Ph.D. Program in Science and Marine Technology
Curriculum in Engineering for Marine and Coastal Environments

: Department of Civil, Chemical and Environmental Engineering
@ Polytechnic School, University of Genoa, Italy.

Slippery Surfaces and Materials for Skin-Friction
Drag Reduction

Giulia Innocenti






SLIPPERY SURFACES AND MATERIALS

FOR DRAG REDUCTION

BY

GIULIA INNOCENTI

Dissertation discussed in partial fulfillment of

the requirements for the Degree of

DOCTOR OF PHILOSOPHY

Civil, Chemical and Environmental Engineering

Curriculum in Engineering for Marine and Coastal Environments,

Department of Civil, Chemical and Environmental Engineering, University of Genoa, Italy

April, 2026



Scientific adviser:
Prof. Alessandro Bottaro - Department of Civil, Chemical and Environmental Engineering,
Universita degli Studi di Genova (Italy)

External Reviewers:

Prof. Shervin Bagheri - Department of Mechanics, KTH Royal Institute of Technology,
Stockholm (Sweden)

Prof. Christophe Clanet - Department of Mechanics and Energetics,

Ecole Polytechnique, Paris (France)

Examination Committee:

Prof. Christophe Clanet - Department of Mechanics and Energetics,

Ecole Polytechnique, Paris (France)

Prof. Maria Vittoria Salvetti - Department of Civil and Industrial Engineering,

Universita degli Studi di Pisa (Italy)

Prof. Agnese Seminara - Department of Civil, Chemical and Environmental Engineering,
Universita degli Studi di Genova (Italy)

Ph.D. program in Civil, Chemical, and Environmental Engineering
Curriculum in Engineering for Marine and Coastal Environments
Cycle XXXVIII



ACKNOWLEDGEMENTS

The PhD journey is a rollercoaster of ups and downs, and it requires great companions to nav-
igate it. After more than three years, I am glad to say that I have been incredibly lucky to have
the most motivating and inspiring people around me who have been part of my entire path.

First of all, my deepest and most sincere thanks go to my supervisor, Prof. Alessandro Bot-
taro. He introduced me to the world of research, expertly guiding me in exploring and enjoying
this journey. His passion and dedication to science are truly inspiring. Along the way, I have
deeply appreciated his positivity in facing every difficulty.

Along my journey, I had the opportunity to spend some time in Sydney, Australia. Moving to
the other side of the world and facing a completely new environment was a challenging experi-
ence that could have been daunting. However, I found the most amazing group of people who
made me feel at home and turned the university into a safe space, even during difficult times.
My deepest gratitude goes to Prof. Chiara Neto for believing in me and allowing me to live such
an unforgettable and significant experience, both for my career and my personal growth. I truly
admire her passion for scientific research, her ability to foster a wonderful work environment,
and the invaluable guidance she provided.

A special thanks goes to Dr. Reza Azadi, who was my guide through one of the most challeng-
ing, exciting, and gratifying research experiences. He taught me how to manage experimental
work: to be resilient, to appreciate small daily advancements, to stay calm, and, above all, to
enjoy the journey.

The research was funded by the European Union - NextGenerationEU (Piano Nazionale di
Ripresa e Resilienza, Missione 4 Componente 2 Investimento 1.4 “Potenziamento strutture
di ricerca e creazione di “campioni nazionali di R&S” su alcune Key Enabling Technolo-
gies”). (CN0O0000023)— Title: “Sustainable Mobility Center (Centro Nazionale per la Mobilita
Sostenibile - CNMS)”.



ABSTRACT

Over the past two decades, passive drag reduction technologies have emerged as promis-
ing solutions to enhance surface performance, offering advantages in efficiency, environmental
compatibility, and long-term sustainability. The growing demand for integrated strategies that
improve the performance of engineering systems has stimulated extensive research into innova-
tive approaches to minimize energy consumption and mitigate environmental impact.

Within the maritime sector, this need has become particularly urgent. In recent years, increas-
ingly stringent international regulations have been introduced, reflecting a global awareness of
environmental protection and the necessity to reduce emissions and fuel consumption. These
regulations have intensified the pressure on researchers and industrial and technological devel-
opment to implement advanced solutions that can be effectively integrated into existing infras-
tructures and current technologies.

Consequently, significant efforts are being directed toward the adaptation and optimization of
surface treatment methods and drag reduction techniques that are both compliant with modern
regulatory standards. In this context, passive technologies represent a key area of investigation,
as they offer the potential to achieve substantial performance improvements without additional
energy input or complex system modifications.

Inspired by the natural world and by the evolution of animals and plants over millions of years,
researchers have increasingly investigated biological designs and mechanisms, drawing from
them to develop and enhance technologies aimed at reducing drag. This field of study is re-
ferred to as biomimetics.

Numerous natural systems highlight surface adaptations, demonstrating the relevance of fluid-
surface interactions: the lotus leaf and the Coleoptera’s wings (e.g., lady beetles) exhibit pro-
nounced water-repellent properties, thanks to its micro and nanostructure; the leading-edge
structures of owls enable stabilized airflow and reduced aerodynamic noise; whale tubercles are
known to delay stall, enhance lift, and reduce drag; the pitcher plant (Nepenthes) generates a
highly slippery interface through the formation of a stable liquid—liquid boundary with an im-
miscible fluid; and shark skin, characterized by microstructured riblets-like, facilitates efficient
motion through water by reducing frictional resistance. These examples, among many others,
highlight the diversity of evolutionary solutions that inspire drag-reduction technologies.
Starting from these biological designs, rough and regular patterned surfaces, superhydrophobic
coatings, and liquid-impregnated materials have become a wide range of physical mechanisms
and technical complexities to be investigated.

This research aims to provide a comprehensive overview of slippery surfaces, progressing from
idealized, regularly textured geometries to more realistic hierarchical materials, thereby en-
abling a deeper understanding and detailed analysis.

The study focuses on small-scale phenomena occurring in the near-wall region, investigated
through an integrated theoretical, numerical, and experimental approach.

First, a research activity on riblet surfaces has been conducted, leading to the development of
a novel model capable of describing the behavior of patterned walls under turbulent flow con-
ditions beyond the viscous regime. In this context, a multiscale homogenization approach has
been formulated to derive effective boundary conditions that capture the influence of surface
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roughness on the overlying flow. The predictive capability of the proposed model has to be
subsequently assessed and validated through direct numerical simulations.

Extending this framework, the investigation has been extended to more complex configura-
tions through the design and implementation of a high-precision Taylor—Couette experimental
apparatus. This facility enabled systematic hydrodynamic resistance measurements and flow vi-
sualization studies. Experiments have been conducted on riblet-textured surfaces, progressively
modified through the application of superhydrophobic coatings and subsequent impregnation
with lubricant oils. These investigations provided insight into the influence of surface function-
alization on drag reduction as well as the onset of flow instabilities, such as the formation of
Taylor-Couette vortical structures. Moreover, a linear stability analysis has been developed to
theoretically and numerically define the critical parameters of the study, through the definition
of effective slippery boundary conditions.

