layer stability analysis [280] and a two-
dimensional inviscid approach, assuming a core flow region within the hub-to-shroud sections of
the vaneless diffuser [281, 282], particularly for wide diffuser ratios, i.e. for (R4 — R3)/H < O(1),
where H denotes the diffuser height and R4 — R3 the outlet-to-inlet diffuser radius difference. See
fig. 3.1 for an illustration of the pump schematic.

The findings indicate that the stability boundary for wide vaneless diffusers can be defined
by the critical flow angle at the diffuser inlet. Moreover, this critical flow angle is noted to be
influenced by the diffuser radius ratio and the number of stall cells. Within the framework of
the core flow assumption, the impact of wall boundary layers appears negligible. However, it is
anticipated that integrating wall boundary layer effects into the two-dimensional inviscid model
proposed by [281] could alter the characteristics of the most critical mode predicted by their
model. Such alterations might manifest in terms of the specific unstable pattern, and conceivably,

in the number or propagation speed of stall cells, if not solely in the expression of instability onset
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3.2. Instabilities in centrifugal pump vaneless diffuser

through the critical flow angle. Additionally, within similar two-dimensional assumptions, another
investigation by [283] suggests that the typical jet and wake pattern generated by impellers does
not influence the emergence of these rotating instabilities at low flow rates.

Previous investigations have identified an instability in the radial vaneless diffuser through
numerical simulations and experiments [284] conducted for two partial flow rates. Depending
on operational conditions, either a single-mode rotating stall or two competing modes leading
to intermittency were observed [285]. However, it remains unclear whether a specific mechanism
triggers the transition between these modes, or if the system’s phase space at low flow rates is
organized chaotically around two interconnected attractors (the two modes). In the latter sce-
nario, no distinct mechanism would be necessary for mode switching, and intermittency would
arise from the system’s heightened sensitivity to minor perturbations near saddle or hyperbolic
points in phase space. Additionally, [284] noted that capturing the instability accurately required
considering the effect of leakage flow between the diffuser and the impeller, even with small ra-
dial gaps between them. Consequently, the instability is highly sensitive to the flow conditions
at the diffuser inlet. In particular, [286, 287, 288, 289] explored three leakage flow configura-
tions: (i) sealing the impeller-to-diffuser gap (zero-leakage), (ii) leaving a radial gap open to the
surroundings for airflow into the diffuser (positive-leakage), or (iii) incorporating a fixed carter
that connects the diffuser inlet to the section just before the impeller inlet, allowing air leakage
from the diffuser to the impeller inlet through a small radial gap (negative-leakage). The first

two configurations will be discussed in §3.2.1 for examining instabilities at the design flow rate.
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Figure 3.1: Experimental setup of the centrifugal pump operated at Arts et Métiers, Lille. The
components of the pump are shown, together with a schematic of the flow (top view) and of the
pump (side view). The inset in the orange dashed box shows the leakage flow.
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Chapter 3. Instability and Flow Control in Rotating Machines

3.2.1 Rotating instability about the design flow rate

The centrifugal pump depicted in fig. 3.1 is considered for zero- and positive-leakage cases, and
its impeller rotates at constant rate Q = fimp/27. The 7-periodic spatially-modulated inlet due
to the pump impeller leads to Req = QR% /v = 5.52 x 105 for all cases we consider hereinafter,
where Req is a first Reynolds number that characterizes the flow based on the nominal tangential
velocity at the diffuser inlet. A second Reynolds number is defined based on a volumetric flow
rate () entering the pump (see fig. 3.1), i.e. Req = Q/2nHv. We employ a reference value
Reg = Q/2mHv = 6.46 x 10* and vary the parameter ag = Reg/Reg = Q/Q € [0.75, 1.25] to
investigate the turbulent flow instabilities in the diffuser with radial aspect ratio I' = Ry/R3 =
1.5 and a cross-sectional aspect ratio (R4 — R3)/H = 3.325 kept constant throughout. These
parameters are selected to match with values used in the literature for carrying out numerical

simulations [287, 284] and experiments [285, 282] in our same configuration.

3.2.1.1 Evidence of a rotating instability

At design flow rate, the static pressure cross-power spectrum experimentally measured at the
diffuser hub shows the expected spectrum dominated by the blade passing frequencys, i.e. fblade =
folade/ fimp = 7 as there are 7 blades in the impeller (see fig. 3.2(a)). A qualitative equivalent
spectrum (see fig. 3.2(b)) is retrieved when Unsteady Reynolds-Averaged Navier—Stokes (URANS)
simulations are carried out for the same flow conditions and assuming a radial gap between
the impeller and the diffuser of AR/R3 = 1%, i.e. slightly larger than for the corresponding
experiments [287]. When investigating the idealized case of null radial gap (AR = 0, zero-leakage
case), however, a remarkable difference is observed in the fast Fourier transform (FFT) of the
cross-power spectrum computed for the corresponding URANS simulations. As demonstrated
by [287], an instability (see finst in fig. 3.2(c)) can potentially occur at large flow rates due to
the jet-wake features of the inflow, i.e. the intensity of the jet-wake, the mode of the periodic
modulation in the azimuthal direction, and the inlet flow angle. The reason why the large-flow-
rate instability gets suppressed for AR/R3 = 1% relies on the weakening of the jet-wake intensity
due to more realistic inflow conditions (positive-leakage case). This is in agreement with the

instability mechanism reported and discussed by [283] in a two-dimensional flow model.
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Figure 3.2: FF'T of the cross-power spectrum for the pressure signal measured by pressure probe
located on the shroud of the vaneless diffuser at midway between the inlet and the outlet [287].
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3.2. Instabilities in centrifugal pump vaneless diffuser

3.2.1.2 Instabilities in the idealized configuration for AR =0

The flow dynamics within the vaneless diffuser with AR = 0 have been investigated by [287, 289,
290]. They report azimuthal arithmetic-averaged color maps at the meridian section of the diffuser
and instantaneous color maps at the mid-height of the diffuser for the velocity magnitude at three
flow-rate Reynolds numbers with ag € {0.75, 1, 1.25} (see fig. 3.3(a)). The azimuthally-averaged
instantaneous color maps (see the top panels of fig. 3.3(a)) reveal that at the highest flow-rate
Reynolds number, ag = 1.25, the bulk flow in the radial diffuser passage is predominantly
influenced by inviscid effects. The spatially-modulated swirling inflow induces partial blockage of
the system, resulting in flow separation and reverse flow near the outlet of the hub wall. At the
mid-height of the diffuser (see the bottom panels of fig. 3.3(a)), the velocity distribution appears
regular, with main flow streamlines forming quasi-logarithmic spiral curves. Additionally, the
jet-wake pattern is self-evident in the velocity magnitude distribution color map, characterized
by seven high-velocity jets due to the 7-periodic inflow modulation. As the flow-rate Reynolds
number decreases to the reference conditions ag = 1, the reverse flow region over the hub becomes
surface-filling, occupying almost half of the diffuser passage in the z-direction (see the top panels of
fig. 3.3(a)). A clear 7-periodic instability flow pattern is observed at the mid-height of the diffuser
(see the bottom panels of fig. 3.3(a)). The significant reverse flow observed at the meridian section
of the diffuser is attributed to a core-flow rotating instability, consistent with the findings of [283],
and further reinforced by the instability, as explained by [287]. As the flow-rate Reynolds number
decreases further, i.e., for ag = 0.75, the inflow velocity weakens (see the top panels of fig. 3.3(a)),
and no rotating instability is observed (see the bottom panels of fig. 3.3(a)). This aligns with the
interpretation of the rotating instability being responsible for the azimuthally-averaged reverse
flow region, in accordance with the mechanism discussed by [283].

To investigate the characteristics of the core-flow instability, a quantitative analysis was con-
ducted using an FF'T of the cross-power spectrum from two numerical probes positioned at the
mid-radial distance of the diffuser hub with an angular phase shift of 60° (see top panel of fig.
3.3(a-iv)). A wavelet analysis for AR = 0 at ag = 1 (see bottom panel of fig. 3.3(a-iv)) illus-
trates the presence of the 7-periodic blade passing frequency fblade = 7 in the FFT. Additionally,
a low frequency fr7m:7 = frm=7/fimp = 1.543 has been identified as the frequency of a 7-periodic
pattern arising from the primary instability, rotating with an angular velocity wy m=7/Q = 0.22
[287, 288, 289]. A summary of the instability scenario for AR = 0 is presented in fig. 3.3(b).
The jet wake generated by the impeller is depicted in fig. 3.3(b-i) in terms of the static pres-
sure field at mid-height, portrayed by phase-averaging in a reference frame rotating with €2. By
subtracting this field from the instantaneous pressure field and phase-averaging in a reference
frame rotating with wy =7, the 7-periodic instability pattern is discerned (see fig. 3.3(b-ii)). In
a reference frame rotating with €2, this instability propagates in the counter-clockwise direction
(indicated by the arrow wym—7 — £ in fig. 3.3(b-ii)). The wavelet analysis validates the FFT
results and indicates the presence of a pulsating signal, attributable to a secondary instability.
This secondary instability, also 7-periodic, exhibits a frequency twice that of the primary insta-
bility frm=7. In a reference frame rotating with the primary instability (wrm=7), the secondary

instability transports the perturbation pattern radially (see fig. 3.3(b-iii)). Other frequencies
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Chapter 3. Instability and Flow Control in Rotating Machines

observed in the FFT and the wavelet analysis stem from more complex nonlinear interactions

and are not discussed further.
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(a) Flow maps, FFT and wavelet analysis for AR =0

(b-i) Impeller-generated jet wake
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b) Instability scenario for AR = 0 at mid-height of the vaneless diffuser for ag =1

Figure 3.3: (a) Velocity magnitude at ag = 0.75 (a-i), ag = 1 (a-ii), and ag = 1.25 (a-
iii). Top panels: Azimuthal arithmetic-average fields at the meridian section. Bottom panels:
Instantaneous fields at the mid-height of the diffuser and streamlines (black). (a-iv) FFT and
wavelet analyses. (b-i) Phase-averaged static pressure distribution in a reference frame rotating
with the inlet propagation velocity. (b-ii) Traveling wave depicted in the reference frame rotating
with ©Q and computed by subtracting the phase-averaged wake (b-i) to the instantaneous static
pressure and phase-averaging with w = Q + w; y—7. (b-iii) Pulsating instability traveling in the
reference frame rotating with Q + wy ;,—7 and computed with respect to the difference between
the phase-averaged wake (b-i), the traveling wave (b-ii), and the instantaneous static pressure.
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3.2. Instabilities in centrifugal pump vaneless diffuser

3.2.1.3 Effect of the leakage flow for AR > 0

To explore the influence of leakage between rotating and steady walls on the flow field, azimuthal
arithmetic-averaged color maps are presented at the meridian section of the diffuser, along with
instantaneous color maps at the mid-height of the diffuser for the velocity magnitude, considering
AR/R3 = 1% and three flow-rate Reynolds numbers with ag € {0.75, 1, 1.25} (see fig. 3.4(a)).
At the highest flow-rate Reynolds number (ag = 1.25), the effect of leakage flow leads to a
significantly enlarged reverse flow region compared to the ideal case (cf. top panels of figs.
3.4(a-iii) and 3.3(a-iii)). For AR/R3 = 1% at ag = 1.25, the azimuthally-averaged flow field
demonstrates features akin to those observed in the unstable zero-leakage case at ag =1 (see fig.
3.3(a-ii)), manifesting a 7-periodic flow pattern at the mid-height of the positive-leakage diffuser
(see the bottom panels of fig. 3.4(a)). As the flow Reynolds number decreases to ag = 1 and
0.75, the boundary layer thickness increases due to the effect of leakage flow. Consequently,
the inflow velocity becomes more symmetrically distributed (see the top panels of fig. 3.4(a)),
and no coherent 7-periodic pattern is observed (see the bottom panels of fig. 3.4(a)). We stress
that no substantial flow separation is observed for AR/Rs = 1% when the 7-periodic pattern
is absent, consistent with observations in the zero-leakage case, albeit occurring at different a.
The instability mechanism identified by [283] in two-dimensional flows and confirmed by [287] in
three-dimensional conditions hinges on the intensity of the inlet modulation. The positive leakage
flow attenuates the intensity of the jet-wake at the diffuser inlet, suggesting a tendency for the
core-flow instability to shift towards higher flow Reynolds numbers. These observations suggest a
potentially unstable scenario even for AR/Rs = 1%, with an unstable boundary shifted to higher
agQ.

To validate this hypothesis, [288] conducted the same quantitative analyses (FFT and wavelet)
as performed for AR = 0. Figure 3.4(a-iv) illustrates the corresponding results for AR/Rs = 1%
at the highest flow Reynolds number ag = 1.25. The FFT still clearly depicts the 7-periodic inlet
condition fimp = 7. However, no prominent instability frequencies are evident in the FFT, despite
clear observation of two-dimensional jet-wake instability patterns in the snapshot of the instan-
taneous flow field (see fig. 3.4(a)). This discrepancy is clarified by the wavelet analysis, which
reveals several low-frequency patterns intermingling throughout the simulation period. Conse-
quently, identifying a distinct peak in the Fourier transform (other than the impeller frequency)
is challenging, as any existing rotating instability is expected to manifest as a non-normal wave
rather than a harmonic, unlike the case for AR = 0. This feature complicates the identification
of potential rotating instabilities in pumps with leakage flow.

Conducting a cross-correlation analysis of the two probe signals at Ay = 60°, several distinct
propagation velocities are captured. Phase-averaging the flow field with such velocities revealed
the presence of three distinct rotating patterns. First, a 1-periodic rotating pattern with a
normalized frequency f, rm=1— = 0.514 was identified, rotating at an angular velocity wy m—1—/Q =
0.514. Second, another 1-periodic rotating pattern corresponding to fr,m:1+77 = 1.486 was found,
rotating at wy =14/ = 1.486. Third, a 7-periodic rotating pattern was revealed, rotating at
wr,m=7/§2 = 0.21, a rotation rate similar to that observed for the 7-periodic harmonic produced by

the rotating instability for AR = 0. This analysis confirms the persistence of the two-dimensional
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Chapter 3. Instability and Flow Control in Rotating Machines

jet-wake instability for AR/Rs = 1%, with the entrained leakage flow interacting with this
instability to produce the observed 1-periodic traveling patterns. Figure 3.4(b) summarizes the
instability scenario for AR/Rs = 1%. Figure 3.4(b-i) illustrates the jet-wake pattern produced
by the 7-periodic inlet, obtained by phase-averaging in a reference frame rotating with 2. By
subtracting this pattern from the instantaneous pressure field and phase-averaging in a reference
frame rotating with w; ;,—1—, the 1-periodic traveling wave is identified. Further subtracting the
phase-averaged jet-wake pattern and the 1-periodic instability pattern from the instantaneous
pressure field, and phase-averaging again in a reference frame rotating with w; ;,—14, reveals the
field of the other (weaker) 1-periodic traveling wave. Notably, the two 1-periodic waves propagate
in opposite circumferential directions and rotate with the same propagation velocity magnitude
in a reference frame rotating with ). Their superposition results in a 1-periodic traveling wave
and a 1l-periodic standing wave in a reference frame rotating with 2. This elucidates the main
features introduced by the complex leakage flow inside the vaneless diffuser. Moreover, we stress
that the propagation velocity of the 1-periodic patterns is approximately half of the inlet rotating
velocity R3(), suggesting that the traveling velocity of these waves is primarily determined by the
leakage flow between the steady (diffuser) and rotating (impeller) walls.

After subtracting the phase-averaged two 1-periodic instabilities and the jet-wake patterns
from the instantaneous pressure field, a phase-average is performed again in a reference frame
rotating with w; ,,—7, revealing the 7-periodic traveling pattern resulting from the jet-wake insta-
bility, which manifests as a non-Fourier mode. The qualitative and quantitative similarities with
the instability found for AR = 0 are evident (compare figs. 3.4(b-ii) and 3.3(b-ii)). However, the
secondary instability observed for AR = 0 (see fig. 3.3(b)) is absent for AR/R3 = 1%. Instead,
for the positive-leakage case, intermittent nonlinear interaction between mode m = 7 and modes
m = 1 leads to the chaotic dynamics observed in the wavelet analysis (see fig. 3.4(a)).