Finally, the study has been further advanced toward realistic, complex, and anisotropic surfaces
by addressing the critical issue of lubricant depletion. A custom-built mesoscale Taylor—Couette
device has been designed, built, and then employed to investigate the progressive loss of lubri-
cant and the associated degradation of surface performance. Despite its practical relevance,
the underlying physical mechanisms governing lubricant depletion and the consequent loss of
functionality remain only partially understood. This work, therefore, aims to provide a com-
prehensive analysis of lubricant loss processes, identifying the key governing parameters and
describing their role in the long-term effectiveness of slippery surfaces.
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Introduction

1.1. Environmental motivation

Climate change represents one of the most pressing global challenges of our time, and mit-

igating its impacts is essential to ensure a sustainable future for the next generation. When
considering anthropogenic activities across the main economic sectors, the transport sector ac-
counts for approximately 15-20% of global greenhouse gas emissions. Consequently, regulat-
ing and reducing emissions from road transport, aviation, and maritime shipping is of critical
importance. In particular, maritime transport plays a significant role as a contributor to atmo-
spheric emissions. Historically, environmental regulations in the shipping sector were relatively
limited, as priority was often given to maintaining the efficiency and competitiveness of interna-
tional trade, for which maritime transport remains the dominant mode in terms of cargo volume.
However, over the past few decades, the International Maritime Organization (IMO) has intro-
duced a broad range of regulatory measures aimed at reducing pollution from ships. These
initiatives have culminated in the adoption of an ambitious strategy targeting net-zero emis-
sions from international shipping by 2050.
Several methods and technologies have been developed to minimize emissions, following two
main strategies: using low or no-carbon fuels or reducing the required power on board by de-
creasing speed or reducing drag while keeping speed constant. Concerning the second strategy,
various methods can be employed to achieve the objective. These include the optimization of
the propeller thrust, the minimization of the hull resistance (e.g., modifying the hull’s shape),
the installation of energy-saving devices to improve hydrodynamic interaction around the hull
or the propeller, and the implementation of measures designed to reduce drag through active
and passive drag reduction solutions. The present study highlights the significance of passive
drag reduction technologies as pioneering, effective, environmentally friendly, and sustainable
solutions to enhance the performance of corrugating or treating surfaces. This is a particularly
attractive and appealing solution considering its fully passive nature and its long-term utiliza-
tion.

1.1.1. Sustainable challenges in marine transport

Comparing shipping emissions against aviation, maritime transport produces about 9 times
more NO, emissions than aviation, but due to the high sulfur concentration in the fuel SO,
emissions exceed about 80 times. Shipping emits approximately 1200 times more particulate
matter than aviation. The comparison of total emissions from different transport modes demon-
strates that clear information is needed on the climate impact of ship emissions to allow the
industry to incorporate, with greater confidence, environmental considerations into its design
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and development work. The total amount of emitted particulate matter and SO, from shipping
could modify existing clouds in the marine boundary layer and could contribute to the indirect
aerosol effect. !

Environmental regulations on emissions from aviation and road transport have generally been
enforced more strictly, largely because these sectors have more immediate and visible impacts
on human health and the environment in densely populated areas. For example, exhaust emis-
sions from road vehicles can rapidly degrade urban air quality, directly affecting the health of
city residents. As a result, these sectors have historically received greater regulatory attention,
driven by stronger political and social pressure to monitor and reduce emissions. In contrast,
the shipping industry has long faced less stringent regulations, and for many years, it was not
subject to international emission regulations comparable to those applied to road transport and
aviation. This situation has arisen for several reasons. First, maritime transport is fundamental
to global commerce, facilitating approximately 90% of international trade by volume. When its
productive value is considered, it is also statistically one of the least environmentally damaging
modes of transport. In addition, shipping is among the most energy-efficient forms of trans-
portation on a per-ton-mile basis, making it indispensable for large-scale, long-distance trade.
Furthermore, the inherently international nature of maritime transport—where ships frequently
operate across multiple jurisdictions and regulatory frameworks—has historically complicated
the establishment and enforcement of unified emissions regulations, contributing to their de-
layed implementation.

The volume of maritime activity has exhibited a gradual increase over the past two decades and
is projected to persist in the foreseeable future.

The results of the scenario calculations illustrate the necessity for substantial technological ad-
vancements to counterbalance the rise in emissions caused by the expansion of seaborne trade
and the intensification of energy consumption for cargo.

In the absence of rigorous emission reduction strategies, the emissions of C'O, and SO, from
ships are projected to exceed their current levels by a factor of two. Furthermore, the emissions
of NO, could reach levels that surpass those of the present-day global road transport sector.?
Over the past few decades, there has been a notable increase in the interest of shipowners,
manufacturers, and investors in the shipping industry in methods and technologies to reduce
emissions, largely due to the increasingly stringent and restrictive regulations on the environ-
ment established by IMO.

Consequently, compliance with these emissions regulations through technological enhance-
ments has exerted considerable influence over maritime transport, prompting a focus on de-
veloping more sophisticated, energy-efficient technology and modifying production and opera-
tional processes in the maritime industry.

In particular, there are two ways to reduce greenhouse gas emissions:

- choosing low- or no-carbon fuels;
- reducing the required power on board.

Considering the first option, the maritime shipping sector is pursuing various technologi-
cal solutions to decarbonise, including advanced biofuels, electrofuels, hydrogen and electric
propulsion. This will require new systems, facilities, supply chains, business models and al-
liances. Many solutions have the potential to contribute to the mid and long-term decarbonisa-
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tion of the marine industry. These include liquid natural gas (LNG), green hydrogen, advanced
biofuels, methanol, ammonia, battery-electric propulsion, wind-based (Fig. 6) and solar-based
propulsion. In the context of innovative fuels, the well-to-wake emissions analysis, also known
as life-cycle assessment (LCA), is essential. This methodology involves assessing emissions
at each stage of the fuel’s life cycle. The emergence of novel fuels and technologies presents
a significant opportunity to overcome carbon lock-in and path dependency, thereby disrupting
the existing regime and potentially fostering the development of new technological trajectories.
However, maritime shipping’s decarbonisation options are more complex than those in other
transport sectors, as it involves a wider range of functions and segments. The main goal is to
provide solutions that guarantee safety, reliability and operational performance, thus allowing
industry stakeholders to successfully incorporate advanced technologies into their energy tran-
sition strategies.

Focusing on the second alternative, namely reducing the on-board power requirements, many
different approaches are proposed and lead to a lower level of installed power. As mentioned
before, a wide domain of research investigation is the optimization and efficiency improvement
of hull geometry, ship propeller, and their mutual interaction; several solutions are possible.
One of the main technologies is the installation of a high-energy-efficient propulsion system,
with better performance that guarantees the same output with a lower installed power. Hydrody-
namic Energy Saving Devices (EDSs) are advanced and cost-effective tools that increase vessel
propulsion efficiency by reducing hull resistance and improving propeller thrust. They reduce
fuel consumption by improving the flow around the hull or propeller.

Another innovative approach arises from the idea of reducing overall power consumption not
only through improvements in the technical efficiency of devices, but also by fundamentally
redesigning systems so that they require less energy to operate. This perspective shifts the fo-
cus from optimizing performance within existing constraints to minimizing the intrinsic energy
demand of the system. In this sense, it reflects a deeper vision of sustainability, which aims not
only at improving the efficiency of existing technologies but also at adapting and redesigning
systems so that their fundamental resource requirements are significantly reduced.

When applied to the maritime sector, this concept suggests that a vessel navigating through the
ocean could significantly reduce the energy required for propulsion if it were able to effectively
slip over the water surface. By optimizing the interaction between the hull and the surrounding
fluid, hydrodynamic drag can be substantially reduced, allowing the vessel to move through the
water with lower resistance. This reduction in resistance directly translates into lower propul-
sion power requirements and, consequently, reduced fuel consumption.

Recent advances in fields such as microfluid dynamics, materials and chemical science, and
biomimetics have led to substantial progress in the development of marine drag-reduction tech-
nologies. These disciplines have provided new insights into how surfaces interact with fluids
and how natural systems - such as the skin structures of certain marine animals - can inspire
engineering solutions. As a result, drag-reduction strategies are increasingly regarded as one
of the most promising avenues for improving the energy efficiency of maritime transportation.
To fully understand the principles behind these solutions, it is first necessary to examine the
physical mechanisms that generate hydrodynamic resistance. A clear description of the nature
of drag and of its different components is essential.



12

1.1.2. Ship resistance: effects of hull roughness and biofouling on hydrodynamic resis-
tance.

Ship resistance represents a fundamental aspect of marine engineering, exerting a direct im-

pact on the performance, fuel efficiency, and environmental sustainability of vessels. It is very
crucial to improve operating performance, both increasing the traveling speed, especially for
warships and reducing the energy consumption, considering the commercial vessels, directly
correlated to saving fuel and thus money.
From a physics perspective, the motion of a body (ship) through a fluid (water) requires propul-
sive energy to counteract and overcome the resistance exerted by the fluid against the move-
ment. The Buckingham 7 theorem is employed to assess the resistance, measuring it using a
comprehensive model of the full-scale ship.

Figure 1.1: Scaled ship model.3

As a ship moves through calm water, many factors combine to form the total resistance force
R acting on the hull, and it can be defined as:

RtZRv+Rw+RA

where Ry is the viscous resistance, Ry is the wave making resistance and R 4 is the air resis-
tance.

The viscous resistance depends on the dimensions of the wetted area on the ship’s speed, sur-
face roughness, and water viscosity. In the case of low-speed vessels (F'r < 0.2 1), such as bulk
carriers and tankers, this resistance typically accounts for 70-80% of the ship’s total resistance.
Conversely, in the context of high-speed vessels, including containers and passenger ships, this
resistance may fall below 40%. The wave resistance can be attributed to the energy lost by
waves created by the vessel, and it can be reduced by optimizing hull shape.

'In marine hydrodynamic applications, the Froude number is the ratio of the flow inertia to the external force

.. . . W
field, and it is related to the ship’s resistance. F'r = NZIT




13

Typically, air resistance accounts for approximately 2% of the total resistance. However, in
the case of loaded container ships navigating against a headwind, air resistance may increase
to as much as 10%. To mitigate and minimize the air resistance, the design and the exposed
surfaces must be optimized.>*

Figure 1.2 presents the magnitude of each resistance component at different ship speeds. It is
notable how the velocity regime plays a crucial role in shaping the distribution of drag forces
and altering the relative contribution of various types of resistance.

Total Resistance

Air Resistanice

Wave Making Resistance

Total Resistance (1b)

p——"
Viscous Resistance

Ship Speed (kts)

Figure 1.2: Components of Hull Resistance. >

This effect also helps determine the relative contribution of each resistance component
within the overall system, thereby enabling the selection of appropriate emission-reduction
strategies according to the vessel’s operating speed regime. In particular, it can be observed
that at low speeds, viscous resistance represents the dominant component of total resistance.
As speed increases, however, the total resistance curve rises significantly due to the growing
influence of wave-making resistance, which progressively becomes the predominant factor.
Similar to the previous figure, the next one illustrates the distribution of the individual resis-
tance components within the total resistance. It highlights that at low speeds, viscous resis-
tance—primarily represented by frictional resistance (Ry)—is greater than wave resistance,
which is included in the residual resistance component (Rg).
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Figure 1.3: Total resistance curve as a function of the speed - length ratio.>

As previously mentioned, viscous resistance is also strongly influenced by surface rough-

ness and biofouling. In ships operating over time, an increase in hydrodynamic drag is com-
monly observed, which can largely be attributed to the combined effects of hull roughness
and the accumulation of marine organisms on the surface. Depending on operational condi-
tions—such as service time, navigation area, vessel type, and operational profile—ships must
periodically be taken out of service to undergo hull maintenance. During these operations, the
hull is cleaned to remove fouling and new coatings and protective paints are applied in order
to restore the surface condition, thereby improving hydrodynamic efficiency. However, tak-
ing a vessel out of operation for maintenance entails high economic costs. For this reason,
ship owners are increasingly interested in long-term technologies capable of protecting the hull
from degradation, limiting fouling accumulation, and maintaining low surface roughness over
extended operational periods.
On a rough surface, the presence of peaks and valleys leads to an expansion of the overall
area, which is in direct contact with water, which in turn increases viscous resistance due to
the greater surface exposed to fluid friction. This effect becomes even more pronounced with
the occurrence of fouling, a process in which marine organisms - such as algae, barnacles, and
mussels - attach themselves to the hull of the vessel. Fouling not only increases resistance but
also compromises the structural integrity of protective coatings. If the paint film on the hull
begins to deteriorate, erosion can occur, providing an ideal surface for marine plant attachment
and growth.
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This degradation can spread beyond the hull, potentially affecting other submerged components,
including the surface of the propeller, further impeding performance and increasing mainte-
nance demands. The total resistance caused by fouling may increase by 25-50% throughout the
lifetime of a ship.

Figure 1.4: Pictures of biofouling impact on the hull of a vessel.

Periodic cleaning, combined with the use of antifouling coatings and treatments, is crucial
to avoid and mitigate surface degradation. These practices help remove accumulated marine
growth and contaminants, while also providing a new protective layer to prevent further fouling.
Regular maintenance not only preserves the vessel’s performance by reducing drag but also
extends the lifespan of the hull and other submerged components, ultimately reducing long-
term repair needs and associated costs.

Figure 1.5: Application of antifouling and protective coatings.
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1.1.3. Marine drag reduction solutions

As discussed in Section 1.1.2., viscous resistance represents a significant portion of the total
hydrodynamic resistance experienced by ships. For high-speed vessels, it typically accounts
for approximately 40-50% of the total resistance, while for low-speed ships this contribution
can increase to around 70-80%. Each year, Equasis (Electronic Quality Shipping Information
System) provides an overview of the world’s merchant fleet based on the data contained in its
database. This analysis examines the structure and characteristics of the fleet, as well as its
operational performance.