To understand the origin of the m = 1 traveling wave, additional simulations have been
conducted by [288] with two different radial gaps between the impeller and the diffuser, namely
AR/R3 = 0.3% and 0.6% for ag = 1 and 1.25. Figure 3.5(a) illustrates the results for ag = 1.
Up to AR/R3 = 0.6%, the m = 7 jet-wake instability persists, as evidenced by the correspond-
ing mean flow separation shown in fig. 3.5(a). Consequently, the critical radial gap lies within
(AR/R3)caq=1 € [0.6, 1]% (see bottom panel of fig. 3.5(a)). No indication of the m = 1 traveling
wave is observed for any of the simulations at ag = 1, as confirmed by the FFT depicted in the
top panel of fig. 3.5(a). This suggests that the jet-wake instability serves as a primary mechanism,
but its interaction with the leakage flow does not necessarily lead to the m = 1 traveling wave.
When the jet-wake instability dominates (as indicated by the amplitudes in the Fourier spectra
of fig. 3.5(a)), the leakage flow may be too weak relative to the primary instability, preventing
the onset of the m = 1 traveling wave. However, our simulations underscore the significance
of the leakage flow, as evidenced by the transition of the jet-wake instability from m = 7 for
AR/R3 = 0 and ag = 1, to m = 8 for AR/R3 = 0.3%, and to m = 6 for AR/R3 = 0.6% (see
stability diagram in fig. 3.5(a)). As previously noted, the flow remains stable for AR/Rs = 1%
at ag = 1.

Increasing the flow rate to ag = 1.25, the zero-leakage scenario (AR = 0) remains stable
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Figure 3.4: See caption of fig. 3.3 for (a) and (b-i)—(b-ii). For (b-iii) see (b-ii) with w = wy m=1
instead of w = wy m=7. (b-iv) Standing wave steady in the reference frame rotating with  and
computed with respect to the difference between the phase-averaged wake (b-i), the traveling
wave (b-iii), and the instantaneous static pressure and phase-averaging with w = Q. All figures
refer to AR/R3 = 1% at the mid-height of the annular ring for ag = 1.25.

61



Chapter 3. Instability and Flow Control in Rotating Machines

against the core-flow instability, exhibiting a broad range of frequencies in its Fourier spectrum
(see fig. 3.5(b)). This dynamical behavior arises from the complex interplay between the inflow
and the mean-flow separation occurring on the diffuser hub (see fig. 3.5(b) and [288]). With
an augmentation in the radial gap, the jet-wake instability manifests at AR/Rs = 0.3%, estab-
lishing the critical gap size for the primary instability as (AR/R3)c,1¢,a0=1.25 € [0, 0.3]% for
ag = 1.25 (see stability diagram in fig. 3.5(b)). Despite the weakened jet-wake instability com-
pared to ag = 1, the radial gap AR/R3 = 0.3% remains insufficient for the interaction between
the corresponding leakage flow and the primary instability to trigger the m = 1 traveling wave.
Conversely, for comparable jet-wake instability amplitudes (FFT in fig. 3.5(b)), the radial gap
AR/R3 = 0.6% induces a more intense leakage flow capable of triggering the secondary traveling-
wave instability — as indicated by the presence of the m = 14 frequency in the corresponding
Fourier spectrum — a trend further amplified for AR/R3 = 1% as the primary instability dimin-
ishes in amplitude. Consequently, the critical radial gap for the secondary instability lies within
(AR/R3)c20 ,0q=1.25 € [0.3, 0.6]% for ag = 1.25. Notably, for AR/R3 = 0.6%, the m = 1 trav-
eling wave rotates clockwise in a reference frame synchronized with the inlet 2. Once more, the
leakage flow influences the dominant mode of the primary instability, transitioning the jet-wake
instability from m = 6 for AR/R3 = 0.3% to m = 9 for AR/R3 = 0.6% and back to m = 7 for
AR/R3 = 1% at ag = 1.25 (see stability diagram in fig. 3.5(b)). A similar investigation into the
core-flow instability at low flow rates reveals a comparable sensitivity to leakage flow, particularly

evident for short diffuser aspect ratios, e.g., I' = 1.25. For further details, refer to [290].
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Figure 3.5: FFT, stability diagram, and azimuthal arithmetic-average velocity fields at the merid-
ian section of the diffuser for (a) ag = 1 and (b) ag = 1.25 with different radial gaps: AR/R3 = 0,
0.3%, 0.6%, and 1%.
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3.3 Instabilities and flow control in an axial compressor

Axial compressors play crucial roles across various industrial sectors, including power generation
and aircraft engines. Among the challenges they face, maintaining stability becomes particularly
difficult as the compressor pressure ratio increases. In the specific context of aeronautical appli-
cations, where reducing engine emissions is essential, extending compressor operating ranges and
pushing for higher pressure ratios offer promising solutions, but not without risks. Rotating stall
[291] emerges as a critical issue, disrupting the stability and advancement of modern axial com-
pressors. This phenomenon arises from flow instabilities that worsen with perturbation intensity,
ultimately compromising compressor efficiency when instability patterns spread azimuthally. In
severe cases, rotating stall can lead to catastrophic machine failure. Despite these challenges,
progress has been made in understanding the underlying instability mechanisms. Various routes
to stall have been identified [292], including modal [293] and spike-type [294] rotating stalls.
Detailed flow mechanisms for each process have been proposed in the literature through a com-
bination of experimental and numerical research, and a brief summary of such two mechanisms
will be presented in the following subsections.

The postponement of the onset of rotating stall becomes increasingly crucial, particularly in
the context of future-generation engines with smaller cores and boundary layer ingestion, where
this issue poses an even greater limitation. Aiming at delaying the onset of rotating instabilities,
dedicated efforts have thus been devoted to designing and implementing effective flow control
strategies, including both passive [295] and active [296] methods. In particular, the latter flow
control technique is characterized by two small scales, i.e. the radial tip gap AR and the control
jet thickness d; (see fig. 3.6). Their interaction determines the effective impact of the control
strategy on the largest scale of the flow R, hence the performance of the compressor ¥ (normalized

total-to-static pressure raise) upon a variation of the flow coefficient ® = U/QR (see fig. 3.6).
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Figure 3.6: Experimental setup of the CME2 axial compressor operated at Arts et Métiers, Lille.
A schematic of the compressor and the active flow control is depicted on the right, together with
an inset that depicts the flow across the injector. A couple of the 40 injectors used to control the
compressor flow is highlighted in magenta on the experimental setup (middle). A corresponding
schematic is depicted in the magenta box on the left.
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Chapter 3. Instability and Flow Control in Rotating Machines

3.3.1 Spike instability

The understanding of the spike-type instability leading to rotating stall introduces challenges
related, in particular, to the identification of the phenomenon itself. Moreover, in certain in-
stances, the use of the term spike can be ambiguous, necessitating a more nuanced analysis of
the stall inception mechanisms. The term spike denotes a peaked signature observed in local
velocity or pressure measurements (see fig. 3.7). The presence of such a peak has initially been
interpreted as a precursor of the rotating stall, which normally occurs a few revolutions after the
spike. The large-scale rotating cells induced by the rotating stall travel at slower, yet comparable
propagation rate with respect to the rotor rotation rate €.

Initial observations revealed a robust correlation between the spike onset and the upstream
displacement of the interface between the Tip Leakage Flow (TLF) and the incoming flow [297].
As the operational point approaches the stability limit, the reduction in mass flow weakens the
incoming flow relative to the TLF, potentially resulting in the occurrence of surge for the axial
compressor. Recent investigations, both experimental [298] and numerical [299], have elucidated a
direct linkage between the spike and the TLF. A criterion involving the simultaneous satisfaction
of two conditions has been proposed by [299], even though recent investigations have introduced

novel insights:

I) The interface between the TLF and the main flow must be aligned parallel to the leading-
edge plane. This condition induces a disturbance in the rotor leading-edge region caused
by the Tip Leakage Vortex (TLV) and sets the stage for the subsequent condition.

IT) The spillage of tip leakage in front of the leading edge of a blade and the backflow at
the trailing edge of the preceding blade are simultaneously observed, with the backflow

augmenting the spillage.
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Figure 3.7: Static pressure measurements shifted by pQ?R?/2 at three azimuthal locations on the
compressor carter. The figure demonstrates the spike-type stall for critical flow rate.
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3.3. Instabilities and flow control in an axial compressor

Distinctive pressure spikes have been observed in the numerical simulations conducted by
[300] on configurations devoid of tip gaps, hence lacking tip leakage and backward spillage. They
identified the formation of radial vortices extending from the suction side of blades to the cas-
ing, associating these structures with the observed spike. Notably, these radial vortices were
previously documented by [301, 302, 303] in a large tip gap configuration parallel to tip leakage
vortex breakdown, just before stall formation. These findings contribute additional insights to
the understanding of the intricate mechanisms underlying the conditions leading to the spike type
rotating stall.

More recently, these findings have been complemented by a numerical investigation into the
influence of tip gap size on the flow mechanisms implicated during stall inception, revealing a
robust correlation between the two [304]. Notably, the analysis demonstrates that for small tip
clearances (below a critical value of AR/c = 0.5%), no spillage occurs, and the rotating stall is
triggered by an increase in incidence due to blockages at the exit of the blade passage. Conversely,
in cases of larger tip clearances, the leakage momentum hinders the formation of these blockages,
but backflows may manifest. These distinct modes of spike type rotating stall are denoted as

casing corner separation dominated and tip leakage jet dominated, respectively (see fig. 3.8 [304]).
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Figure 3.8: (a) Schematic of the two regimes identified for the TLF by [304]. (b) Visualization
of the TLF and leading edge spillage at blade tip. Three regimes are depicted: (i) stable regime,
(ii) inception of a rotating instability localized near the blade tip, (iii) rotating stall produced by
the intensification of the rotating instability at blade tip. See [305] for more details.
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3.3.2 Modal instability

For modal instabilities, the stall cells exhibit progressive growth, originating from small per-
turbations with high wavelengths compared to the blade channel. Figure 3.9 depicts a typical
representation of the schematics of the incoming velocity perturbation (fig. 3.9(a)), and the ex-
perimental pressure signals (fig. 3.9(b)) exhibiting signatures characteristic of modal stall in the
CME2 compressor operating at Arts et Métiers, Lille, upon the introduction of an inlet pertur-

bation produced by a weakly-porous grid [306].
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Figure 3.9: (a) Schematic of the inflow perturbation for modal instability. (b) Static pressure
measurements shifted by pQ2R?/2 at three azimuthal locations for modal-type stall.

The modal instability is based on a linear mechanism, which can be elucidated by examining
the meridian flow far from the blade tip. Various dedicated reduced-order models have been devel-
oped to investigate modal instabilities in axial compressors, with consideration given to azimuthal
instabilities that may arise from boundary layer ingestion or upstream external asymmetries. One
such model, proposed by Hynes—Greitzer ([307], see fig. 3.10), employs a concentration parame-
ter approach. This approach assumes that the compressor’s behavior can be replicated through
the linear superposition of the time-averaged total-to-static Apis = (pr — p) characteristic curve
U = 2Apes/pR%Q2, a plenum of volume V), concentrating all compressibility effects, and a throttle
valve Ty to regulate the flow rate & = U/RS). Despite its simplicity, the model has demonstrated
success in identifying the onset of modal instability observed in experimental conditions [307,
308, 309]. Additionally, this model has proven effective in accounting for the impact of an inlet

pressure perturbation pi,(¢) on the stability of a compressor [310, 306].
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Figure 3.10: Schematic of the model proposed by Hynes—Greitzer [307]. Each box represents
an effect included in the model. From left to right: inlet pressure perturbation in azimuthal
direction, performance curve, compressibility effects, and flow rate control via a throttle valve.
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3.3.3 Active flow control

Active control techniques, particularly for near-tip injection (see fig. 3.11(a)), have demonstrated
their efficacy in enhancing compressor stability by displacing the surge line [311, 312, 313, 314].
Noteworthy successes have been achieved in practical applications, including real aircraft engines
[315, 316]. While understanding the effects of active flow control is of primary importance, it
is surprising that few studies have delved into the mechanisms involved when employing this
technique and its impact on flow patterns in the tip gap. This stands in contrast to the extensive
body of work focused on casing treatments [317, 318, 319, 320]. Active flow control methods have
the added advantage of being switched on only when control is needed, thus leading to an overall
reduced energy consumption. Previous studies [321, 296] have demonstrated the effectiveness of
air jets in postponing the onset of rotating stall in the axial compressor CME2 installed at Arts
et Métiers, Campus of Lille. Such a control strategy relies on the injection of high-momentum
fluid flow near the tip leading edge of the rotor blades (see fig. 3.11(a) [322]) by a discrete set of
air jets positioned circumferentially upstream of the compressor.

The implementation of active flow control through momentum injection at the blade tip has
proven successful in expanding the operating range of the compressor (see fig. 3.11(b), [296]). This
success is attributed to its ability to counteract spike inception mechanisms and bring the last
stability point close to the maximum of the performance curve, where mode-type rotating stall
may occur before the onset of rotating stall. The active control system offers a dual enhancement,
reducing the stalling mass flow rate and increasing the pressure rise for a given operating point.
The first effect is achieved by eliminating leading-edge separations at the tip, as evidenced by
the absence of radial vortices. The second effect stems from a reduction in losses associated
with secondary flows and the instability of the tip leakage vortex. This observation suggests
however that overcoming the limitation by active flow control system designed to address spike

mechanisms, will be constrained by modal-type stall.
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Figure 3.11: (a) Numerical simulations of the injector in quiescent air for inlet mass flow rate
m = 1g/s [322]. (b) Performance curves of the CME2 compressor for uncontrolled (light blue)
and controlled conditions with 40 continuously blowing (magenta) injectors. The points A and
A’ refer to the flow rate ® for uncontrolled nominal operating conditions, B and B’ to the flow
rate for the last stable point for uncontrolled CME2, while C and C’ refer to stalled conditions.
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3.4 Summary and conclusions

Two examples of rotating machines have been considered for demonstrating the significance of
fluid dynamic systems in which two or more well-separated characteristic length scales are sig-
nificant for determining the leading-order flow. In §3.2 a centrifugal pump has been considered
focusing on the effect of a small leakage between the impeller and the radial diffuser. We demon-
strated that the instability onset, as well as the secondary instability scenario are impacted by
a leakage gap that is about a hundred times smaller than the diffuser inlet radius. This con-
sideration is robust for both the kinds of instabilities identified in the vaneless diffuser, i.e. the
high-flow-rate instability discussed in §3.2 and the low-flow-rate instability, as reported in [290].

This consideration suggests that the radial gap between impeller and diffuser inlet is a key
parameter in designing a centrifugal pump. Moreover, owing to the sensitivity of hydrodynamic
instabilities to the leakage flow, it could be envisaged an flow control device that actively regulates
the radial gap according to the required leakage needed to suppress the instability inside the radial
gap. A preliminary numerical investigation in this regards has been recently carried out by [289],
who considered an instantaneous partial closure of the radial gap, demonstrating a suppression of
the fully-developed instability mode (m = 7) for the larger gap of AR/Rs = 1%, before triggering
the instability mode specific of AR/R3 = 0.6% (m = 9) or 0.3% (m = 6).

The second rotating machine considered is an axial compressor, namely CME2, operating
at Arts et Métiers, Campus of Lille. The two well-separated characteristic lengths that one can
identify in this case are the carter radius R and the blade-tip-to-carter gap AR, which is normally
of the order of AR/R ~ 1%. The leading-order dynamics of CME2 is significantly affected by the
tip-leakage vortices (at characteristic scale AR) that may lead to spike instabilities and potentially
to rotating stall (at characteristic scale R) for low-enough flow rate. This instability scenario is
representative of several aeronautical engines, hence controlling and potentially suppressing it is
a long-lasting goal of the turbomachinery community.

In §3.3.3 we discussed the potential of suppressing the spike instability by active flow control.
The experiments carried out in CME2 by blowing with either twenty or forty injectors [321, 296]
demonstrate that the interaction of tip-leakage vortices leading to the spike instability can be
annihilated by injecting high momentum and localizing it at the scale of 0;/AR = O(1). In fact,
the Coanda jet currently used on CME2 has a thickness of about 2 mm at the rotor leading edge
and the blade-tip-to-carter gap used by [296] is 1.45 mm. We further stress that recent numerical
simulations and experiments [323] in the same actively controlled configuration for AR = 3.48
mm shows that active flow control can significantly improve the axial compressor performance,
beyond the sole suppression of the instability. This opens to a future prospective in which a
detailed multiscale analysis of the interaction between the jet and the gap flow at blade tip could
explain such a significant performance enhancement. Furthermore, this would potentially drive
a perspective for simultaneously designing axial compressors and their active control system.
Indeed, if injecting momentum near the carter can remarkably affect the compressor performance
for thick blade tip gaps, then one could expect that new optimal designs are possible when

considering the rotor blades and the active flow control as the system to optimize as a whole.
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Chapter

Pulmonary Flows

Summary

The complex multiphysics of distal airways occlusion is tackled by characterizing
the effects of capillary stresses, multi-layer coating, surfactant dispersion, and non-
Newtonian rheology of mucus. A standalone approach is used, including one of such
modeling elements at a time, baring in mind that predictive simulations should finally
combine the whole complexity of the airway fluid mechanics, included the complex
fluid-structure interaction still neglected in the presented models. The occlusion con-
sidered in the bronchioles is due to a Rayleigh—Plateau instability occurring in the
liquid film of thickness H lining the airways. The occlusion of the airways is pre-
dicted to occur for H/a, ~ 0.12 < 1, where a,, is the airway radius at generation n.
This therefore justifies the importance of well-separated length scales for the potential
hindering of gas exchange at distal airways.
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Chapter 4. Pulmonary Flows

4.1 Introduction

The multiscale nature of the lungs network is exemplified in fig. 4.1. Starting from the trachea,
which is considered to be the generation zero of radius ayp € [1.5, 2]cm, the respiratory tree
bifurcates in bronchi first and bronchioles after with a morphological power-2 correlation, i.e.

n/3 where n is the generation number and a,, the radius of the n-th generation. This

anp = ag X 27
holds true for the first 17 generations of adult human lungs.