Ship type Small®) Medium( Large(3) Very large(®) Total
Bulk carriers 279 0.5% 3,901 8.1% 7,103 52.7% 1,937 26.6% 13,220 10.4%
Container ships 19 0.0% 2,409 5.0% 1,684 12.5% 1,624 22.3% 5,736 4.5%
Fishing vessels 20,124 | 34.5% 5,806 12.1% 4 0.0% 1 0.0% 25,935 20.4%
Gas tankers 34 0.1% 1,182 2.5% 475 3.5% 619 8.5% 2,310 1.8%
General cargo ships | 4,105 7.0% 12,181 25.4% 288 2.1% 0 0.0% 16,574 13.1%
Offshore vessels 2,871 4.9% 5,097 10.6% 122 0.9% 319 4.4% 8,409 6.6%
Olilandichemical 1,985 3.4% 7,513 15.7% 2,827 21.0% 2,291 31.4% | 14,616 11.5%

tankers

Other tankers 448 0.8% 776 1.6% 16 0.1% 0 0.0% 1,240 1.0%
Passenger ships 4,417 7.6% 2,945 6.1% 299 2.2% 205 2.8% 7,866 6.2%
Ro-ro cargo ships 1,025 1.8% 1,111 2.3% 553 4.1% 277 3.8% 2,966 2.3%
Service ships 3,801 6.5% 3,810 7.9% 38 0.3% 8 0.1% 7,657 6.0%
s"ed"’s"hz;‘; cargo 8 0.0% 287 0.6% 63 0.5% 9 0.1% 367 0.3%
Tugs 19,131 | 32.8% 920 1.9% 0 0.0% 0 0.0% 20,051 15.8%
Total 58,247 100% | 47,938 100% 13,472 100% 7,290 100% | 126,947 100%

Source: Equasis Y GT<500 - »500sGT<25,000 - 25,000<GT<60,000 - “ GT260,000

Figure 1.6: Word fleet: total number of ships, by type and size.®

Table 1.6 shows the word fleet in 2022, in terms of ship count, classified by type and size.
Considering the comments made regarding the impact of viscous resistance on ships traveling
at low speeds, it is notable that large ships are predominantly composed of bulk carriers and
tankers, which are typically slow-moving vessel types. These vessels account for almost 90%
of very large ships and approximately 28% of the world fleet.

This highlights the fundamental importance of reducing viscous resistance for these types of
vessels, as improvements in this area can produce significant benefits at a global scale. Given
the large number of ships operating worldwide and the substantial share of viscous resistance
in total ship resistance, even small reductions in drag can translate into considerable energy
savings and lower fuel consumption across the maritime sector.

In order to control, prevent, and reduce drag, a wide range of technologies and strategies have
been developed. Hydrodynamic drag can be understood as the force associated with the transfer
of momentum between the fluid and the body moving through it. This interaction generates a
velocity gradient within the boundary layer that forms between the surface of the object and the
surrounding fluid. The energy required to sustain this momentum exchange ultimately manifests
as resistance to motion. These approaches are generally classified into three main categories:
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active drag reduction, passive drag reduction, and composite drag reduction. Active techniques
involve the continuous input of external energy to modify the flow conditions around the body,
while passive methods rely on surface modifications or structural design features that reduce
drag without additional energy input. Composite approaches combine elements of both strate-
gies to further enhance drag-reduction performance. (Fig.1.7).

‘ Marine Drag reduction technologies

Active drag reduction Passive drag reduction Composite drag reduction
I [ I ] [ ]
Bionic jet Heating IWal‘l Air Compliant Hydrophobic Riblet i
surface vibration bubbles /super
drag wall drag drag drag wall drag hydrophobic surfaces drag
> reduction £ = reduction S reduction
reduction reduction reduction coating

m - &

Figure 1.7: Different marine drag reduction technologies.’

Active and passive drag reduction technology

Active drag-reduction methods require the input of external energy to initiate and sustain the
mechanism responsible for modifying the flow around the surface. This additional power may
be needed, for example, to operate air compressors, heating systems, or vibrating devices. The
supplied energy enables the generation of specific flow conditions—such as air jets, wall vibra-
tions, temperature gradients, or air bubbles—that can significantly reduce hydrodynamic drag.

Three main approaches have been investigated in research aimed at reducing surface friction in
both internal and external flows. The first involves delaying boundary layer separation by induc-
ing an early transition to turbulent flow or by actively influencing the boundary layer through
fluid injection or suction. This can be achieved by delaying or modifying boundary-layer sepa-
ration, for instance, through the early transition to turbulent flow, or by directly influencing the
boundary layer through fluid injection or suction.

The second strategy focuses on modifying the viscosity of the fluid within the boundary layer,
either by injecting a fluid with different properties or by altering its temperature.® Within this
context, air lubrication has emerged as a particularly promising technique for reducing viscous
resistance in marine vessels. This method relies on the injection of air beneath the hull, creating
either a bubbly flow or a continuous layer of gas that partially separates the hull surface from the
surrounding water. By reducing the direct contact between the hull and the liquid, the frictional
component of resistance can be significantly decreased. In the last decade, air lubrication has
attracted renewed interest in the maritime industry, and a considerable amount of research has
been conducted to evaluate its technical feasibility as well as its economic and environmental
benefits. Studies suggest that, under favourable conditions, the application of air lubrication
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systems can reduce a ship’s fuel consumption by approximately 5-20%, making it a promising
strategy for improving energy efficiency and reducing emissions in maritime transport.’

The behaviour of the air—water mixture along the hull depends strongly on the airflow rate and
the vessel speed. As these parameters vary, three distinct flow regimes can typically be ob-
served. The first is the bubble regime, in which the injected air breaks into small bubbles that
travel downstream along the hull surface. As the airflow increases, a transitional regime may
occur, where partially broken bubbles begin to coalesce, forming localized patches of air while
some bubbles still remain dispersed in the flow. Finally, under suitable conditions, a continuous
air-layer regime can develop, in which the bubbles merge to form a stable gas layer covering
the hull surface.

_\irmjcu‘[igi
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Figure 1.8: Schematic figure of drag reduction with air layer. !

For the technology to be effective, it is essential that the energy required to generate and
maintain the air layer remains lower than the energy savings achieved through the reduction
of frictional resistance; otherwise, the method would not be energetically advantageous. More
generally, the external power required to operate the active system must be lower than the power
saved to justify the use of an additive solution.

Ensuring this balance is crucial for guaranteeing the overall cost-effectiveness, technical feasi-
bility, and operational viability of air-lubrication systems.

Finally, the third approach consists of modifying the wall geometry by introducing small sur-
face grooves or ribs, commonly referred to as riblets.

Itis a passive resistance reduction methods, based on an innovative and straightforward concept:
modifying the surface in contact with the fluid so that it performs better from a fluid dynamic
perspective, without powering the system with external energy.

Biomimetic studies - based on the observation of how nature adapts and improves itself to obtain
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optimal properties - have led researchers to develop passive technologies that, in the absence of
”supplementary” energy, can alter the interaction between a fluid and a surface.

Passive technologies are based on the introduction of modifications to the surface, including
the creation of a new micro/nanostructure, thereby redefining the roughness, the application of
coatings to modify wettability properties, and the design of a textured pattern (e.g., grooves,
pillars, ...). The underlying premise of these passive methods is the concept that by implement-
ing a permanent alteration to the surface, a "long-term’ benefit can be attained.

EHT =20.00 kv Signal A = 5E1 Signal = 1.000
WD = 20mm Signal B=SE1  Bikd- Nro2010_04581

Figure 1.9: Left image courtesy of Fraunhofer IFAM: trapezoidal riblets. Right image: SEM image of
micropillar surface. !!