The first 15 or 16 airway generations of adult human lungs are lined with a two-layer airway
surface liquid (ASL, see fig. 4.1) [324] of thickness H. The corresponding flow involves three
phases, i.e. air, mucus and serous liquid, while it transitions to a two-phase system (air and
a waterish fluid) from the 16th or 17th generation on. In healthy patients, the ASL is thin
(0 = H/a, =~ 2 —4%), while pathologies involving hypersecretion of mucus can lead to a ten-
times thickening of the ASL in the bronchioles, i.e. § =~ 20 —40% [325]. In the idealized case of a
cross section (see inset of the bronchiole in fig. 4.1) subject to minimal airway wall deformations,
two well-separated length scales allow investigating the problem asymptotically, as done by using
the thin film approximation (§ < 1, see [326, 327, 328, 329, 330, 331, 332, 333]). Reviews of
respiratory airway closure, liquid plug propagation and rupture appear in [334, 335, 336, 337,
338].

Beside the intrinsic multiscale nature of the problem, respiratory fluid mechanics is further
complexified by the non-Newtonian rheology of mucus [339], the highly non-linear mechanical
behaviour of the lung walls [340], as well as the presence of surfactant [341]. Including the resulting
multiphysics would be essential to the accurate prediction of lung pathologies. However, current
experimental and numerical investigations are far from simulating all multiphysical non-linear
interactions either by in-vitro/on-chip experiments [342, 343, 344, 345] or by numerical solvers
[346, 347, 348] under controlled conditions. Viceversa, in vivo experiments [349, 350] can tackle

the multiphysics complexity, but without assuring controlled conditions.
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Figure 4.1: Schematic of the lung network (left), a distal bronchiole coated by mucus and serous
layer (bottom-right panel), and three alveolar sacs, including the capillaries to oxygenate. The
left figures in the insets are adapted from [351] and [352].
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4.2 Airway closure models

Airway closure is usually associated with surfactant deficiency or dysfunction, accumulation of
liquid from infections or edema, or mucus hypersecretion along the airway. Typical lung diseases
involved include: asthma [353], pneumonia [354], bronchiolitis [355], cystic fibrosis [356], chronic
obstructive pulmonary disease (COPD [357]), and acute respiratory distress syndrome (ARDS
[358]), just to name a few. The so-called airway closure generally occurs in small airways near the
end of expiration. The lung volume at which closure initiates is called the closing volume, which
varies with disease, age, and sex [359, 360]. For an upright lung in gravity, the lower regions have
compressed airway diameters from the weight of the lung above, so closure tends to occur there
initially. It is therefore expected that, under microgravity conditions, airway closure occurs more
homogeneously posing an additional risk, see [361, 362, 335].

For a clean interface in a rigid pipe, the critical film thickness is 6. = H./a, ~ 0.12 [328].
This is the minimum film thickness such that the interfacial instability forms a liquid plug. Sev-
eral studies have investigated models of the pre-coalescence closure instability under additional
circumstances, including the effects of surfactant, viscoelasticity, non-axisymmetry, and wall flexi-
bility. The effects of surfactants have been experimentally studied in capillary tubes by [363], who
pointed out that surfactant can increase §. and decrease the growth rate, hence increase closure
time, t.. Theoretical and computational models based on lubrication theory [363, 364] and full
Navier—Stokes equations [365] also confirm these findings. The Marangoni stresses induced by un-
even distribution of interfacial surfactant concentration oppose the closure flow [366]. Moreover,
it has been shown that viscoelasticity does not strongly affect the critical film thickness ., and for
d < 0.119 airway closure does not occur according to bifurcation theory [367]. On the other hand,
if 14% < 6 < 18%, increasing the Weissenberg number We speeds up the growth rate. The effect
of wall compliance has been studied by [330, 364]. They showed that the airway wall deforms to
narrow the tube and reduce the radius of curvature for the air-liquid interface, thereby enhancing
the instability. Non-axisymmetric mechanical and hydrodynamic instabilities may further lead to
the formation of a plug at lower J. than predicted by the axisymmetric models [368]. Prevention
of closure by oscillating the core fluid axially was explored in [332], where non-linear saturation
of the instability is reached when the growth in the turnaround phase balances the decay in the
stroke phase and fluid is deposited back onto the wall.

These previous studies motivate extending the investigation to the analysis of coalescence and
post-coalescence phases, not included when the lubrication theory is employed. The approach
presented in this chapter aims to investigate standalone effects within the context of an airway
closure model that neglects fluid-structure interactions. The ultimate goal is to identify some
purely fluid mechanical features that would guide the understanding of the flow, provided that
non-linear effects must be tested rather than relying on the models superposition.

As airway closure is due to a capillary instability, all the results in the following subsections
make use of a capillary scaling, i.e. length, time, pressure, and velocity are non-dimensionalized
with an, pran/oo, 0o/an, 00/, respectively, where ur, the dynamic viscosity of the liquid phase

(mucus for two-layer coating), and oy is the reference surface tension at clean interface conditions.
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Chapter 4. Pulmonary Flows

4.2.1 Clean single-layer Newtonian airway closure

The simplest airway closure model allowing to retain the key features of the primary capillary
instability is depicted in fig. 4.2. The airway walls are assumed to be rigid, the two-liquid coating
is homogenized in one Newtonian layer lining the airway model, and no surfactant is included in
the model. Despite the assumption that the surface tension is constant, two values are considered
to model healthy conditions (09 = 26 dyn cm™!) and the mean effect of surfactant deficiency
(00 = 52 dyn cm™!), which is mainly affecting the airway closure phenomenon.

A typical scenario observed during an airway closure is depicted in fig. 4.3(a) characterizing the
coalescence process for La = 100, = 1.5 x 1073, o = 1073, A = 6, § = 0.25 in terms of pressure
field and interface location (see fig. 4.3(b) for a definition of the non-dimensional groups). In the
initial growth phase of the instability, the cross-sectional curvature of the interface 1/R; expands
the flow in the liquid film at the location where the bulge is. This curvature effect dominates
over the in-plane compression due to a thicker liquid film at the bulge, hence the lowest relative
pressure is observed at the axial location of the bulge tip (see fig. 4.3(a)). Since the selected
initial thickness of the film is greater than the critical thickness é. ~ 0.12, the airway closure
occurs. The capillary instability drains the liquid from the film (see pressure in fig. 4.3(a)) to
supply the bulge up to the liquid plug formation. After the coalescence, the pressure field has its
minimum at the liquid-gas interface near the centerline of the tube (light pink area). The flow is
then pushed away from the plane of symmetry and drains even more liquid from the wall coating
film to grow the liquid plug. In this phase the air-liquid interface advances with its two fronts
in opposite directions leading to bi-frontal plug growth [369, 370]. The process occurs in a very
short time and is characterized by high axial accelerations. Such a quick post-coalescence phase
is comparable to the receding of two air fingers, whose fronts are moving in opposite directions.
As pointed out by [369], during closure and also shortly afterwards, the pressure and the shear
stress experience a sharp increase which is comparable to the one observed during propagation of
liquid plugs and receding of air fingers. Few instants after closure, the stresses relax in magnitude

down to a stationary state, which is achieved when the plug stops growing and the pressure field
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Newtonian airway closure model (clean)

Figure 4.2: Schematic of an airway (left) and the corresponding model (right) for homogenized
Newtonian liquid lining a rigid wall without surfactant.
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4.2. Airway closure models

is solely determined by the equilibrium Laplace pressure across the interface.

As it can be seen from fig. 4.3(b), the rapid growth of the shear stress in time, which is
associated with the capillary instability, does not experience a maximum at the closure time, but
keeps growing even after coalescence, reaches the maximum value at t = t,,, > t., and then relaxes
toward the final equilibrium value. The bi-frontal plug growth actually appears to be the most
relevant and critical phase for the wall shear stresses, hence it may lead to the severe damage of
epithelial cells [371]. This feature can be inferred also by the experimental measurements [372]
and further implies the importance for numerical simulations to be able to handle a topological

change of the liquid film.

—— _— » La=piooa,/u’  p=pelie Q= palpL

0=H/a, JL=1L,/a,

—0.4
0.4
Rmin
0.2
(a) Bifrontal plug growth (b) Wall shear stress

Figure 4.3: (a) Pressure field in the liquid phase at two pre-coalescence (¢ = 600 and ¢ =
727) and two post-coalescence instants (t = 728 and ¢t = 800). The magenta line denotes the
interface location. (b) Minimum of the interface radial location Ry, = min(Ry) (solid black line),
maximum wall shear stress 7, and shear stress gradient 0,7 (blue and light blue, respectively).
All data refer to La = 100, u = 1.5 x 1073, o = 1073, A = 6, 6 = 0.25 [369].

A second mechanism for pressure gradients at the wall has further been uncovered by [369].
The left panel of fig. 4.4 shows that the maximum wall pressure gradient |0,py |max can experience
a monotonically growing trend in time, qualitatively different from the one reported for the shear
stress and its gradient (cf. fig. 4.3(b)). The formation of the liquid plug, its bi-frontal growth, the
consequent compression of the liquid film on the pipe wall and the propagation of the capillary
wave are responsible for this effect. Figure 4.4(b) depicts the time evolution of the interface and
the maximum wall pressure gradient for La = 100, = 1.5 x 1073, o = 1073, A = 6, § = 0.25.
After the closure event, the bi-frontal plug growth forms a capillary wave on the shoulder of each
of the two interface fronts. These waves compress the liquid film against the airway wall and
slowly propagate symmetrically in axial direction. The correlation between the capillary ripples
and the peaks of |0,pw|max provide the evidence that the thin film dynamics is responsible for
local pressure gradients that could potentially damage the epithelial cells.

One of the primary focuses of our study is to quantify the stress level exerted on the airway
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Chapter 4. Pulmonary Flows

wall, given its potential implications for epithelial response, which could range from lethal to
sub-lethal, as discussed by [373]. While [374] previously speculated on this scenario using a single
set of parameters and three initial film thicknesses, it was not until [369] that the actual stress
level on cells throughout the entire pre- and post-coalescence process was numerically quantified.
In their research, [369] demonstrated that both wall normal and tangential stresses on the cells,
along with their gradients, attain maximum values of approximately max ,(|7w|) ~ 250 dyn
cm~2 (300 to 600% of the pre-coalescence values), max ,(|0.pw|) = 4.50 x 10* dyn em™3 and
max; ,(|0,7w|) ~ 8 x 103 dyn cm™3 for parameters commonly observed in adult lung airways,
such as La = 200, ¢ = 1.5 x 1073, o = 1073, A = 6, and § = 0.20. These stress levels significantly
surpass the thresholds known to severely damage epithelial cells. In fact, according to the findings
of [375], cell damage occurs if max; . (|7w|) > 12.9 dyn em™2, max; . (|9, 7w|) > 2.1x 10 dyn em ™3,
and max; ,(|0.pw|) > 3.21 x 10* dyn cm™3. Furthermore, [343] also confirms the potentially lethal
effect of wall stresses on epithelial cells, noting that a hazardous condition for cells arises when
shear stress exceeds maxy ,(|7w|) > 98.58 dyn cm™2. The threshold considered hazardous for
epithelial cells is notably less than half of the peak value of tangential stresses predicted by the
airway closure model proposed by [369]. In a comparative analysis with experimentally estimated
damaging conditions by [372], [374] concluded that while the level of shear stress during the pre-
coalescence process might be sufficient to cause cell damage, pressures and gradients fall below
experimentally determined threshold values. However, within the airway closure model simulated
by [369], it was demonstrated that peaks in wall stresses and their gradients occur during the post-
coalescence phase, far surpassing the experimentally established damaging thresholds. Finally,
an increase in the initial film thickness H is observed to accelerate the formation of a liquid plug,
consistent with predictions by [374, 372]. Furthermore, while tangential and normal wall stresses,
along with shear stress gradients, show relatively little sensitivity to d, the initial film thickness
significantly influences the wall pressure gradient, which markedly increases as 0 decreases [369].
This phenomenon is attributed to the bi-frontal plug growth resulting from the propagation of
the capillary wave, as depicted in the right panel of fig. 4.4, and is indicative of thin-film dynamics

near the wall inducing a pressure gradient 9,py ~ —602(1 — Ry/a,) due to Laplace pressure.
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Figure 4.4: (a) Time evolution of the minimum radius of the interface, Rmyin (black line) and
the maximum wall pressure gradient max(9,p) (red). (b) Correlation between the capillary wave
(green box for interface at t = 800, bottom panel) and the maximum wall pressure gradient (green
box, top panel). All data refer to La = 100, 4 = 1.5 x 1073, o = 1073, A = 6, § = 0.25 [369)].
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4.2. Airway closure models

4.2.2 Clean two-layers Newtonian airway closure

The model of §4.2.1 is here generalized including two Newtonian liquid layers (see fig. 4.5). A
linear stability analysis is performed using the lubrication theory in the thin-film limit. By
employing the same methodology of [327] and [330], an evolution equation for the air-mucus
interface is derived where curvature effects do not enter the leading order in the lubrication limit
0 — 0. Introducing the local wall-normal coordinate £, together with the subscripts ‘s’ for serous
layer and ‘m’ for mucus layer, the momentum and continuity equations yield

Ips  _O%ws Opm  O*wn OPs.m Ougm ~ OWsm

_ OPm _ OWm m _ : m _ 41
02 Mag 92~ 0g2 oe O o o % @D

where fi = pg/pm and (u, w) denote the wall-normal and axial velocity components in the thin
films coating the airway. The no-slip boundary conditions at the wall require that (us, ws) = (0, 0)
at & = 0. The serous-mucus interface at n = 1 — Ryy(z) is assumed to neglect the jump in the
normal stress since the surface tension between the serous and mucus interface o ¢, is small
[376].

Integrating the continuity equations across the liquid layers and using the kinematic and stress

boundary conditions, an evolution equation for the air-mucus interface ( = 1 — Ry(z) yields
ac 10 ¢ 93¢ - 2 8< &%¢
o T30: |0 <8z+6z3 (=57 2 | (5 +

-l ¢ 93¢ 11—~ Y o oC ¢
( ) lcn (82+8z3> 7( ?;u )az [77 <3Z+823>] =0

The linear stability of the air-mucus interface is investigated by using the method of normal

(4.2)

modes. As discussed in §1.3, the ansatz for small perturbations is developed in normal modes as

follows

C =9 (1 + ezéﬁje%‘tﬂka) , n= 55 (1 + EZﬁje’thijz) , (4‘3)

J J

where |§J| = O(1) and |n;| = O(1) are the coeflicients of the Fourier mode expansion (4.3),
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Newtonian two-layer airway closure model (clean)

Figure 4.5: Schematic of an airway (left) and the corresponding model (right) for two Newtonian
liquid layers lining a rigid wall without surfactant.
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k; is the wave number and 7; is the growth rate of the small perturbation and 6, = Hy/ay,.
Substituting (4.3) into (4.2) and neglecting the higher order terms, the dispersion relation for the

most dangerous growth rate ¥ corresponding to the most dangerous wavenumber k is obtained

3 = %12;2 (1-#%)s° {1 +3 (a7t - 1) li - (i)Z +% <‘;ﬂ } (4.4)

Upon increasing the total ASL thickness §, the most-dangerous growth rate % also increases,

as

thereby promoting airway closure (see fig. 4.6(a)). We stress that the terms in the square bracket
on the right-hand side of (4.4) represent additional effects due to the two-layer model, reducing
to its one-layer counterpart for ji = 1 or & = 0. Since & > 0 and ' > 1 for the mucus and the
serous layers, the last group of terms in (4.4) is always positive, indicating that the serous layer
has a destabilizing effect, facilitating airway closure. This remains true even if the total thickness
is kept constant and Js is increased (see fig. 4.6(b)). The impact of the serous-to-mucus viscosity
ratio fi is illustrated in fig. 4.6(c), demonstrating a decrease in ¥ with a decrease in fi. This may
seem counter-intuitive, as a less viscous serous layer would be expected to promote airway closure
by aiding mucus drainage into the interfacial bulges. However, when plotting the dimensional
growth rate §*, the expected trend is observed (see right panel of fig. 4.6(c)).

By carrying out time-marching simulations, one can remark that running into a Plateau-
Rayleigh instability does not necessarily lead to airway closure. The increased resistance of
draining the thin liquid film before formation of a liquid plug can saturate the growth rate of the
instability up to preventing the closure event. This is depicted in fig. 4.7 for several two-layer

thicknesses §, keeping constant the serous layer thickness to ds = 0.05.
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Figure 4.6: Most dangerous growth rate ¥ plotted against the square of the wave number k2 upon
a variation of: (a) the total non-dimensional airway surface liquid thickness 6 with g = 0.1 and
ds = 0.05, (b) the serous layer non-dimensional thickness ds with 7 = 0.1 and 6 = 0.20 and (c)
the serous-to-mucus viscosity ratio i with 6 = 0.20 and ds = 0.05. The inset in (c) shows the
dimensional most dangerous growth rate ¥* plotted against k2. The serous-to-mucus density ratio
is defined as p = ps/pm = 1 and the ratio between the mucus-serous layer g ¢m and mucus-air
layer oy is set to & = 09 s.m/00 = 0.
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Figure 4.7: Time evolution of the minimum interface radius, Ry = min(Ry), is plotted for
0 = 0.1650,0.1675,0.17,0.1725,0.1750 and 0.2. The serous film thickness is kept constant at
ds = 0.05. All simulations are performed for La =174, A=6, i =0.1, p =1, and & = 0.1.

The simulations of the whole dynamics also confirm the remarkable speed up of the airway
closure predicted by the linear stability analysis for the two-layer model. Quantifying it, by
considering the two-layer dynamics can lead to closure up to 6 times faster than the corresponding
one-layer case (see fig. 4.8). This means that airway closure may occur far more frequently, hence
it can be cumulatively more dangerous that what predicted by the single-layer model. The lower
viscosity of the serous layer has however a protective effect on the stresses experienced by the

epithelium, as observed by the reduced stress level of the two-layer case (see fig. 4.8).
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Figure 4.8: Time evolution of the minimum core radius R, wall pressure excursion Apy, =
max(py) - min(py ), wall shear stress excursion Aty = max(7y) - min(7y), maximum absolute
value of the wall pressure gradient |0,pyw|max, and maximum absolute value of the wall shear stress
gradient |0,7w|max for (a) the one-layer and (b) the two-layer cases. All simulations are carried
out for La = 174, A = 6, and 6 = 0.2, while s = 0.05, iz = 0.1, p = 1, and & = 0.1 are used for
the two-layer model.
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Chapter 4. Pulmonary Flows

4.2.3 Single-layer Newtonian airway closure with surfactant

Building on the approach aimed to study standalone effects, the single-layer Newtonian model
with clean interface is enriched by including surfactant and modeling their dynamics as proposed
by [377] (see fig. 4.9). The relevance of a corresponding parametric study is motivated either
by pathological conditions corresponding to a surfactant deficiency, or by surfactant replacement
therapies commonly in use as medical treatments to favour airway reopening and inhibit successive
liquid plug formation.

With an increase in the bulk surfactant concentration Cj, the surface tension o decreases
when averaged along the interface (o), resulting in a net decrease of the average local Laplace
number (La) = La(o)/og, where we recall that o( is the surface tension for a clean interface.
Since the surfactant is not uniformly distributed, surface tension gradients induce Marangoni
stresses. However, for the given parameters, the reduction in average capillary stresses outweighs
the impact of Marangoni stresses [366], which are of minor importance for the dynamics of the
liquid plug immediately before and after closure. Consequently, as shown in fig. 4.10, increasing
Cy decelerates the Plateau—Rayleigh instability, resulting in a longer closure time t.. We stress
that the relative increase in closure time is highly nonlinear. For instance, with small bulk
surfactant concentrations, a five-fold increase in Cy — from Cy = 107° to Cy = 5 x 107° —
leads to a relative increase in t. of approximately 10%. Conversely, for the highest surfactant
concentrations considered, a five-fold increase in Cy — from Cy = 10~* to Cy = 5x 10™* — nearly
doubles the closure time, resulting in a relative increase in t. of about 100%. This behavior can be
attributed to the nonlinear decrease in surface tension with an increase in interfacial surfactant
concentration w(z) (see fig. 4.10).

The impact of the bulk surfactant concentration on wall stresses, however, appears less signif-
icant. Monitoring the tangential wall stress excursions, A7y (t) = max, 7(r = 1) — min, 7(r = 1),
fig. 4.10 shows only minor changes in stress peaks for Cyp < 10™%. Increasing the bulk surfactant
concentration to Cy = 5 x 107* reduces the tangential stress peak by approximately 20% com-
pared to Cp = 10~*. The quantitative characterization of this nonlinear process is influenced by

the model (see fig. 4.10, [378]). Consistent observations are made for the maximum tangential
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Figure 4.9: Schematic of an airway (left) and the corresponding model (right) for homogenized
Newtonian liquid lining a rigid wall with dispersed surfactant.
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4.2. Airway closure models

stress gradients max |0,7y|, while the peak normal wall stress excursions, Ap,, = max, p(r =
1) — min, p(r = 1), are essentially unaffected by Cy even for the highest bulk surfactant concen-
trations considered. A more noticeable impact is demonstrated in fig. 4.10 for the maximum axial
This aligns with the observations of [369], who linked

the peak of max |0,py| to the capillary wave originating near the wall right after the bi-frontal

wall pressure gradient max |0,p(r = 1)|.

plug growth, which enlarges the liquid plug. The net decrease in the local Laplace number (La)
due to the increase in surfactant concentration results in weaker capillary stresses, hence weaker
max |0, pw|.

The same qualitative impact on the airway closure process observed upon an increase of the
initial bulk concentration Cj, is also reproduced by an increase of the elasticity number 8, while
the penetration depth y, the adsorption and desorption coefficients, K, and K, respectively,
and the Schmidt number at the interface and in the bulk, Scs; and Sc, respectively, have a minor
impact on the dynamics of airway closure (see fig. 4.10 for a definition of such non-dimensional
groups). These conclusions are robust upon a change of the Laplace number (see [366]).

For pathological cases at the 8th and 9th generation, the order of magnitude of the capillary
frequency og/pra, is 500/s and 1000/s, respectively. Including healthy cases for the 10th and
11th generation, the capillary frequency increases to 2000/s and 5000/s, respectively, for healthy
individuals, and to 3000/s and 8500/s for pathological patients [366]. Considering that for healthy
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Figure 4.10: Effect of the bulk surfactant concentration. Bottom: Rj(t) (solid line). Middle:
Apy(t) (light-colored bold line) and max |0,p(r = 1)| (dark-colored line). Top: Ary(t) (light-
colored bold line) and max |0,7(r = 1)| (dark-colored line). The bulk surfactant concentration
Cy is varied between 107° and 5 x 10™%, whereas the other simulation parameters are fixed:
La = 100, 8 = 0.7, Sc = 10, Sc, = 100, K, = 10*, K4 = 102, x = 0.01, and § = 0.25. The surface
surfactant concentration is w, we, its asymptotic matching level for o/og passing from a linear
to an exponential law in w/ws at w/ws = 1, ka and kq are the adsorption and desorption
coefficients, D, and Dg the surfactant diffusions in the bulk and the surface, R is the ideal gas
constant, and Cgp the critical micelle concentration [366, 379].
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patients the respiratory frequency is about 20/min (one breath every 3 seconds, [380]), the airway
closure predicted in our model is considered physiologically relevant if ¢. occurs before t. < 3 x
2000 = 6000 capillary time units at the 10th generation, and ¢, < 3 x 5000 = 15000 capillary time
units at the 11th generation. The respiratory rate increases up to about 30/min for pathological
conditions (one breath every 2 seconds, [380]), hence the critical time threshold for pathological
cases reduces to t. < 2x500 = 1000 capillary time units at the 8th generation, t. < 2x1000 = 2000
at the 9th generation, while it increases to t. < 2 x 3000 = 6000 at the 10th generation, and
te <2 x 8500 = 17000 capillary time units at the 11th generation.

The stability diagram for the airway closure model is presented in light of the previous con-
siderations regarding the timescales of the corresponding biological system. We define as physio-
logically unstable all conditions leading to the formation of a liquid plug within a breathing cycle.
If the liquid plug does not form (stable) or forms too late (finite-time stable), we assume that
airway closure would not occur in a corresponding physiological system, and we denote such cases
as physiologically stable.

The stability threshold for airway closure is examined using parameters La = 100, g8 = 0.7,
Sc = 10, Scs = 100, K, = 10, K4 = 102, x = 0.01, Cg € [0, 5 x 107%], and § € [0.125, 0.25]. A
summary of the physiological stability conditions is illustrated in three diagrams in fig. 4.11. In the
case of fast-breathing pathological patients, occlusion of distal airways may occur at generation
8 for a critical average thickness 6. € [0.2, 0.225] if Cy € [0, 107%] (see fig. 4.11(a)). Increasing
the initial surfactant concentration to Cy = 5 x 10™% in such scenarios induces an unconditionally
stable condition, preventing airway closure for 6 € [0.2, 0.225] and shifting the critical film
thickness to d. € [0.225, 0.25].

When examining 9th-generation bronchioles of fast-breathing pathological patients (see fig.
4.11(b)), the physiologically critical average thickness decreases to . € [0.175, 0.2] if Cy €
[0, 5 x 1075 and 6. € [0.2, 0.225] if Cy € [107°, 5 x 107°]. This reduction in system stability is
understandable as higher generations correspond to smaller bronchioles, where capillary forces be-
come more dominant. Consequently, the Plateau—Rayleigh instability originating airway closure
more frequently leads to airway occlusion in distal airways compared to lower-generation bronchi-
oles. This loss of physiological stability is further evident in fig. 4.11(c), where 10th and higher
generations are considered. Here, the critical average film thickness decreases to . € [0.175, 0.2]
if Cp € [0, 107%] and 6. € [0.2, 0.225] if Cy is 5 x 107°. It is important to note that these critical
values are notably higher than the value predicted by [328], i.e., . = 0.12.
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Figure 4.11: Physiological stability diagram for bronchioles of: (a) 8th generation in fast-breathing
pathological patients, (b) 9th generation in fast-breathing pathological patients, and (c) 10th and
higher generations in all patients: e = physiologically stable, o = physiologically unstable.
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4.2.4 Clean single-layer viscoelastic airway closure

A further variation on the Newtonian single-layer case takes into account the viscoelastic proper-
ties of mucus. The homogenized layer is modeled by using the Oldroyd-B constitutive law, whose
extra stresses S are due to the feedback of the polymers on the solvent matrix at molecular scale.
A corresponding schematic is depicted in fig. 4.12. The comparison between the viscoelastic (solid
lines) and the Newtonian (dashed lines) airway closure models is presented in fig. 4.13 in terms of
the excursion of the wall shear stress as a function of time, A7y (t) = max, 7(r = 1) —min, 7(r =
1). All the results in fig. 4.13 are obtained for = 1.5 x 1074, p = 1073, ¢ = 0.25, A = 6 and three
different Laplace numbers, i.e. La = 200, 20, and 2. For the Oldroyd-B model, the solvent-to-
total viscosity ratio pug = pr,.s/p1, = 0.5 and the Weissenberg number We = Aog/a,pr, = 100 are
used, where pg, g denotes the solvent viscosity, p, the total liquid viscosity, and A the polymeric
relaxation time. Consequently, the polymeric-to-total viscosity ratio up = pr,p/pur, =1 — ps.

For both constitutive models, an increase in the Laplace number leads to a higher peak in
shear stress level, rising from approximately max (A7) ~ 0.4 for La = 2 to max (A7) ~ 0.6 for
La = 200. As discussed by [381], the peak shear stress level at the wall shows little sensitivity
to the viscoelastic properties of the fluid. This is due to the fact that the initial peak observed
in tangential stress results from the immediate response of the fluid to bi-frontal plug growth.
Therefore, the sharp peak in the curves primarily stems from the Newtonian component of the
liquid, with extra stresses playing a minor role immediately after coalescence. Further analysis
of wall stresses for the Oldroyd-B model, including the impact of We and ug on the Newtonian
component of tangential stress, viscoelastic extra stresses, and pressure, is detailed in [381].

The viscoelasticity also affects airway closure by reducing the closure time by approximately
20%, in line with the theoretical prediction by [367]. However, the most significant role of mu-
cus’s viscoelastic properties emerges sometime after the coalescence event. Figure 4.13 illustrates
the qualitative disparity between Newtonian and viscoelastic scenarios: In a Newtonian liquid,
tangential stresses relax to around A7y, &~ 0.1 after a rapid transient caused by bi-frontal plug

growth. Conversely, when considering viscoelastic effects, the elastic response of the polymeric
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Figure 4.12: Schematic of an airway (left) and the corresponding model (right) for homogenized
viscoelastic liquid lining a rigid wall without surfactant.
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Figure 4.13: Excursion of the tangential stress distribution along the wall, A7y (t) = max, 7(r =
1) —min, 7(r = 1) for g = 1.5 x 1074, o = 1073, § = 0.25, A = 6. Three Laplace numbers are
considered: La = 200 (black), 20 (red) and 2 (blue). Two constitutive models for the liquid phase,
i.e. the Newtonian (dashed lines) and the Oldroyd-B model (solid lines, ug = 0.5 and We = 100),
are compared.

phase induces a secondary increase in wall shear stress excursion, potentially reaching the same
magnitude as the initial Newtonian peak. This distinct post-coalescence dynamics, both qualita-
tively and quantitatively, was first reported by [381] and warrants special attention.

The post-coalescence stability properties of the viscoelastic flow are evaluated by examining
the excursion of the wall extra stress, ASy. To quantify the growth rate of the elasto-inertial
instability, ASy (¢) is fitted using a local exponential function, ASy () =~ Ag+ Aj exp(§t). A least-
squares fit is performed along with a pattern recognition algorithm to identify the best match
between AS,, and the fitting function over the largest time interval with a minimum confidence
level of 90%. Three examples are presented in the right panels of fig. 4.14 for ug = 0.25, La = 200,
and We = 10 (bottom), We = 100 (middle), and We = 1000 (top). The black lines represent
the numerical simulation results of ASy,, while the thick lines depict the local exponential fit for
stable (¥ < 0, red) or unstable (¥ > 0, blue) conditions. The exponential growth rates ¥ are then
quantified and plotted against a modified elasticity number El,;, = We,/1T — ug/La. An example is
shown in the inset of the left panel of fig. 4.14 for La = 200, ug € [0.25, 0.9], and We € [5, 2000].
The neutral conditions (violet markers) Ely, , are determined by finding the zeros of §(Ely) at
constant La. The neutral stability curve is then approximated using spline interpolation of the
three neutral stability points (dashed violet line). As depicted in fig. 4.14, both inertial (La)
and elastic (Wey/T — ug) effects influence the neutral stability curve, and utilizing the modified
elasticity number El,, proves effective in characterizing the onset of the elasto-inertial instability.

It is worth noting that the flow oscillations induced by instability are observed across different
constitutive models employed for the extra-stress tensor. This is evidenced by viscoelastic models
used in studies such as [382] and [383], and further supported by simulations conducted in [381]
using the FENE-CR model proposed by [384]. Results indicate that the elasto-inertial instability
also manifests in the FENE-CR model for polymer extensibility values that are physically relevant.

Thus, it can be concluded that the instability is not an artifact of the viscoelastic model being

82



4.2. Airway closure models

103: 8 T T T L ' 8 T T T L ' g T T L l: ] 0 8
- Elin" Ous=0.25 1 :
C ﬁ ﬁ 0.06 Ia =1200 1: T OG ﬁ o “’S:OS ] ASW
i 004y I N N 04
A El, A 002} ! LR A |munstable — We = 103
10°H Voloo o~ vl mstable —|S } 0
N L PSP o e
- ~ -0.! n n n 4l <
We/T-ps [ ~< ST 113
ellps - § ~~ g Elp g 1w 04"
- X T T e e — . 3 ’
(e)
A A A I We = 10?
10" 9 £ } 0
- 8 8 8 L= 0.4
- R g 3 AS,
i 1 —0.2
A A A 1 T
100 1 1 1 1 1 111 l 1 1 1 1 1 111 l L | 1 1 1 1 1 1 3 “]le — 10 0
10° 10! 10? 10° 0 300
La t-1,

Figure 4.14: Stability diagram for the post-coalescence elasto-inertial instability. The left panel
represents the stable (red) and unstable (blue) conditions for ug = 0.25 (circles), us = 0.5
(squares) and ug = 0.9 (triangles). The violet markers denote the neutral conditions extrapolated
in terms of the modified elastic parameter El,;,. An example of such an extrapolation is reported in
the inset for La = 200. The dashed violet line denotes the neutral stability curve approximated by
spline interpolation of the three neutral stability points (violet markers). The three right panel
shows the local exponential fit ASy(t) = Ao + Ajexp(yt) for ug = 0.25, La = 200 and three
Weissenberg numbers, i.e. We = 10 (bottom), We = 100 (middle), and We = 1000 (top). The
black lines denote the extra-stress excursion and the thick lines denote the local exponential fit,
either for stable (¥ < 0, red) or unstable (¥ > 0, blue) conditions.

used. However, it is important to emphasize that when the extensibility of polymers is limited,
the elasto-inertial instability is suppressed, underscoring the significance of stretching polymeric
chains to support the elastic nature of the instability mechanism [381].