To achieve a higher reduction, 3D riblets have also been studied, in which the cross-section
does not remain constant in the flow direction. It takes inspiration from the shark skin, in which
the microgrooves present different alignment directions, based on the position of the shark’s
body and the local interaction it has with the outer flow. These new configurations have been
inspired by active control, from which large amounts of reduced of resistance. One of the new
methods proposed in the literature dedicated to reducing turbulent surface friction consists of
inducing high-frequency oscillations at the wall in the transverse direction (Wall vibration drag
reduction - Fig. 1.7). However, it leads to an active method, which requires more complex
systems to implement and manage, and high maintenance costs.

It is possible to imitate such oscillatory motion by employing some passive devices. By modi-
fying the shape of the riblets from straight to sinusoidal, the flow can be guided in an oscillatory
motion, thereby combining the two mechanisms of surface friction reduction of surface friction
(riblets and oscillatory flow motion).

Another fully passive technique largely studied is superhydrophobic and liquid-infused sur-
faces. Both inspired by animals and plants, present a hierarchical surface structure that allows,
in the case of superhydrophobic surface to develop an air plastron trapped into the microrough-
ness elements and, in the case of liquid-infused surfaces, a thin lubricant layer to be retained
within micro and nano-cavities. A fluid-fluid interface is created, allowing the outer flow to slip
and slide onto the textured surface easily and with low friction.
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Composite drag reduction solution

Finally, composite drag reduction technology combines the effectiveness of the active methods
with the reliability of the passive ones, looking for an optimization of the performance.

From an engineering perspective, the utilization of integrated tools can yield outcomes that are
more effective than those achieved through the use of a single tool.

In this field, composite technology provides a wider range of applications, since passive solu-
tions exhibit optimal performance when employed in a low-speed regime; conversely, active
tools are more versatile and adaptable, thereby enabling them to compensate for each other.
The capacity to grasp the operational characteristics of natural surfaces and to represent their
interaction with the surrounding fluid will furnish insight into the engineering design coupling
of both passive and active flow systems for technological applications.

The following sections explore and analyse passive technologies, focusing on their intrinsic,
energy-independent characteristics. Starting from the inspiration of developing these technolo-
gies, by observing nature and plant worlds, leading to theoretical and conceptual explanations
of these methods, continuing with a comprehensive review of existing literature, and concluding
with an identification of the primary knowledge gaps and the main unexplained phenomena in
the field.



21

1.2. Biomimetic: nature inspires engineering

In the past few decades, scientific and technological research has been increasingly oriented
toward the development of innovative, efficient, and sustainable solutions capable of address-
ing complex challenges. Biomimetics, from the Greek bios - life - and mimesis, which stands
for imitation, firstly introduced by Otto Schmitt in 1957, has emerged as a promising field,
oriented towards the observation of natural phenomena and the emulation of models, systems,
and elements of biological designs and systems into engineering applications. It is a source
of inspiration to mimic nature to solve complex human problems. Nature, through millions of
years of evolution, has indeed developed highly effective mechanisms for survival and adapta-
tion, in which every form, structure, or behavior is designed to maximize performance while
minimizing energy and resource dissipation. The next figure shows various examples of plants
and animals with micro and nanostructures, that promotes their slippery properties.

g) Gecko foot

Figure 1.10: Examples of biological surfaces (e.g., lotus leaf, butterfly wing, gecko foot) showing super-
wettability arising from hierarchical micro/nanostructures, enabling properties like self-cleaning, adhe-
sion, and drag reduction. 2
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Biomimetics goes beyond the mere imitation of forms, placing at its centre the study of the

physical, mechanical, and functional principles that govern natural systems, to translate them
into practical applications in the field of engineering. The history of biomimetics is connected
with scientific and technical progress. What makes biomimetics a field of great interest to
mechanical engineering is nature’s ability, developed and optimized over millions of years, to
provide solutions that simultaneously meet multiple requirements. By studying and understand-
ing these natural mechanisms, humans may be able to replicate these phenomena. '?
One of the most well-known examples of a naturally slippery surface is the lotus leaf. Its surface
exhibits remarkable superhydrophobic properties, resulting in anti-wetting and self-cleaning be-
havior. This effect arises from its microstructured texture, which traps a thin air layer—known
as a plastron—across the surface. As a result, water droplets roll off effortlessly. This phe-
nomenon has inspired the development of advanced self-cleaning coatings.

contact area surface texture
chemical functionality

x| Source: Univers ﬁ-:-r' Minnesota, 2011

Figure 1.11: Lotus effect: a water droplet forms a near-spherical shape thanks to the superhydrophobic
properties of the lotus leaf. 4

Another well-known example is shark skin (Figure 1.12). While it appears smooth at the
macroscopic scale, a closer inspection at the microscopic level reveals aligned microgrooves
that reduce drag and enable sharks to swim efficiently through water”.

This biological structure has inspired the design of aerodynamic, drag-reducing textured sur-
faces known as riblets.

In the plant kingdom, the Nepenthes pitcher plant (Figure 1.13) provides another interesting
example. It creates an exceptionally slippery surface by trapping a thin layer of viscous liquid
within its microstructured texture. When an insect steps on the plant’s surface, the lubricating
film repels the oils on its feet, causing it to slip into the plant. This mechanism has inspired the
development of Liquid-Infused Surfaces (LIS).

In the animal world, fish and other aquatic species experience resistance when their body and
the surrounding water are in relative motion. The release of mucus by fish, it leads to a reduc-
tion in drag, thanks to this liquid-liquid interface. This is another example of adaptation to the
environment. 1510
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Figure 1.13: Nepenthes Pitcher plant. (Taken from https://gardenerspath.com/plants/houseplants/grow-
nepenthes-pitcher-plants/)
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1.3. Riblet surfaces

1.3.1. Shark skin: drag reduction mechanism

Shark skin exhibits a microstructured morphology characterized by the presence of longitu-
dinal grooves that are predominantly aligned with the direction of the external water flow.
The surface is covered by microscopic scales, known as dermal denticles, which form a repeat-
ing pattern of small, flattened V-shaped structures. These denticles generate a grooved texture
that resembles engineered riblet surfaces, producing a quasi-periodic pattern across the skin.
Depending on their location on the shark’s body, dermal denticles vary in both size and shape,
reflecting their specific functional role.
Furthermore, their distribution and morphology differ among shark species, indicating a high
level of biological specialization. '8

Figure 1.14: Images of different ribleted surfaces on shark skin. !”
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The unique structure of shark skin provides several functional advantages that contribute to
the evolutionary success of these animals. The morphology of sharks allows the development
of multiple mechanisms that work together to minimize hydrodynamic drag. Through the in-
teraction between microstructure, material properties, and biological functions, shark skin is
capable of adapting to different flow conditions and optimizing its performance during swim-
ming. Several key features contributing to drag reduction have been identified in the literature
and are summarized below. '’

- The characteristic depth of the denticle grooves, typically on the order of 20 pm, is com-
parable to the thickness of the viscous sublayer of the turbulent boundary layer (approxi-
mately 10 pm). This allows the viscous sublayer to be partially inserted within the surface
structure, reducing momentum transfer close to the wall and consequently decreasing tur-
bulence intensity in the near-wall region.