In summary, the Newtonian peak of wall stresses resulting from rapid bi-frontal plug growth
shows minimal sensitivity to the viscoelastic parameters of the Oldroyd-B model, including the
Weissenberg number We and the solvent-to-total dynamic viscosity ratio pg. This emphasizes
that bi-frontal plug growth could potentially cause severe damage to epithelial cells, irrespective
of mucus’s viscoelastic properties. Moreover, under conditions where We, La, We/La, and pup =
1 — ug are sufficiently high, the elastic instability in the viscoelastic fluid generates additional
shear stresses, further contributing to epithelial cell damage and inducing AS;, of comparable
magnitude to that observed during the Newtonian peak. Additionally, these results remain robust
concerning the airway aspect ratio. Doubling the periodic domain (A = 12) in simulations shows
no significant alteration in instability mechanisms or stress peak amplitudes. The only notable
difference is a shorter closure time and a corresponding time shift in the elasto-inertial instability

when transitioning from A =6 to A = 12.
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4.2.5 Clean single-layer elastoviscoplastic airway closure

A last variation on the simplest Newtonian model of §4.2.1 is here considered generalizing the
viscoelastic constitutive Oldroyd-B model to the elastoviscoplastic (EVP) Saramito-HB model
[385] (see schematic depicted in fig. 4.15). The additional non-dimensional groups introduced by
the EVP constitutive model are the flow coefficient n and the Bingham number Bi = 7ya, /00,
where 7, denotes the yield stress. The Weissenberg number is computed by using the polymeric
relaxation time A = puy, p/G, where the polymeric viscosity py, p is defined as puy, p = K 151", 4
is a reference strain rate, G denotes the elastic modulus, and K the consistency factor. Table 4.1
shows that healthy, asthma, COPD and CF mucus have significantly different EVP characteristics.
Elastic modulus G and yield stress 7, of COPD and CF mucus samples are almost an order of
magnitude larger than those of the healthy and asthma cases. Therefore the yielded zones for
healthy and CF mucus are compared in fig. 4.16 during an airway closure process of these cases
(see [386] for more details). The determination of unyielded regions employs a criterion based on
max [0, (|Sq| — Bi) / (up|Sq|)] < 1073, where |Sq| is the norm of the non-dimensional deviatoric
extra stress.

The comparison is conducted for § = 0.35 and La = 300, specifically chosen to induce airway
closure for CF. In cases where strong elasto-plastic characteristics hinder the growth of capillary
instability leading to airway closure, these parameters are crucial. Figure 4.16 shows how yielded
and unyielded zones evolve with airway closure. In each figure, the top half of each panel is the

healthy case, and the bottom half is the CF case. Air is located at the core of the airway (white
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Figure 4.15: Schematic of an airway (left) and the corresponding model (right) for homogenized
elastoviscoplastic liquid lining a rigid wall without surfactant.

Healthy Asthma COPD CF

G (Pa) 0094  0.105  1.155  2.109
7, (Pa) 0476  1.186  11.77  6.830
n(-) 0552 0331 0752 0513
K (Pas™) 0124  1.037  1.056 1.701

Table 4.1: The parameters of the Saramito-HB model reported in [386] and determined by per-
forming a rheological fitting procedure to the experimental measurements of [339].
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4.2. Airway closure models

in fig. 4.16), while yielded and unyielded zones in the EVP liquid layer are depicted by light-
green and light-blue colors, respectively. Snapshots are taken to show how yielded zones evolve
with the deformation of the air-liquid interface (magenta), so there are three snapshots before
and three after the closure event for comparing healthy and CF conditions. As the rheological
parameters result in twice smaller We for CF mucus than healthy mucus, the smaller We of CF
mucus explains the difference between the non-dimensional closure times At. of these cases due
to increased stiffness of the mucus as a result of viscoelastic net effects (see §4.2.4). Furthermore,
the order-of-magnitude-larger Bi of CF mucus induces smaller yielded zones, located at the bulge

tip and just behind the shoulder, since shear stresses are larger in these regions.
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Figure 4.16: Comparison of yield zones between healthy (top half of each panel) and CF (bottom
half of each panel) mucus for A = 6, § = 0.35 and La = 300. The other non-dimensional
parameters for the healthy case are n = 0.552, We = 203.8 and Bi = 3.967 x 1073, while for cystic
fibrosis they yield n = 0.513, We = 87.26 and Bi = 5.692 x 1072. Air is embedded at the core
(white) of the interface (magenta). Yielded and unyielded regions of the liquid layer represented
by light-green and light-blue, respectively. For EVP parameters of the liquid layer refer to table
4.1.

Figure 4.17 illustrates a comparison of various rheological conditions for mucus. The excur-
sion of tangential wall stress is analyzed by decomposing it into its Newtonian and extra stress
components. In cases with lower elastoviscoplastic character, such as healthy and asthma, the
contribution of extra stress to the total A7, is minimal. However, for COPD mucus, the ini-
tial peak increases by nearly 30% due to the heightened contribution of extra stress to the total
tangential stress excursion on the wall. This suggests that in highly EVP mucus, stress peaks
may not solely result from the Newtonian contribution but also from the extra stress component.
Additionally, the extra stress continues to grow as the Newtonian component relaxes post-closure.
Notably, for COPD closure, extra stress persists after closure, reaching magnitudes comparable

to the Newtonian peak. This implies that highly EVP mucus continuously damages cells on
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Chapter 4. Pulmonary Flows

the respiratory wall, in contrast to the Newtonian case where stresses relax to lower levels after
reaching their peaks. For a broader understanding of the Saramito model, [348] examined the
impact of residual stress and kinematic hardening on the closure problem. A summary of the

difference in airway closure time predicted by the two rheological models is presented in fig. 4.18.
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Figure 4.17: Evolution of wall tangential stress excursion, Ar, = max(7,) - min(7,), which
consists of Newtonian (A7) and extra-stress (AS) components, for La = 200 and § = 0.25
(top), & = 0.30 (middle), and 6 = 0.35 (bottom). Note that the non-dimensional time, ¢, is
divided by La to eliminate the effect of surface tension, o, on the time scaling for a better
interpretation of the results. Stess excursions are also multiplied by La for the same purpose.
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Figure 4.18: Closure time for the Saramito-HB model (o) and the kinematic hardening model
(e) for three Laplace numbers and three average film thicknesses. The four rheologies of mucus
corresponding to asthma (pink), CF (orange), COPD (blue), and healthy (green) conditions are
depicted.
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4.3 Summary and conclusions

The range of scales to deal with when simulating human lungs, as well as their solid and fluid
mechanics complexity, do not allow for a direct simulation of the whole respiratory tree. Not
even simulating a single bronchiole including three dimensional effects, two-layer liquid lining,
non-Newtonian rheology, surfactant, realistic wall model, and fluid structure interactions has
yet been done. In this chapter several efforts have been reported to build upon standalone
effects capable of guiding the phenomenological understanding of airway closure in distal airways,
focusing on the sole fluid mechanical aspects.

By studying a single-liquid-layer clean Newtonian model (see §4.2.1), it results that the cap-
illary instability that leads to a fluid-mechanically-driven airway closure carries two sources of
mechanical stresses on the epithelium: (i) the tangential and normal stresses produced by the
sudden topological change termed bifrontal-plug growth, and (ii) the normal stress gradients due
to the capillary wave propagation in the thin film during the post-coalescence phase.

The generalization of this model to a two-liquid lining, yet clean and Newtonian (see §4.2.2),
has demonstrated the protective effect of the serous layer by an increase of the critical film
thickness needed to induce airway closure. On the other hand, the presence of the serous layer is
also associated to a detrimental effect on the characteristic time of closure, which can speed up
the airway occlusion event up of a factor six due to an enhanced drainage of the thin mucus film.

Upon the introduction of surfactant (see §4.2.3), we showed that the Newtonian dynamics
does not undergo remarkable qualitative changes. A small surfactant concentration can however
significantly postpone the closure and reduce the wall stresses, hence the damage of the epithelium.
On the other hand, whenever non-Newtonian effects are considered (see §4.2.4), a secondary
instability of elasto-inertial nature is robustly predicted by multiple viscoelastic models. This can
induce a significant source of post-coalescence stresses on the airway walls. Such an instability
seems confirmed by extending the rheological model to elastoviscoplastic fluids (see §4.2.5, [386,
348]), however the viscoplastic character of mucus tends to further postpone or even to tame
down the secondary instability in some cases.

Our same conceptual approach that wants to build a core understanding by investigating
standalone effects in airway closure and reopening has been followed by several authors in the lit-
erature. Some of them focused on the fluid-structure interaction that leads to an elasto-capillary
closure [368] in which the complex wall dynamics may play a significant role [67]. Others focused
either on the effect of surfactant [387, 388, 389], or on the sole viscoelasticy [390, 367] or vis-
coplasticity [391, 392, 393] of mucus, or even on the effect of the metachronal waves on the mucus
transport [394, 395]. Most of such investigations are carried out numerically or by employing thin
film approximations that have been proven successful to predict the Plateau—Rayleigh instability
for § = O(0.1). As reported in the literature for viscoplastic mucus properties in the presence of
surfactant [396], and for the interaction of flow on a viscoelastic/Newtonian mucus/serous bi-layer
model [397], non-linear interactions can trigger unexpected phenomena, which leads to conclude

that the standalone approach requires robustness tests to the inherent superposition assumption.
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Chapter

Research Vision

Summary

Five avenues for future research in multiscale flows with well-separated length scales
are discussed, ranging from (i) active to (ii) passive flow control, (iii) cavitation near
a solid boundary, (iv) small particles in elastic turbulence and (v) multiphysics res-
piratory flows. The corresponding research vision is shaped by combining theory,
numerical simulations, machine-learning, reduced-order models and scale-matching
approaches. Finally, a brief conclusion is aimed at summarizing the achievements,
perspectives and limits of the approach proposed in this manuscript for dealing with
flows characterized by well-separated length scales.
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5.1. Introduction

5.1 Introduction

Multiscale systems with two or more well-separated length scales can lead to striking phenomena,
as demonstrated for the illustrative examples of (i) particle-laden flows at small and moderate
Reynolds numbers in §2, (ii) instabilities and control in turbomachinery in §3, and (iii) airway
closure in human lungs in §4. Identifying leading-order effects and achieving a corresponding
matching between the length scales that dominate the considered phenomenon is an essential
part of the understanding of such systems and can further lead to the determination of an ap-
proximation capable of predicting the critical features of the dynamics within a satisfactory degree
of accuracy.

Except for a few cases, some of which already discussed in this manuscript, modeling the
multiscale systems of interest in this work cannot always be achieved employing solely theoretical
approaches such as asymptotic expansions. A sophisticated combination of asymptotic theory,
numerical simulations, heuristic modeling, and machine learning is therefore at the core of the
research vision presented in chapter. Five research problems will be discussed, in which most if
not all of the aforementioned methods of investigations will be put in place to tackle the challenges
due to well-separated length scales.

The rationale followed to combine theoretical, numerical, model reduction and machine learn-

ing approaches is as follows:

o Numerical simulations of a part of the system or a limited range of scales provides the main
prediction tool where asymptotics, machine learning, and reduced-order modeling shall be

embedded.

o Asymptotic theory forms the basis for understanding system behavior as length scales (and
control parameters, in general) approach extremes. The emphasis is on extracting leading-
order effects at different scales to reveal essential information governing large-scale dynam-

ics. Alternatively, asymptotic-inspired heuristic models are proposed.

o To bridge scale gaps and enhance asymptotic/heuristic models accuracy, machine learning
algorithms are employed. These algorithms will be used to learn relationships between
variables at different scales, ensuring compatibility between asymptotic/heuristic approxi-

mations and facilitating scale matching consistency.

¢ Considering computational complexity, ad-hoc reduced order modeling is introduced to sim-
plify representations. This involves leveraging insights by asymptotic theory and feeding the
corresponding asymptotic physics into machine learning tools to create accurate reduced-
order models, significantly limiting the computational demand. Moreover, experimental

measurements can be used to further supply data to the machine learning algorithms.

In the following sections we will discuss how this strategy will shape the research vision for dealing
with a handful of research topics, i.e.: (i) active control in axial compressors in §5.2, (ii) mixing
and passive flow control by weakly-porous grids in §5.3, (iii) bubble cavitation near a wall in §5.4,
(iv) finite-size coherent structures in elastic turbulence in §5.5, and (v) multiphysics in pulmonary

flows in §5.6.
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5.2 Stability onset and active control in axial compressors

Despite the effectiveness of air jets for active flow control, devising efficient and tailored control
strategies remains a challenge. A significant factor contributing to this challenge is the absence
of efficient and precise predictive models for control design. To address this limitation, a common
approach is to employ surrogate models. These models, constructed from data, can effectively ap-
proximate the relationship between input parameters and the output of a given process. Examples
of surrogate models encompass the response surface methodology [398], Kriging (also referred to
as Gaussian process regression [399]), and artificial neural networks [400]. Leveraging such surro-
gate models enables the handling of local optimization using gradient-based techniques or global
optimization employing methods such as the Nelder-Mead’s simplex method [401] or genetic al-
gorithms [402]. Within turbomachinery, surrogate models find applications in various domains
including aerodynamic design optimization [400], flow modeling [403], performance predictions
[404], and flow control strategies [405], among others [406].

In the domain of flow control, data-driven techniques have gained increasing attention [407,
408]. Two prominent avenues include evolutionary algorithms [402, 409, 410, 411] and deep
reinforcement learning (DRL) [412, 413, 414, 415, 416]. Deep reinforcement learning relies on
deep neural networks to approximate the optimal state-action combination through repeated
interactions with the experimental or numerical environment. Conversely, genetic algorithms
draw inspiration from natural selection and genetic principles to iteratively evolve a population
of potential control strategies. Experimental applications of evolutionary algorithms include
optimizing the control parameters of dielectric barrier discharge actuators for managing flow
separation downstream of a backward-facing step [417]. Similarly, genetic algorithms have been
integrated with artificial neural networks to optimize parameters of suction/blowing strategies
for controlling separation over the SD7003 airfoil [418]. For a comprehensive overview, interested
readers can refer to [408, 419] or the comprehensive book on machine learning control [420)].

In a recent study, [421] successfully trained a shallow neural network to capture the relation-
ship between the control parameters of the compressor and the active control system in CME2
(see §3.3.3) and two performance indices that characterize the effectiveness of the control strategy
in terms of the margins in the flow rate and the total pressure ratio between the nominal and the

critical operating points. The first performance index is the power balance (PB):

(@sp + Qinj) X prtc  @sb X Prab " 100

PB = ,
Pc Pb Poom

(5.1)

where Qs and Qi are the flow rate in the baseline configuration and the flow rate injected by

the actuators, respectively, pit, and piy . are the total-to-total pressure raise in the baseline and

controlled configurations, respectively, p, and p. are the fluid density in the two configurations,

and Ppon is the nominal power of the compressor. The second performance index is the surge

margin improvement (SMI) defined as follows:

SM, — SMj,
SMy,

where SM; and SM,. are the surge margins of baseline and controlled configurations, respectively:

SMI = x 100, (5.2)
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The control parameters include the rotational velocity and three air jets related parameters: the
absolute injection angle, the number of injectors pairs, and the absolute injection velocity (see
top-right panel of fig. 5.1). Moreover, they employed a genetic algorithm to solve the optimization
problem for actual controlling configurations, retrieving the pareto curve for three rotation rates
of the CME2 compressor, i.e. 2 = 3200 rpm, 4500 rpm and 6000 rpm (see fig. 5.1).

Future researches will focus on generalizing such an approach to other axial compressors,
such as the Larzac engine [316] in order to test its applicability for transonic compressors. This
ongoing research is in continuation with the scope of the ACONIT project [422], for which corre-
sponding data are already available. The current surrogate model, however, does not provide an
interpretable framework for understanding the physical limits and potentials of optimal control
configurations. Making use of asymptotic approaches will therefore help identifying the mecha-
nisms responsible for the stall inception and the predicted optima. In particular, as recent studies
pointed out [323], active flow control has a drastic impact on the performance curve when the
tip gap AR is comparable to the thickness of the controlling jet d;, whereas it is of more limited
use if AR is significantly smaller than d;. This suggests that two dedicated asymptotic analyses
can elucidate on the stall prediction and the corresponding optimal control for AR/§; = O(1)
and AR/d; = O(e) for various regimes of applications in terms of compressibility effects, e.g.
for Ma < 0.3 and Ma ~ 0.8. Clearly, such considerations must rely on an advancement of the

understanding of the spike- and modal-type instability mechanisms.
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Figure 5.1: Neural network bi-objective optimization of the flow control for the axial compressor
CME2 operating at Arts et Métiers, Lille. The inputs to the neural network are denoted in
green, while the outputs are listed in blue. Two neural networks are used, one for PB and
the other for SMI. The bi-objective optimization is carried out for the following cost function

f=aPB+ (a—1) SMI, where a € [0, 1] is a weighting parameter (see [421] for details).
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5.3 Weakly-porous grids for mixing and passive flow control

Grids and screens are normally designed for two distinct targets: (i) enhancing mixing by increas-
ing the production of stirring downstream of the grid or the screen and (ii) controlling the flow
by a pressure drop distortion of arbitrary complexity [423]. The former is usually achieved by
employing uniform or fractal grids with high porosities that only marginally affect the pressure
drop, while the latter involves complicated pressure patterns generated by very low porosities
P, < 0.3 (void-to-whole-volume ratio of the porous domain). We aim to bridge the gap between
the two regimes by investigating weakly-porous grids and their potentials to passively control the
flow and enhance chaotic mixing not necessarily involving turbulence.

Several modelling approaches have been proposed for estimating the loss coefficient of uniform
grids, i.e. the pressure difference normalized with the dynamic pressure pU?2/2. A first compre-
hensive review of loss coefficients for wire gauze is reported in [424], who models the screen as
an isentropic contraction followed by a sudden enlargement of the streamtube resulting in the
loss coefficient Ka, = (1 — ®,) 2. A similar result has been previously obtained by [425], who
models the wire gauze as an ensemble of isolated cylinders placed across the flow, which results in
a loss coefficient K, = ®4(1 —®,) 2. This latter form, with the introduction of an experimental
correction factor, is also reported in [426], while a Reynolds number correction was proposed by
[427], Kap = aa, + Ba,(PgRe) ™. The first term accounts for the pressure drop due to inertial
forces (Forchheimer term) and it dominates for Re 2 2000, while the second term considers the
losses due to shear forces (Darcy term) and it dominates for Re < 200 [428]. Such relations have
been confirmed for square mesh grids or flow normal to a bank of cylindrical tubes, and cor-
responding generalization to non-uniform grids have been proposed. Further generalizations to
include effects of the grid thickness and complex holes patterns for perforated plates are reported
in [429, 427, 430].

Despite the experimental confirmations, such models suffer of serious limitations due to the
several assumptions that reduce their applicability and the accuracy of their prediction [431, 310].
Such models hold true if the curvature of the grid-deflected streamlines is small, hence they do
not apply to recirculating flows and weakly-porous grids. In terms of K, these models are valid
for small loss coefficients. Moreover, they neglect the interaction of turbulent fluctuations and
mean flow, as well as the transfer of energy from the mean flow to the fluctuating part of the
flow. Moreover, they also neglect the turbulent diffusion in the mixing layer between differently
distorted regions generally inducing different turbulence intensities. Finally, they assume that
the grid spans over the whole cross section, hence sectorial grids cannot be tackled with such
theoretical approaches. This latter limitation is partially overcome by the modelling approach
proposed by [432] and extended by [433], who represents the grid as a source density distribution,
or by the approach of [434], who computes the mass and momentum balance for each streamtube
flowing through a grid pore enforcing conservation of mass and momentum upstream of the grid.
Still, such theoretical models (see [435] for a review of classic approach) cannot accurately tackle
small porosities &, < 0.3 [436].

To fill the gap present in the current modeling, we will consider laminar and transitional flows
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5.3. Weakly-porous grids for mixing and passive flow control

strongly perturbed by the presence of a weakly-porous rigid grid. A variety of scales is involved
in such flows, ranging from the largest convective scales of the incoming flow down to the small
grid-pore-diameters scale. Our future researches will develop a first-principle approach to deal
with weakly-porous grids by exploiting the separation of scales between the large-scale flow far
from the grid and the small-scale flow at the grid’s pores’ scale. A novel scale-matching approach
will be derived by making use of theoretical analysis, numerical simulations, and recent machine
learning advancements following the conceptual scheme reported in fig. 5.2.

Such a multi-scale matching algorithm will be derived within the framework of the ANR-
JCJC project MultiMatchGrid in order to model and carry out predictive simulations of grid
flows. The long-term goal of such an approach is improving the robustness and security of grid-
based flow controls and avoiding undesired flow instabilities. The resulting methodology will
be spendable by the industry for designing grid-based passive control systems that will allow
an efficient and robust design of potentially ground-breaking mixing enhancers. Other potential
extensions include turbulence control in pipes and inflow control for turbomachinery. Future
generalizations may include the extension of our methodology to deformable and moving grids,

with potential applications to typical textile design problems and complex membrane dynamics.
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Figure 5.2: Schematic of the first-principle approach to deal with weakly-porous grids by exploit-
ing the separation of scales between the large-scale flow far from the grid and the small-scale flow
at the grid’s pores’ scale. The conceptual workflow of such scale-matching approach makes use of
parametric near-grid simulations (top-left figure, small-scale flow, orange) employed as database
to train a reduced-order model (neural network). The large-scale flow (bottom-left figure, vio-
let) is computed by replacing the grid with a porous medium, in order to take into account the
leading-order resistance of the grid for the flow far from the grid. The matching of the two well-
separated scales of the flow (bottom-right figure) will be carried out by employing the large-scale
flow as input (violet) to the machine learning model trained on the pores’ scale flow to correct for
near-grid leading-order effects (orange). This is expected to provide a leading-order correction of
the flow downstream of the grid (orange plus violet).
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5.4 Cavitation near a wall

Cavitation is among the most studied phenomena in classic and modern fluid mechanics. It
strongly affects the performance of engineering designs such as hydraulic turbomachineries and
pumps [437], is used in numerous biomedical applications [438], and it encompasses a complex
physics that is fundamentally investigated by studying the behaviour of a cavitating bubble near
a wall. In general, the study of collapsing bubbles near a wall is of great interest for industrial
applications. In fact, cavitating bubbles occur in diesel injection nozzles [439] and high speed
flows past hydrofoils [440], just to mention a few fields of application.

Several theoretical approaches have been proposed in the literature to tackle this problem,
based on the different regimes involved in the bubble collapse. Classic approaches make use of
asymptotic expansions carried out on interfacial flows. They do not include the full range of
scales, but rather rely on asymptotic limits of the Navier—Stokes equations, complemented, where
necessary, by moving contact line models or simplified boundary conditions for the fluid slipping
along the wall [441, 442 48]. By means of leading-order analyses, successive-order corrections
and asymptotic matching, their ultimate goal is an analytic solution which could describe the
flow field in closed form, valid within the asymptotic limit of the small parameters tending to
zero [37]. It is not always possible to find a closed-form solution to the asymptotic problem,
however, asymptotic analyses that manage to characterize the correct scaling of various non-
dimensional groups involved in the problem (Reynolds, Prandtl, Bond number, etc.) provide a
great contributions to the understanding of the physics, as well as a reduced-order differential
problem which can then be more easily tackled by numerical simulations [45, 443].

Rather than solving the asymptotic problems, most of the numerical investigations focus on
the discretization of the Navier—Stokes system. The majority of them maintains the assumption of
moving contact line models or relies on simplified slip conditions tuned to experimental measure-
ments [444]. This approach has the advantage of not being limited to considering asymptotically
small parameters, and can enter in regimes in which several different effects are of comparable
importance. Phenomena including the whole complexity of the continuum scales can be stud-
ied by numerical simulations which employ the Navier—Stokes system. Numerical techniques
such as adaptive time-stepping and numerical mesh refining [445], multigrid methods [446] and
chimera meshes [447] lead to expensive simulations that are incompatible with the detailed flow
characterization pursued for large parametric spaces.

In our on-going researches, two types of scales are currently considered for the cavitation
problem of a simple bubble near a wall, and each of them is tackled, at best, by one of the two

approaches presented below:
e the large-scale flow that involves the whole bubble dynamics far from the wall should be

solved numerically by discretizing the Navier—Stokes system or characterized experimentally
(see two leftmost panels of fig. 5.3);

o the small-scale flow that tackles the near-wall region can enjoy the simplification provided
by asymptotic expansions that analytically solve or at least reduce the Navier—Stokes system
to a simplified set of leading-order equations (thin film approximation, see right panel of
fig. 5.3).
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5.4. Cavitation near a wall

It is therefore natural to exploit both these approaches and match them across the boundaries
between large and small scales (see dashed box in fig. 5.3). Fundamental reference small-scale
problems will thereafter be solved numerically or analytically. The study of the matching regimes
of our flows is a major focus of our future researches, where scaling arguments will provide the
theoretical justification to simplify the flow whenever some or all the required non-dimensional
parameters (Ma, Re, H/R, ...) are small enough. For instance, if we focus on a subdomain very
close to a wall, the characteristic length scale H of such subdomain is given by the distance from
the wall at which the matching condition is applied. Hence, close enough to the wall, i.e. for
H < R, diffusive effects dominate. If also the reference velocity given by the matching conditions
is low due to the presence of the wall, i.e. Ma < 1, also the compressibility of the flow can
be neglected. This is just one of the possible scenarios considered in such a matching problem,
which will then benefit of analytic solutions and asymptotic models defined in such small-scale
subdomains.

Further research will focus on a thorough characterization of the kinematic template of the
flow [448] for the collapsing bubble problem. Most of the in-depth analysis carried out so far
about bubbles collapsing near a wall is provided in the Eulerian reference frame [449]. Major
attention is paid to the measurement of pressure and temperature inside the bubble [450, 451],
and relatively little attention is paid on the effect of mixing and material transport. It is how-
ever clear that the convective transport of small particles, eventually resulting from cavitation
erosion, is best understood by characterizing the kinematic template of the flow. Owing to the
compressible mass conservation equation, sinks and sources play a major role in the flow topol-
ogy, however, whenever the phase transition is considered, also incompressible flows can admit
them. Moreover the interaction of transport barriers with the shock waves which can occur inside
the cavitating bubble is still a largely unexplored field despite its important implications on the

cavitation erosion.

Figure 5.3: Experimental visualization of a cavitation bubble near a wall (left). The interface is
fitted with the axisymmetric function (2 — a1)? x (1 + a2/2%) +r2 — a3 = 0, where z and r are
the axial and radial coordinates, while a; for ¢ = 1, 2, 3, 4 are fitting coefficients. The problem
is schematically reproduced (middle), where two well-separated length scales are identified, i.e.
the characteristic radius of the bubble R and the lubrication gap H between the bubble interface
and the wall. A blow up of the problem near the wall is depicted in the inset on the right.

95



Chapter 5. Research Vision

5.5 Finite-Size Coherent Structures in elastic turbulence

The mechanism at the core of elastic turbulence (ET) relies on the occurrence of elastic insta-
bilities caused by the interplay between the elastic properties of the suspension, its macroscopic
viscosity, and the bulk force due to pressure gradients. Such instabilities are controlled by the
Weissenberg number We = |¥|A, which is the product of a characteristic rate of deformation in
the flow |¥| and the largest polymer relaxation time A. In curvilinear shear flow, such as Couette
flow between rotating cylinders, normal stress difference creates a volume force acting on the fluid
in the direction of the radius of curvature, known as hoop stress, which is responsible for elastic
instability. The idea that an elastic instability could occur in Couette flow was first proposed by
[452] and later confirmed through experimentation by [453]. This instability has also been studied
extensively in other curvilinear geometries, as the streamline curvature is a required feature to
initiate the hoop stress positive-feedback loop.

The study of ET characterized by irregular flow patterns at Weissenberg numbers largely
above the threshold for purely elastic instability, was conducted in various flow geometries such as
Taylor—Couette flow between cylinders, swirling flow between two disks, and flow in a curvilinear
channel. It was observed that in dilute polymer solutions, at We > 1 and Re < 1, a chaotic flow
similar to inertial turbulence could be excited. This was first observed in both Taylor-Couette and
von Karman swirling flows [454] and was characterized by an increase in flow resistance, algebraic
decay of velocity power spectra across a wide range of scales, and more efficient mixing than in
regular (laminar) flow. These properties are similar to those of inertial turbulence, and have been
observed at polymer concentrations as low as 7 ppm [454], i.e. in very dilute solutions. Note,
however, that the elastic energy is proportional to the polymer concentration, so it is expected
that ET cannot be generated at concentrations below a certain threshold.

While elastic turbulence shares similarities with inertial turbulence, the physical mechanisms
behind the two types of chaotic motion are inherently different. Unlike inertial turbulence at
high Reynolds numbers, which is caused by large Reynolds stresses, elastic stress, S, is the
primary source of non-linearity and the cause of elastic turbulence in low-Reynolds-number flows
of polymer solutions. An early key experimental observation in the study of ET is the power-
law decay of velocity power spectra E in a large majority of flow geometries, with an exponent
agr < —3 (typically agr € [-3.6, —3.3]). The sharp decay of the velocity spectrum means that
ET is a spatially smooth, temporally random flow, dominated by strong nonlinear interactions
among a few large-scale modes. This type of random flow is also present in inertial turbulence
below the dissipation scale and is referred to as the Batchelor flow regime.

Theoretical studies were prompted by the early experimental results of ET. The onset of this
phenomenon at the molecular level is attributed to a coil-stretch transition in the presence of a
fluctuating velocity field when We > 1. The idea that polymers stretch in a random flow was
first suggested by [455, 456] in relation to turbulent drag reduction in inertial turbulence. Theory
predicts that at We > 1, there is a significant change in the statistics of polymer stretching,
with most molecules becoming strongly stretched up to their full length. This prediction has

been recently experimentally verified [457] and has significant implications at macroscopic scale
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5.5. Finite-Size Coherent Structures in elastic turbulence

because it leads the coil-stretch transition to produce a non-Newtonian response of the polymer
solution. Theoretical arguments, in homogeneous isotropic conditions, also suggest steep spectra
of exponent larger than 3 in absolute value [458].

Numerical simulations of viscoelastic flow at high Weissenberg numbers have been challenging
for decades, due to the difficulty to control numerical instabilities arising at large elasticity values.
However, the introduction of the log-conformation transformation by [459] revealed successful to
circumvent the numerical blowup in such a parameter range. The implementation of this approach
under OpenFOAM by [460] has been used to obtain our preliminary results in the Taylor—Couette
setup (see fig. 5.4) that align with previous experimental and numerical [461] results. Specifically,
it is observed a seemingly random fluctuating flow field, as well as an algebraic decay in the
spectra of velocity fluctuations with a power law characterized by agr ~ —3 (see fig. 5.4(b)).
Further work is needed to validate the simulation results, including systematic comparison with
experiments, implementation and testing of a passive tracer solver, and studying the dynamics
of stirring and mixing. Owing to the chaotic character of the flow, this system represents an
excellent candidate to study Finite-Size Coherent Structures for small particles that could be led
to accumulate by the kinetic energy dissipation provided by the interaction of the particles either
with the outer or with the inner cylinder.

The viscoelastic Taylor—Couette flow could represent an efficient particle sorting set-up at
microscale. Moreover, owing to the small stresses and slow velocities, the same set-up could be

used for mixing and potentially sorting swimmers without the risk of damaging their biological

structure.
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Figure 5.4: (a) Preliminary numerical results for the radial velocity field, representative of the
secondary flow, at a 8 evenly spaced times in a 2D micron-scale Taylor—Couette geometry for
I'=Riy/R=1/4, Re = QR?/v =10~* and We/(1 —T') = AQ = 25, where R;, and R denote the
inner and outer radii, respectively, (2 is the rotation rate of the outer cylinder (the inner one is
kept at rest), and A is the polymeric relaxation time. (b) Spatial power spectra E of the secondary
flow in radial direction at different radial positions presented with an arbitrarily offset to ease
their reading. The spectra show the ET features identified near the inner cylinder with a clear
exponent agt ~ —3. Similar results are obtained upon a variation of We/(1 —T') € [12.5, 100].
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5.6 Multiphysics in pulmonary flows

According to the pre-pandemic studies conducted by the Organization for Economic Cooperation
and Development (OECD) all over Europe, North and Central America, and in a few South-
American and Asian countries, the 8% of preventable causes of mortality for premature deaths in
2019 is due to the respiratory system [462]. The same holds true for the 9% of treatable causes
of mortality for premature deaths in 2019 [462]. Respectively, this means that: (a) an accurate
diagnosis of respiratory diseases could have prevented = 152k people to end up in intensive care
or even to die before it, and (b) a correct treatment of the hospitalized patients could have saved
~ 99k lives in OECD countries during 2019. This proves that even the most advanced medical
diagnoses and treatments have significant room for improvement. On top of such statistics, the
recent years further worsened the impact of pulmonary-induced deceases especially due to the
COVID-19 pandemics.