- Dermal denticles are not perfectly aligned with the direction of the flow. Instead, they are
oriented at a small angle relative to the incoming flow, typically ranging from about 10°
to 50°. This inclination influences the local flow field, promoting more stable flow struc-
tures and generating localized backflow regions that contribute to a reduction in overall
resistance.

- Sharks secrete a thin layer of mucus composed primarily of proteins, which acts as a
natural lubricant on the skin surface. This lubricating layer reduces friction between the
skin and the surrounding water, enhancing the overall slip effect and contributing to drag
reduction.

- The flexibility of the underlying tissue allows continuous micro-adjustments of the den-
ticle orientation during swimming. This adaptive capability helps optimize the effective
angle of interaction with the flow, further enhancing hydrodynamic efficiency.

- The vertically protruding scales can also contribute to propulsion. Their shape generates
additional thrust and reduces viscous forces, enhancing swimming efficiency.

Moreover, the denticles act as a protective layer, offering resistance against mechanical
damage and interactions with competitors. In addition, they play a significant role in limiting
biofouling. By modifying the surface topography at the microscale, the denticles hinder the
adhesion, attachment, and proliferation of marine organisms such as bacteria and algae, thereby
preserving the functionality of the skin surface. In general, rough surfaces tend to provide a
larger effective area due to the presence of peaks and valleys, which can create favorable condi-
tions for the settlement of marine organisms. However, on smooth surfaces, the initial fouling
layer often spreads uniformly, covering the entire surface and eliminating the beneficial char-
acteristics associated with smoothness. The microstructured geometry of shark skin instead
interferes with this process, reducing the ability of microorganisms to establish stable attach-
ment.
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Figure 1.15: Different factors generating shark skin drag reduction. '

The primary hydrodynamic function of this specialized surface structure is the reduction
of skin-friction drag during swimming. The aligned microgrooves interact with the near-wall
flow structures of the boundary layer, leading to a reduction in momentum transfer toward the
surface. This effect enables sharks to swim more efficiently, achieving higher speeds while
minimizing energy expenditure.

The drag-reducing capability of shark skin has attracted significant attention in engineering re-
search. In particular, the microscopic grooves have inspired the development of artificial riblet
surfaces designed to reproduce similar hydrodynamic effects.

1.3.2. Physical mechanism and numerical/experimental review

As discussed in the previous section, riblets are streamwise-aligned microscopic grooves
engineered on surfaces to reduce skin-friction drag in turbulent flows. These periodic structures
mimic the natural morphology of dermal denticles of shark skin, whose unique microtexture in-
spired the development of riblets for fluid-dynamic applications by creating riblet-like patterns
capable of interacting with the near-wall flow structures!”.

The study of riblets dates back several decades. The aviation and aerospace sector, marine
transportation, and industry and energy are the main fields of application.

Early experiments conducted at NASA by Walsh and collaborators?**!?2 demonstrated that the
application of riblet surfaces on aircraft could produce measurable reductions in aerodynamic
drag, highlighting their potential for large-scale use in commercial and military aviation. Subse-
quent experimental investigations>® confirmed that, when properly designed and dimensioned,
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riblets can reduce skin-friction drag by up to approximately 10%. This makes them a promis-
ing passive technology in applications where fuel efficiency and aerodynamic performance are
critical. In the aeronautical sector, riblets have been investigated for application on aircraft
fuselages, wings, and turbine blades. Even modest drag reductions can lead to significant fuel
savings over long-distance flights, resulting in lower operational costs and reduced environ-
mental impact through decreased carbon emissions. This aspect is particularly relevant for the
aviation industry, where even small improvements in aerodynamics can lead to substantial eco-
nomic benefits.

Riblets have also attracted considerable interest in the maritime sector. When applied to the
hulls of ships and submarines, these microstructured surfaces can reduce hydrodynamic resis-
tance, thereby improving propulsion efficiency. As in aeronautical applications, drag reduction
in marine environments leads to lower fuel consumption and potentially higher cruising speeds.
A well-known example is the 1987 America’s Cup yacht Stars & Stripes, which successfully
employed riblet surfaces to enhance hydrodynamic performance?*. In modern sailing compe-
titions, the use of riblets is prohibited. Ongoing research continues to explore the potential of
riblet technologies for commercial shipping and naval vessels, including innovative concepts
such as riblet-like microstructures impregnated with lubricating liquids to further reduce fric-
tion?,

From a fluid-mechanical perspective, riblets influence the near-wall turbulence structure. In
turbulent boundary layers over ribleted surfaces, longitudinal vortices form along the grooves,
generating a secondary cross-flow that interacts with the surface corrugations. This interaction
tends to weaken the intensity of the near-wall vortical structures, dampening and reducing tur-
bulent momentum transfer toward the wall. As a result, turbulent diffusion decreases, leading
to a reduction in eddy viscosity and consequently in skin-friction drag.

Inviscid flow

Turbulent %
boundary-layer

_ ¥
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Figure 1.16: The phenomenon of drag reduction is produced by grooves (or riblets) interacting with the
viscous sublayer, in a turbulent boundary layer.®
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Experimental studies conducted by Bechert and collaborators provided a deeper understand-
ing of the relationship between riblet geometry and drag reduction. In particular, it was observed
that the effectiveness of riblets strongly depends on their characteristic dimensions, especially
the spacing and height of the grooves. These geometric parameters must be of the same order of
magnitude as the thickness of the viscous sublayer of the turbulent boundary layer to produce
optimal drag reduction.

From a physical perspective, the velocity profile that develops close to the ribleted surface
presents an asymptotically linear trend within the adjacent viscous layer. On a regular and pe-
riodic textured surface, the velocity zero is reached below the tip level by a certain quantity
that depends on the shape and the dimensions of the grooves. So the effective point where the
velocity tends to zero, named virtual origin of the flow, is displaced. The riblet surface can
therefore be interpreted as an equivalent fictitious smooth wall that produces the same effect on
the external flow but appears shifted relative to the riblet tips. This shift is commonly referred
to as the protrusion height (Fig. 1.17).

By considering a small domain near the wall and solving the governing equations numerically,
both longitudinal and transverse protrusion heights can be evaluated. These quantities depend
on the riblet shape and geometric parameters. Importantly, the difference between the longi-
tudinal and transverse protrusion heights provides a quantitative measure of riblet efficiency in
terms of drag reduction.

Mean velocity profiles

Protrusion height

!! Tt
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Figure 1.17: Apparent origin of a riblet surface.!”

In general, randomly rough or textured surfaces tend to increase the overall resistance com-
pared to smooth walls. However, riblets represent a particular case: by damping cross-stream
velocity fluctuations and suppressing secondary vortical structures, they can effectively reduce
drag. This beneficial effect is closely related to the characteristic size of the grooves relative to
the viscous length scale of the turbulent boundary layer. An alternative interpretation of drag re-
duction considers the total drag force as the integral of the shear stress over the total area. Both
the magnitude of the shear stress and the effective contact area must therefore be taken into
account. Many studies have focused on suppressing turbulence intensity to reduce the average
wall shear stress. Although the introduction of riblets increases the total surface area due to the
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presence of peaks and valleys, the resulting distribution of shear stress is highly non-uniform.
The riblet tips, which represent a relatively small portion of the surface area, are exposed to
higher shear stress levels because they interact with faster-moving fluid structures. In contrast,
the majority of the surface area lies within the riblet valleys, where the flow velocity is signif-
icantly lower, resulting in reduced shear stresses. By keeping the near-wall vortices above the
riblet tips, cross-stream velocity fluctuations within the grooves are substantially smaller than
those observed above a smooth flat plate. This reduction in cross-stream momentum transfer
near the wall compensates for the increase in surface area and ultimately leads to a net reduction
in drag.