Recent numerical tools to assist pulmonologists implement machine learning for tomographic
image recognition in lungs [463, 464]. Their diagnostic capabilities are limited by the resolution
of the images (~ 2 mm? [465]), hence they are accurate up to the first seven airway generations
and successful at classifying diseases only when they are already apparent. Other computational
approaches use simulations capable of tackling the complex geometry of patient-specific lungs,
simplifying, however, the distal airways and/or alveoli by means of 0D/1D models [466, 346]
and neglecting the complex rheology of the airway surface liquid (ASL, mucus and serous fluid
coating the airways). As a major drawback, these models cannot accurately predict the occlusion
of airways, frequently occurring under pathological conditions.

In future researches, we will rather propose to overcome both such limitations by employing a
first-principle approach capable of tackling resolutions down to 0.1um scale, and accurately em-
bedding the complex multiphysics of the lungs. As reported in §4, the successful implementation
of such first-principle models helped simulating the whole topological change of the air-mucus
interface leading to airway closure/reopening of distal airways including surfactant [379, 366],
non-Newtonian [381] and three-phase effects [376]. These first-principle models could predict
the inflammatory state of airway epithelium, as well as indicators of edema in the interstitium
(=~ 1 pm in thickness) between an alveolus and a capillary (see fig. 5.5, [467]). The main drawback

of first-principle simulations is however their computational cost.
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Figure 5.5: Two-dimensional model of a septal tract with capillary, interstitium, and alveolar
compartments (left), and schematics of a spherical alveolus (right). For the definition of the
parameters indicated in the schematics we refer to [467].
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This is further complexified by the fact that the total number of generations in the human
lungs of an adult is 24, starting from the trachea (=~ 1.5 cm) down to the alveolar sacs (~ 200 pm).
Morphometrical studies in healthy lungs report that there are about 8 x 10° airways [468] and
about 5 x 10® alveoli [469]. The corresponding range of scales makes each direct first-principle
numerical simulation of the whole lungs network far from being feasible. So far, simplified network
simulations [470] and 3D+0D/1D coupling strategies of distal airways [466, 346] have been used
to account for Newtonian fluid dynamic resistance, lung compliance and liquid coating. None
of the existing network models includes an adequate representation of the multiphysics, which
precludes from accurately accounting for the frequent instabilities induced by lung diseases.

In future works we will match the local dynamics of airways/alveoli simulated by first-principle
physics with the global dynamics of the lung network simulated by one-dimensional network mod-
els. We therefore aim to reliably solve the multiphysics of the local flow over the physiologically-
relevant parameter space for healthy and pathological conditions, accounting for: (i) the complex
rheology of mucus [471, 348], (ii) the active effect of helical fibres and collagen in the lung walls
[340, 472], (iii) the effect of cilia beating [394, 473], and (iv) soluto-capillary effects due to the
surfactant naturally produced by the lungs [396, 379]. Special attention will be paid to reliably
predict the formation and rupture of mucus plugs in distal airways, the wall stress for airways
and alveoli, and the impact of mucus rheology on lung pathologies.

We expect that the approach proposed in §5.1 and here specialized for respiratory fluid dynam-
ics will be capable of tackling currently inaccessible scales (down to 0.1 um, excellent candidate
for thin-film theory [467]) and instability phenomena which are essential for predicting the de-
velopment of respiratory diseases in human lungs. Our ultimate goal will be forecasting: (i) the
blockage of gas exchange at distal airways, (ii) the collapse of the alveoli, (iii) relevant medical
indicators pointing to epithelium inflammation along the airway /alveolar walls, and (iv) risks of

edema in the interstitium between an alveolus and a surrounding capillary.
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Figure 5.6: Schematic of the first-principle approach to deal with the lung network by combining
a 0D/1D network approach (middle) with multiphysics first-principle simulations of single distal
airways (right). The conceptual workflow of such scale-matching approach makes use of para-
metric 2D/3D simulations in the bronchioles that will be used to train a reduced-order model
(magenta box). The flow conditions computed by the network solver for each distal airway will
provide the local input parameters to the reduced-order model in order to predict the bronchiole
dynamics. This is expected to provide a leading-order approximation that could be adapted to
tackle patient-specific lung networks (left [465] )99
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5.7 Conclusions

A conceptually consistent approach to a variety of problems has been demonstrated effective
throughout this manuscript and will be further pursued for future researches. The limit of such
an approach is that it cannot apply whenever a continuous spectrum of scales is phenomenolog-
ically important for the system dynamics. For instance, whenever turbulence is considered, the
energy cascade relies on a continuous transfer of kinetic energy among contiguous scales down to
dissipation at Kolmogorov scale. Evidently, we cannot apply the approach pursued in this work
for most of the turbulent flows as they cannot be reduced to the interaction of a few and even
well-separated scales.

On the other hand, whenever the system dynamics is sensitive to small localized areas, such as
unpenetrable boundaries (see §2), small gaps (see §3), or coating regions (see §4), a separation of
scales is expected and remarkably intriguing phenomena may be observed owing to the interplay
between small and large scales of the flow. We stress that the relevance of such systems is
predominant in entire fluid mechanics domains such as microfluidics, interfacial flows at moderate
and small Reynolds numbers, and biological applications. Moreover, as demonstrated under
multiple circumstances, such systems with well-separated length scales are excellent candidates

for flow control, as a localized minimal effort can produce remarkable flow modifications.
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Summary of Research Contribution

Owing to the variety of topics dealt with in this manuscript, and for the seek of presenting and
discussing them within their large context, the contribution of the author may not have clearly
emerged. Hereinafter, we summarize the role of the author’s research for the presented results.

Starting from §2, the author has delved into the characterization of all the FSCS discussed
in details, contributing to the theoretical conceptualization of the phenomenon, its numerical
simulation and the corresponding mathematical modeling. The presented experimental valida-
tions have been obtained either in collaboration with the teams of H. C. Kuhlmann (TU Wien)
and I. Ueno (Tokyo University of Science), or independently by the latter. All the results con-
cerning the kinematic template of the flows constitute an original contribution of the author’s
research, while among the stability analyses presented in §2.3, he contributed to the ones about
the thermocapillary liquid bridge.

All the results about the instability in the vaneless diffuser discussed in details in §3 emerged
from an internal collaboration at Arts et Métiers within the framework of the PhD thesis of
M. Fan, co-supervised together with A. Dazin. Most of the concepts concerning the stall in
axial compressors are a review of the scientific literature that serves to establish the context
for discussing the research activity on the CME2 compressor operated at Arts et Métiers, Lille.
The experimental measurements presented in §3.3, as well as the performance curves have been
obtained within the framework of the PhD theses of A. Baretter and C. Rannou, with whom the
author collaborates to shed light on the physical mechanisms and reduced-order modeling of stall
inception, as well as its transition from spike-type to modal-type stall.

The airway closure models presented in §4 constitute a core activity of the author’s research
that emerged as a collaboration with J. B. Grotberg (University of Michigan) and M. Muragoglu
(Kog University). All the discussed results have been obtained as original contributions either
due to the author’s simulations, or to the simulations by O. Erken and B. Fazla, whom the author
contributed to supervise in collaboration with M. Muragoglu (Kog University) and D. Izbassarov
(Finnish Meteorological Institute).

Finally, the future research projects sketched in §5 result either from an original conceptual-
ization of the author (see §5.3 and §5.6) or from the collaborations between the author and: (i)
the team at Arts et Métiers (A. Dazin, P. Joseph, and J. C. Loiseau, see §5.2), (ii) O. Coutier-
Delgosha at VirginiaTech (see §5.4), (iii) S. Berti and E. Calzavarini at University of Lille, T.
Burghelea at University of Nantes, and V. Bertola at University of Liverpool (see §5.5).
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March 2020 — to date (40 teaching hours in total)

Associate Professor, Dept. Fluid Mechanics and Energetics
CFD applied to Turbomachinery (1st year Master)

Centrale Lille, Lille Fluid Mechanics Laboratory, Lille (France)

September 2020 — to date (48 teaching hours in total)

Associate Professor, Dept. Fluid Mechanics and Energetics

CFD applied to Fluid Mechanics (2nd year Master)

University of Lille, Lille Fluid Mechanics Laboratory, Lille (France)

September 2020 — to date (21 teaching hours in total)

Associate Professor, Dept. Fluid Mechanics and Energetics
Intermediate Energetics and Heat Transfer (3rd year Bachelor)
Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)

September 2020 — to date (92 teaching hours in total)

Associate Professor, Dept. Fluid Mechanics and Energetics
Intermediate Fluid Mechanics (3rd year Bachelor)

Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)

September 2020 — to date (96 teaching hours in total)

Associate Professor, Dept. Fluid Mechanics and Energetics

Design of Aeronautical Structures: CFD of an Airplane Wing (3rd year Bachelor)
Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)

September 2019 — to date (156 teaching hours in total)
Associate Professor, Dept. Fluid Mechanics and Energetics
Finite Element Methods in Solid Mechanics (3rd year Bachelor)
Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)

September 2019 — to date (116 teaching hours in total)
Associate Professor, Dept. Fluid Mechanics and Energetics
Heat Transfer and Thermal Science (3rd year Bachelor)

Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)
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Period
Position
Course Title
Affiliation

Period
Position
Course Title
Affiliation

Mentoring

September 2019 — to date (200 teaching hours in total)
Associate Professor, Dept. Fluid Mechanics and Energetics
Advanced Energetics and Turbomachinery (1st year Master)
Arts et Métiers, Lille Fluid Mechanics Laboratory, Lille (France)

October 2012 — January 2018 (176 teaching hours in total)

University Assistant, Inst. Fluid Mechanics and Heat Transfer

Numerical Methods in Fluid Dynamics (1st year Master)

TU Wien, Institute of Fluid Mechanics and Heat Transfer, Vienna (Austria)

Mentoring summary

Internships Exchange programs Bachelor’s theses Master’s theses
Total 17 2 2 21
at national scale 15 - 1 4
at international scale 2 2 1 17

Internships

Student
Period
Project
Affiliation

Student
Period
Project
Affiliation

Student
Period
Project
Affiliation

Student
Period

Project
Affiliation

Shaimaa Hefny (2nd year Master’s student)
3-months internship, summer semester 2016
Heat transfer for thermocapillary liquid bridges
TU Wien, Vienna (Austria)

Alexandria University (Egypt)

Tugge Tiirkbay (1st year Master’s student)
3-months internship, summer semester 2016
Lagrangian topology in lid-driven cavities
TU Wien, Vienna (Austria)

Cukurova University (Turkey)

Joseph Cavataio (2nd year Bachelor’s student)
3-months internship, summer semester 2018
Airway closure in human lungs

University of Michigan (USA)

Samantha Rondeau (2nd year Bachelor’s student)
3-months internship, summer semester 2018
Airway closure in human lungs

University of Michigan (USA)
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Student Pavithra Kalarani (1st year Master’s student)
Period 2-months internship, summer semester 2020
Project Deep learning approach applied to axial compressors
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Sufyan Shafi (1st year Master’s student)
Period 2-months internship, summer semester 2020
Project Projection of divergence-free flows
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Tarkash Siddique Munawar (1st year Master’s student)
Period 2-months internship, summer semester 2020
Project Stability analysis of a model for axial compressors
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Murukesh Muralidhar (1st year Master’s student)
Period 2-months internship, summer semester 2021
Project Experimental characterization of water droplet impinging on a wall
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Venkata Hari Charan Mulakaloori (1st year Master’s student)
Period 2-months internship, summer semester 2021
Project Linear stability analysis of an annular gap between rotor and carter
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Megan Dlima (1st year Master’s student)
Period 2-months internship, summer semester 2021
Project Turbulent flow through a grid in a pipe using OpenFOAM
Affiliation Arts et Métiers, Lille (France)
Ecole Centrale de Lille, Lille (France)

Student Francois Dottori (1st year Master’s student)
Period 3-months, starting during summer semester 2021
Project Study of non-Newtonian tubular exchanger-reactors
Affiliation Arts et Métiers, Lille (France)

Ecole des Mines de Douai, Douai (France)
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Student Zhongxuan Huo (1st year Master’s student)
Period 6-months, starting during summer semester 2022
Project Elastic turbulence in the curvilinear geometry
Affiliation Arts et Métiers, Lille (France)
Polytech Lille, Lille (France)

Student Aaron Gregorio Coutinho (1st year Master’s student)
Period 6-months, starting during summer semester 2023
Project Simulation of interacting Coanda-effect actuators for active flow control
Affiliation Arts et Métiers, Lille (France)

Student Parth Patel (1st year Master’s student)
Period 5-months, starting during summer semester 2024
Project Elastic turbulence in the curvilinear geometry
Affiliation Arts et Métiers, Lille (France)
Polytech Lille, Lille (France)

Student Lucas Dupuis (1st year Master’s student)
Period 5-months, starting during summer semester 2024
Project Numerical study of oscillating grid turbulence
Affiliation Arts et Métiers, Lille (France)
Ecole des Mines Nord-Europe, Douai (France)

Student Alvaro Recio (1st year Master’s student)
Period 3-months, starting during summer semester 2024
Project Mechanical analogy of surge in axial compressors
Affiliation Arts et Métiers, Lille (France)

Student Sudhisha Echampati (1st year Master’s student)
Period 3-months, starting during summer semester 2024
Project Numerical simulation of rotor blade cascade
Affiliation Arts et Métiers, Lille (France)

Exchange programs

Student Takeru Oba (2nd year Master’s student)
Period 3-months internship, winter semester 2017
Project Finite-size Lagrangian coherent structures in liquid bridges
Affiliation TU Wien, Vienna (Austria)
Tokyo University of Science (Japan)
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Student
Period

Project
Affiliation

Saeid Panahi (1st year Ph.D. student)
3-months internship, winter semester 2017

Stability of an annular flow in pipes

TU Wien, Vienna (Austria)

Amirkabir University of Technology (Iran)

Bachelor’s theses

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Faraz Beladi (3rd year Bachelor’s student)
3-months, starting during winter semester 2017

Effect of non-divergence-free error in flow topology

TU Wien, Vienna (Austria)

Parvathy K. K. (3rd year Bachelor’s student)
3-months, starting during summer semester 2016

Finite-size Lagrangian coherent structures

TU Wien, Vienna (Austria)

Birla Institute of Technology and Science (India)

Master’s theses

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Michael Riedl (2nd year Master’s student)
6-months, starting during winter semester 2015

Lagrangian topology in rotating-lid cavities

TU Wien, Vienna (Austria)

Vincze Mihély (2nd year Master’s student)
6-months, starting during summer semester 2015

Lagrangian topology in lid-driven cavities

TU Wien, Vienna (Austria)

Budapest University of Technology and Economics, Budapest (Hungary)

Arash Hajisharifi (2nd year Master’s student)
6-months, starting during winter semester 2016

Lagrangian topology in rotating drums

TU Wien, Vienna (Austria)
University of Pisa, Pisa (Italy)
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Student Sencer Yiicesan (2nd year Master’s student)
Period 6-months, starting during summer semester 2017
Project Effect of wall curvature on flow stability in lid-driven cavities
Affiliation TU Wien, Vienna (Austria)
Fachhochschule Wiener Neustadt, Wiener Neustadt (Austria)

Student Charléene Phan (2nd year Master’s student)
Period 6-months, starting during summer semester 2020
Project Flow control in an axial compressor
Affiliation Arts et Métiers, Lille (France)
Université de Lille, Lille (France)

Student Venkata Sai Krishna Danda (2nd year Master’s student)
Period 6-months, starting during summer semester 2020
Project Impingement of a liquid droplet on a solid substrate
Affiliation Arts et Métiers, Lille (France)
Universitat Rostock (Germany)

Student Intissar Benjalila (2nd year Master’s student)
Period 6-months, starting during summer semester 2020
Project Airway reopening in human lungs
Affiliation Arts et Métiers, Lille (France)

Ecole des Mines de Douai, Douai (France)

Student Pierre Leroux (2nd year Master’s student)
Period 6-months, starting during summer semester 2020
Project Design of a pintle injector
Affiliation Arts et Métiers, Lille (France)

Centre national d’études spatiales, Paris (France)

Student Raj Jayeshkumar Gandhi (2nd year Master’s student)
Period 5-months, starting during summer semester 2021
Project Elastic turbulence in the curvilinear geometry
Affiliation Arts et Métiers, Lille (France)

Student Oguzhan Erken (2nd year Master’s student)
Period 9-months, starting during starting during summer semester 2021
Project Three-phase airway closure in human lungs
Affiliation Kog Universitesi, Istanbul (Turkey)
Arts et Métiers, Lille (France)

142



Scientific Profile

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Student
Period
Project
Affiliation

Student
Period

Project
Affiliation

Oussama El Mokkadem (2nd year Master’s student)
6-months, starting during summer semester 2021
Numerical simulations of injectors for flow control
Arts et Métiers, Lille (France)

Charles Carre (2nd year Master’s student)

5-months, starting during summer semester 2022

Dynamics and rupture of non-Newtonian liquids plugs in bifurcated geometry
Arts et Métiers, Lille (France)

Ecole des Mines de Douai, Douai (France)

Hossameldin Abdelaziz (2nd year Master’s student)
6-months, starting during summer semester 2022
Multi-scale matching for flows with a grid

Arts et Métiers, Lille (France)

Aditya Rathore (2nd year Master’s student)

6-months, starting during summer semester 2022

Simulation of interacting Coanda-effect actuators for active flow control
Arts et Métiers, Lille (France)

Romain Peron (2nd year Master’s student)

6-months, starting during summer semester 2022

Fluid-structure interaction between a flat plate and an incoming flow
Arts et Métiers, Lille (France)

Morteza Naeini (2nd year Master’s student)

6-months, starting during summer semester 2022
FElasto-inertial instabilities in a two-phase Taylor-Couette flow
Arts et Métiers, Lille (France)

Ecole des Mines de Douai, Douai (France)

Zhongxuan Huo (2nd year Master’s student)
6-months, starting during summer semester 2023
Elastic turbulence in the curvilinear geometry
Arts et Métiers, Lille (France)

Polytech Lille, Lille (France)
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Student
Period

Project
Affiliation

Student
Period

Project
Affiliation

Rami Janbeih (2nd year Master’s student)
5-months, starting during summer semester 2024

Simulation of non-Newtonian centrifugal pumps
Arts et Métiers, Lille (France)

Nesrine Tounsi (2nd year Master’s student)

6-months, starting during summer semester 2024

Inlet condition sensitivity of Coanda-effect actuators for active flow control
Arts et Métiers, Lille (France)
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PhD students

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Christian Schmidrathner

9/2016-4/2018

50% for 1.5 years together with H.C. Kuhlmann (50%)
Steam sterilization

FFG project # 851030

TU Wien, Vienna (Austria)

Meng Fan

10/2019-12/2023 (defended in 12/2023)

50% together with A. Dazin (50%)

Stability and flow characterization in centrifugal pumps
CSC-ParisTech 2018

Arts et Métiers, Lille (France)

Zhidian Yang

10/2020—present

30% together with O. Delgosha-Coutier (30%) and A. Dazin (40%)

Numerical simulation, analysis, and prediction of a cavitating bubble near a wall
CSC-ParisTech 2019

Arts et Métiers, Lille (France)

Renjie Hao

7/2022-present

30% together with A.S. Bahrani (30%) and M. Meldi (40%)
Numerical and experimental study of liquid plugs in human lungs
CSC-ParisTech 2020

Arts et Métiers, Lille (France)

Mohamed Elhawary

10/2021-present

30% together with J.-C. Loiseau (30%) and A. Dazin (40%)
PINN for the physics of complex flows

ENSAM AAP PhD Theses 2021

Arts et Métiers, Lille (France)
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Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Student
Period
Supervision
Project
Funding
Affiliation

Hossameldin Abdelaziz
10/2022-present

50% together with M. Meldi (50%)
Multi-scale matching for flows with a grid
ANR-JCJC 2021, "MultiMatchGrid"

Arts et Métiers, Lille (France)

Bo Wang

10/2022-present

30% together with O. Delgosha-Coutier (30%) and A. Dazin (40%)

Numerical study of multiple cavitating bubbles near a wall

CSC-ParisTech 2022

Arts et Métiers, Lille (France)

Zhonxuan Hou

10/2023-present

30% together with S. Berti (30%) and A. Dazin (40%)

Elastic turbulence in curvilinear geometries

CSC-ParisTech 2023

Arts et Métiers, Lille (France)

Adou Francis Seka

3/2024—present

50% together with A. Dazin (50%)

Modeling of stall in axial compressors

CIFRE-Safran

Arts et Métiers, Lille (France)

PostDoc researchers

Student
Period
Project
Funding
Affiliation

Student
Period
Project
Funding
Affiliation

Meng Fan
2/2024—present

Numerical simulation of single- and multi-phase pumps

SuperGrid/General Electrics
Arts et Métiers, Lille (France)

Marwane Elkarii

9/2023—present

Chaotic mixing, instabilities and transition in non-isothermal pipes
ANR Chaire Industrielle, "CORENSTOCK"
Ecole des Mines Nord Europe, Douai (France)
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Dissemination summary

Book Invited
Chapters Papers Proceedings Conferences Talks
Total 1 56 30 54 31
as sole author/speaker - 5 - 2 31
with Ph.D. supervisor 1 25 12 29 -
with supervised Ph.D. students - ) 3 5 -
since joining Arts et Métiers - 42 14 24 23

Book chapters

B1

. H. C. Kuhlmann, F. Romano, The lid-driven cavity , Computational Modelling of Bifurca-

tions and Instabilities in Fluid Dynamics, Springer, 50 (2019) 233-310.

Scientific papers

J1

J2.

J3.

J4.

Jb.

J6.

J7.

J8.

J9.

. F. Romano, H. C. Kuhlmann, Numerical investigation of the interaction of a finite-size

particle with a tangentially moving boundary, Int. J. Heat Fluid Fl., 62 (A) (2016) 75-82.

F. Romano, H. C. Kuhlmann, Smoothed-profile method for momentum and heat transfer in
particulate flows, Int. J. Numer. Meth. Fluids, 83 (6) (2017) 485-512.

F. Romano, H. C. Kuhlmann, Particle-boundary interaction in a shear-driven cavity flow,
Theor. Comp. Fluid Dyn., 31 (4) (2017) 427-445.

F. Romano, A. Hajisharifi, H. C. Kuhlmann, Cellular flow in a partially filled rotating drum.:
reqular and chaotic advection, J. Fluid Mech., 825 (2017) 631-650.

F. Romano, S. Albensoeder, H. C. Kuhlmann, Topology of three-dimensional steady cellular
flow in a two-sided anti-parallel lid-driven cavity, J. Fluid Mech., 826 (2017) 302-334.

F. Romano, H. C. Kuhlmann, M. Ishimura, I. Ueno Limit cycles for the motion of finite-size
particles in axisymmetric thermocapillary flows in liquid bridges, Phys. Fluids, 29 (2017)
093303.

C. Kuehn, F. Romano, H. C. Kuhlmann, Tracking particles in flows near invariant manifolds
via balance functions, Nonlinear Dyn., 92 (2018) 983-1000.

F. Romano, H. C. Kuhlmann, Finite-size Lagrangian coherent structures in thermocapillary
liquid bridges, Phys. Rev. Fluids, 3 (2018) 094302.

F. Romano, Oscillatory switching centrifugation: dynamics of a particle in a pulsating
vortex, J. Fluid Mech., 857 (2018) R3.
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J10.

J11.

J12.

J13.

J14.

J15.

J16.

J17.

J18.

J19.

J20.

J21.

J22.

J23.

J24.

J25.

F. Romano, H. Wu, H. C. Kuhlmann, A generic mechanism for finite-size coherent particle
structures, Int. J. Multiphase Flow, 111 (2019) 42-52.

F. Romano, H. C. Kuhlmann, Heat transfer across the free surface of a thermocapillary

liquid bridge, Tech. Mech., 39 (2019) 72-84.

F. Romano, Parvathy K. K., H. C. Kuhlmann, Finite-size Lagrangian coherent structures
in a two-sided lid-driven cavity, Phys. Rev. Fluids, 4 (2019) 024302.

F. Romano, H. C. Kuhlmann, Finite-size coherent structures in thermocapillary liquid
bridges: A review, Int. J. Microgravity Sci. Appl., 36 (2019) 360201.

M. Muradoglu, F. Romano, H. Fujioka, J. B. Grotberg, Effects of surfactant on propagation
and rupture of a liquid plug in a tube., J. Fluid Mech., 872 (2019) 407-437.

F. Romano, H. Fujioka, M. Muradoglu, J. B. Grotberg, Liquid plug formation in an airway
closure model, Phys. Rev. Fluids, 4 (2019) 093103.

F. Romano, Reconstructing the unperturbed fluid flow by tracking of large particles, Phys.
Rev. Fluids, 4 (2019) 104301.

Y. Hu, F. Romano, J. B. Grotberg, Effects of Surface Tension and Yield Stress on Mucus
Plug Rupture: A Numerical Study, J. Biomech. Eng., 142 (2020) 061007.

F. Romano, P.-E. des Boscs, H. C. Kuhlmann, Forces and torques on a sphere moving near
a dihedral corner in creeping flow, Eur. J. Mech. - B/Fluids, 84 (2020) 110-121.

F. Romano, T. Tiirkbay, H. C. Kuhlmann, Lagrangian chaos in lid-driven cavities, Chaos,
30 (2020) 073121. Featured Paper

F. Romano, V. Suresh, P. A. Galie, J. B. Grotberg, Peristaltic flow in the glymphatic system,
Nature — Sci. Rep., 10 (2020), 21065.

I. Barmak, F. Romano, P. Kunchi Kannan, H. C. Kuhlmann, Coherent particle structures
in high-Prandtl-number liquid bridges, Micrograv. Sci. Tech., 33 (2021), 1-10.

F. Romano, M. Muradoglu, H. Fujioka, J. B. Grotberg, The effect of viscoelasticity in an
airway closure model, J. Fluid. Mech., 913 (2021), A31.

H. Wu, F. Romano, H. C. Kuhlmann, Attractors for the motion of a finite-size particle in
a two-sided lid-driven cavity, J. Fluid. Mech., 906 (2021), A4.

F. Romano, Stability of generalized Kolmogorov flow in a channel, Phys. Fluids, 33 (2021),
024106.

F. Romano, Particle Coherent Structures in Confined Oscillatory Switching Centrifugation,
Crystals, 11 (2021), 183.
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J26.

J27.

J28.

J29.

J30.

J31.

J32.

J33.

J34.

J35.

J36.

J37.

J38.

J39.

F. Romano, P.-E. des Boscs, H. C. Kuhlmann, Stokesian motion of a spherical particle near
a right corner made by tangentially moving walls, J. Fluid Mech., 927 (2021), A41.

[. Barmak, F. Romano, H. C. Kuhlmann, Finite-size coherent particle structures in high-

Prandtl-number liquid bridges, Phys. Rev. Fluids, 6 (2021), 084301.

F. Romano, A. Charles, F. Dottori, A. S. Bahrani, Transition to turbulence in a heated
non-Newtonian pipe flow, Phys. Fluids, 33 (2021), 091702.

A. Baretter, B. Godard, P. Joseph, O. Roussette, F. Romano, R. Barrier, A. Dazin, Ez-
perimental and numerical analysis of a compressor stage under flow distortion, Int. J.
Turbomach. Propuls. Power, 6 (2021), 43. Cover Page

E. P. Beretta, F. Romano, G. A. Sancini, J. B. Grotberg, G. F. Nieman, G. A. Miserocchi,
Pulmonary interstitial matrixz and lung fluid balance from mormal to the acutely injured
lung, Front. Physiol., 12 (2021), 781874.

O. Erken, F. Romano, J. B. Grotberg, M. Muradoglu, Capillary instability of a two-layer
annular film: An airway closure model, J. Fluid Mech., 934 (2022), A7.

S. A. Bahrani, S. Hamidouche, M. Moazzen, K. Seck, C. Duc, M. Muradoglu, J. B. Grotberg,
F. Romano, Propagation and rupture of elastoviscoplastic liquid plugs in airway reopening
model, J. Non-Newt. Fluid Mech., 300 (2022), 104718.

F. Romano, Reconstructing the neutrally-buoyant particle flow near a singular corner, Acta
Mech. Sinica, 38 (2022), 1-8.

H. Fujioka, F. Romano, M. Muradoglu, J. B. Grotberg, Splitting of a three-dimensional
liquid plug at an airway bifurcation, Phys. Fluids, 34 (2022), 081907.

F. Romano, M. Muradoglu, H. Fujioka, J. B. Grotberg, The effect of surfactant in an airway
closure model, Phys. Rev. Fluids, 7 (2022), 093103.

A. Charles, F. Romano, T. Ribeiro, S. Azimi, V. Rocher, J.-C. Baudez, S. A. Bahrani,
Laminar-turbulent intermittency in pipe flow for an Herschel-Bulkley fluid: Radial recep-
tivity to finite-amplitude perturbations, Phys. Fluids, 34 (2022), 111703.

M. Stojanovié¢, F. Romano, H. C. Kuhlmann, Stability of thermocapillary flow in liquid
bridges fully coupled to the gas phase, J. Fluid Mech., 949 (2022), A5.

H. Wu, F. Romano, H. C. Kuhlmann, Attractors for the motion of a finite-size particle in
a cubic lid-driven cavity, J. Fluid Mech., 955 (2023), A16.

O. Erken, B. Fazla, D. Izbassarov, F. Romano, J. B. Grotberg, M. Muradoglu, Effects of
elastoviscoplastic properties of mucus on airway closure in healthy and pathological condi-

tions, Phys. Rev. Fluids, 8 (2023), 053102.

151



Scientific Dissemination

J40.

J41.

J42.

J43.

J44.

J45.

J46.

J47.

J48.

J49.

J50.

Jb51.

J52.

J53.

M. Fan, A. Dazin, G. Bois, F. Romano, Effect of inlet leakage flow on the instability in a
radial vaneless diffuser, Phys. Fluids, 35 (2023), 014105.

M. Fan, A. Dazin, G. Bois, F. Romano, Instabilities identification based on a new centrifugal
3D impeller outflow model, Aerosp. Sci. Technol., 140 (2023), 108466.

M. A. Elhawary, F. Romano, J.-C. Loiseau, A. Dagzin, Machine learning for optimal flow
control in an axial compressor, The Europ. Phys. J. E, 46 (2023), 28.

O. El Mokkadem, X. Chen, C. Phan, P. Joseph, A. Dazin, F. Romano, Small-width wall-
attached Coanda jets for flow control, Flow, 3 (2023), E17.

Y. Hu, F. Romano, J. B. Grotberg, Entropic lattice Boltzmann model for surface tension
effects on liquid plug rupture in two-and three-dimensional channels, Phys. Rev. Fluids, 8
(2023), 073603.

M. Stojanovié¢, F. Romano, H. C. Kuhlmann, MaranStable: A linear stability solver for
multiphase flows in canonical geometries, SoftwareX, 23 (2023), 101405.

J. B. Grotberg, F. Romano, Computational pulmonary edema: A microvascular model of
alveolar capillary and interstitial flow, APL Bioeng., 7 (2023), 036101.

M. Fan, A. Dazin, G. Bois, F. Romano, Instabilities in a turbulent swirling source flow
between parallel rings, Phys. Fluids, 365 (2023), 101701.

M. Fan, A. Dazin, G. Bois, F. Romano, Effect of radius ratio on the instabilities in a
vaneless diffuser, Europ. J. Mech. Fluids/B, 104 (2024), 1-7.

M. Stojanovi¢, F. Romano, H. C. Kuhlmann, Instability of axisymmetric flow in ther-
mocapillary liqguid bridges: Kinetic and thermal energy budgets for two-phase flow with

temperature-dependent material properties, European J. Appl. Math., 35 (2024), 267-293.

H. Viola, V. Vasani, K. Washington, J. Hoon Lee, C. Selva, A. Li, C. J. Llorente, Y.
Murayama, J. B. Grotberg, F. Romano, S. Takayama, Liquid plug propagation in computer-
controlled microfluidic airway-on-a-chip with semi-circular microchannels, Lab on a Chip,
24 (2024), 197-209.

M. Stojanovi¢, F. Romano, H. C. Kuhlmann, High-Prandtl-number thermocapillary liquid
bridges with dynamically deformed interface: effect of an axial gas flow on the linear stabil-
ity, J. Fluid Mech., 978 (2024), A27.

M. Stojanovié¢, F. Romano, H. C. Kuhlmann, Flow instability in high-Prandtl-number liquid
bridges with fully temperature-dependent thermophysical properties, J. Fluid Mech., 978
(2024), A17.

F. Romano, M. Stojanovi¢, H. C. Kuhlmann, Scaling and modeling of the heat transfer
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