One of the most comprehensive experimental investigations of riblet performance was con-
ducted by Bechert et al.?}. Several riblet geometries—including sawtooth, scalloped, blade,
and trapezoidal shapes, as well as adjustable slits and ribs — were tested with different span-
wise wavelengths. The drag-reduction parameter is defined as:

Ar, AC
DR=="0n 2 (1.1)
Two Cfo
where 7, is the wall shear stress. C is the skin-friction coefficient,
2T
Cr = — = (1.2)
pugulk

with i, denoting the bulk velocity and p the fluid density. The subscript “0” refers to the
corresponding smooth-wall value. The drag-reduction parameter was plotted against the non-
dimensional riblet spacing

=l (1.3)

v
where u., is the friction velocity and v the kinematic viscosity.

The results demonstrated the existence of a viscous regime for very small spacings, character-
ized by a linear decrease in skin friction. This regime is followed by a maximum drag reduc-
tion, after which drag begins to increase, eventually resulting in a drag penalty for /T values
exceeding approximately 30. For /T values smaller than about 5-10 (depending on riblet ge-
ometry), the viscous regime is well described by the Stokes-based theory proposed by Luchini
et al.®. Their analysis showed that riblets provide greater resistance to transverse flow than to
streamwise motion. This anisotropic resistance can be quantified through two slip lengths: the
longitudinal slip length )\, and the spanwise slip length \,. Luchini et al.® further argued that
these slip lengths represent distances measured from the riblet tips, which are themselves an
arbitrary reference point along the wall-normal coordinate. Consequently, the absolute values
of A\, and A, do not directly influence the macroscopic flow behavior. Instead, the physically
meaningful quantity is their difference,

AXN= ), — )\, (1.4)

This concept was later confirmed by Luchini?® and Jiménez?’, who derived an expression
for the drag reduction:
Cf—Cfo . AU o ANt
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where AU™ represents the velocity shift in the logarithmic layer (positive when drag is
reduced), and « is the von Karmén constant. The coefficient 1,y depends on the riblet geometry
and spacing; reported values include approximately 0.66 (Jiménez?7), 0.785 (Bechert et al.??),
and 1 (Luchini?®).
In particular, Luchini showed that the equality AUT™ = AA* arises from an effective upward
displacement of the origin of the turbulent mean velocity profile in the presence of riblets. The
increase in mean streamwise velocity compensates for this shift, leading to a reduction in wall
shear stress. This theoretical framework, however, remains valid only within the viscous regime,
typically for £* values below approximately 10.

1.3.3. Manufacturing of riblets

As explained in the previous section, the characteristic dimensions of the riblets—such as
height, spacing, and shape—must be carefully selected to correspond to the typical length scales
of the turbulent structures they are intended to control. If the riblets are either too large or too
small relative to these scales, their drag-reduction capability is significantly impacted, making
the design and optimization process a critical aspect of their practical implementation.

There are several manufacturing techniques, including microfabrication processes, laser etch-
ing, and additive manufacturing, such as 3D printing?®. These technologies enable the produc-
tion of highly precise surface textures, allowing engineers to design riblet patterns tailored to
specific operating conditions.

In the maritime sector, riblets can be implemented on ship propellers to improve propulsion
efficiency, as well as on the hull surface to reduce hydrodynamic friction during navigation. In
addition to drag reduction, riblet surfaces may also exhibit antifouling properties, which fur-
ther enhance their potential benefits for naval applications by limiting the adhesion and growth
of marine organisms. Despite their promising performance, a significant challenge in materials
science lies in the development of manufacturing techniques that are both efficient and econom-
ically viable for large-scale applications, particularly for extensive surfaces such as ship hulls.
The fabrication methods must therefore be adaptable, durable, and compatible with existing
coating and surface-treatment technologies.

Several approaches have been proposed to produce riblet microstructures, among which the
most widely investigated are laser-based surface structuring, textured films, and specialized
coating treatments®. Laser technology, for instance, uses optically focused beams to locally
modify the surface and generate the desired micro-scale geometry. Laser machining allows the
creation of complex three-dimensional riblet patterns with high precision and can be applied
even on curved or irregular surfaces, where the use of prefabricated textured films would be
impractical.

Another promising approach is the roll-to-roll (R2R) film coating technology, which enables the
production of functional films incorporating riblet structures. The rolling technique, described
by Stille et al.*°, employs two rolls—one structured and one smooth—between which large
metallic sheets are passed. A fine, high-strength steel wire is tightly wound around the upper
work roll, imprinting a negative riblet pattern onto the roll surface. This structured roll then
transfers the riblet geometry onto the passing material, enabling the efficient manufacturing of
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riblet textures over large surface areas, as illustrated in Fig. 1.19.
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Figure 1.18: Roll structuring method (a) and riblet rolling process (b).°

The third application method is coating. There are two main components: the application
system and the coating system. The coating process is done using a specially designed roller
device and a silicone film, a soft-negative mold, embosses the coating with the microscopic
shapes. The grooves are then cured using an ultraviolet light source.?!

Figure 1.19: Ultraviolet process of curing of a grooved surface.

A similar method technology for the fabrication of micro-riblets utilizes laminate transfer
molding, which enables the modification of paint morphology to accommodate the replication
of micro-riblets on a ship’s hull. Using a laminate mold, made of nylon wire to reproduce
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pattern materials, it forms a cavity of the micro-riblets structure on the silicon rubber; then a
painting process is done and finally, the outcome is applied to the ship model’s hull.*

» » »

Laminate

Laminate mold Painting Transfer Molding

Release the mold

Figure 1.20: Procedure of laminate transfer molding.>?

(a) Ship hull without micro-riblets

(b) Ship hull with micro-riblets

Figure 1.21: Application of micro-riblets on the ship’s hull.3?

With regard to the technological maturity of riblet surfaces in maritime applications, their

industrial implementation has so far been limited to relatively small-scale and specialized uses
within the shipping sector. One notable example is their application in high-performance sail-
ing and racing boats, where riblet foils are applied to the hull in order to reduce hydrodynamic
drag and enhance overall performance. In these contexts, the effectiveness of the microstruc-
tured surface can be maintained because the hull is regularly cleaned after each race, preventing
the accumulation of contaminants that would otherwise degrade the drag-reduction capability
of the riblets***. When considering broader commercial maritime applications, several chal-
lenges emerge. One of the primary limitations is related to surface maintenance. Unlike vessels
for competition purpose, commercial ships cannot undergo frequent cleaning operations, and
the accumulation of fouling on the surface can significantly reduce the effectiveness of riblet
textures. Furthermore, the application of riblet structures over very large surfaces, such as ship
hulls, remains a significant technological and manufacturing challenge, both in terms of scala-
bility and long-term durability.
Despite these limitations, riblet technology remains a promising solution for improving the hy-
drodynamic efficiency of marine vessels. As a passive drag-reduction technique that does not
require additional energy input, riblets could contribute to reducing fuel consumption in mar-
itime transport. This improvement in propulsion efficiency would consequently lead to a de-
crease in C'O, emissions, supporting current efforts to enhance the environmental sustainability
of the shipping industry.
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1.4. Slippery surfaces

1.4.1. Superhydrophobic surfaces

In the first decades of the previous century, Robert N. Wenzel** and A. B. D. Cassie & S.

Baxter® developed pioneering studies, investigating the fundamental understanding of wetta-
bility on rough and porous surfaces, introducing one of the most important models in surface
wettability theory.
In 1936, Wenzel demonstrated that surface roughness strongly influences the wetting behavior
of solids by amplifying their intrinsic wettability. In the so-called Wenzel state, the liquid com-
pletely penetrates the surface asperities, increasing the effective solid—liquid contact area. The
apparent contact angle is described by the Wenzel relation:

cos By = r cos By (1.5)

where 6y is the apparent contact angle on a real rough surface in a Wenzel state, 6y is Young’s
contact angle on an ideal and smooth surface, and r is the roughness ratio, defined as the ratio of
the actual surface and the geometrical one (it is larger than 1 because of roughness elements).
In 1944, Cassie and Baxter expanded this theory by studying porous and heterogeneous sur-
faces. They proposed that, under certain conditions, air can remain trapped beneath a liquid
droplet, creating a solid-air interface. In this Cassie-Baxter state, the liquid contacts only a
fraction of the solid surface, resulting in reduced adhesion and significantly enhanced water
repellency. Their model is expressed as:

cosOop = fs(cosby +1) —1 (1.6)

where Ocp is the apparent contact angle in Cassie-Baxter state, f, represents the fraction of
solid surface area wetted by the liquid. The next figure shows a schematic representation of
both Wenzel and Cassie-Baxter states.
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Figure 1.22: (A) Cassie—Baxter state: a drop (top) and bulk liquid (bottom) rest on a rough surface
without fully wetting it, remaining suspended on surface asperities. (B) Wenzel state: the liquid fully
follows and wets the surface roughness. 3
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The Wenzel and Cassie-Baxter models constitute the theoretical foundation of modern su-
perhydrophobic surface (SHS) research. These surfaces constitute a prominent class of bioin-
spired engineered interfaces, drawing inspiration from natural systems to achieve anti-wetting,
anti-icing, self-cleaning, and low-friction functionalities.

These theories explain how combining two key elements:

L micro- and nano-scale surface textures, a hierarchically structured roughness

II.  low-surface-energy chemical functionalization.

It can produce extremely high water contact angles and low sliding angles, designed to mini-
mize liquid—solid contact and thereby alter interfacial transport phenomena.
The first element is essential for generating surface asperities - such as microgrooves, cavities,
and micropillars - that can entrap air pockets. In contrast, a perfectly smooth surface is inher-
ently incapable of sustaining superhydrophobic behavior.
The interdependence between surface roughness, reduced particle adhesion, and water repel-
lency has been widely observed in many biological systems>’. This coupled problem is recog-
nized as a key mechanism governing self-cleaning surfaces and is schematically illustrated in
the figure below.

Bico et al. established fundamental theoretical frameworks describing how surface roughness

Figure 1.23: Illustration of the connection between surface roughness and self-cleaning: on smooth
surfaces, particles are redistributed by water (8a), whereas on rough surfaces they adhere to droplets and
are removed as the droplets roll off (8b). 37

and texture topology dictate the transition between distinct wetting states, specifically analyz-
ing the conditions under which a liquid either spreads into a texture or remains suspended on
top of it.3® In particular, they found out that the wettability property can be described by the
apparent contact angle as a function of two dimensionless parameters, the surface roughness
and a surface fraction.

In a comprehensive review, Quéré (2008) examined the influence of surface roughness on wetta-
bility, highlighting that both the apparent contact angle and contact angle hysteresis are strongly
affected by roughness and emphasizing the importance of establishing well-defined measure-
ment protocols*.

Lafuma and Quéré*” concluded that microtextured hydrophobic surfaces can exhibit both meta-
stable Cassie states, where air remains trapped beneath the drop, and Wenzel states, where

é40
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the liquid penetrates the texture; although both states show similarly high contact angles, the
Wenzel state produces dramatically larger hysteresis and much stronger droplet adhesion. They
also highlight that superhydrophobicity can fail when water penetrates the surface texture and
induces a transition from the Cassie to the Wenzel state, but that highly rough, hierarchical tex-
tures—such as those found in plants - can stabilize the Cassie regime and preserve strong water
repellency.*’

A defining macroscopic manifestation of superhydrophobicity is the formation of nearly spher-
ical liquid droplets upon contact with the surface. These droplets exhibit high mobility: even
slight inclinations induce rolling, during which contaminants are collected and removed. This
self-cleaning mechanism, often referred to as the “lotus effect,” has motivated the development
of multifunctional surfaces. Water droplets impacting a superhydrophobic surface do not spread
or adhere. This behavior reflects the extremely low wettability of such interfaces. Static and
dynamic contact angles represent two fundamental metrics for quantifying superhydrophobic
performance. !

When air is stably trapped within the surface asperities, the liquid partially rests on a composite
interface of solid and air, thereby reducing the effective contact area. This regime is described
by the Cassie—Baxter model (also known as the “fakir” state). Conversely, if the entrapped
air layer is displaced by the liquid, the system transitions to the Wenzel state, characterized
by complete wetting of the nano- and microstructures. In this latter condition, the slip effect
is suppressed, and the surface behaves as a conventional rough substrate with increased adhe-
sion. The synergistic combination of surface texturing and chemical functionalization enables
the stabilization of a thin air layer between the solid substrate and the external fluid, which is
the hallmark of SHS performance. Quantitatively, superhydrophobicity is typically assessed
via static contact angle measurements. This involves placing a liquid droplet, typically a wa-
ter droplet, on the surface and determining the angle formed between the solid baseline and
the tangent to the droplet profile at the three-phase contact line (solid-liquid—gas). Surfaces
exhibiting a static contact angle equal to or greater than 150° are conventionally classified as
superhydrophobic.

150°< B <180° 90°< @ < 150° 10°< B <90° 0°<B8<10°
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Water

droplet
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Figure 1.24: Surface characterization through static contact angle measurement.*

From a fluid-dynamic perspective, classical viscous flow over a solid boundary is governed
by the no-slip condition, whereby the fluid velocity at the interface vanishes (Fig. 1.25a). The
velocity profile linearly decreases from an outer velocity U, to zero, when it touches the sur-
face. But this condition is not reliable for all materials, such as rough, superhydrophobic, and
liquid-infused surfaces. In Fig. 1.25b, there is a scheme of two immiscible fluids, which could
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be air-water or oil-water.
In SHSs, the air entrapped within surface cavities forms a so-called plastron layer, effectively

(a) (b)

Fluid 1

Figure 1.25: Schematic of the near-wall velocity. a) Single-fluid system flows on a solid surface. b) Two
immiscible fluid systems on a solid surface with a roughness element. The presence of the second fluid
creates a recirculation region, reducing the near-wall shear and drag induced by the flow.*?

altering the boundary condition and enabling partial slip of the external liquid over the gas layer.
At this interface, a finite slip velocity arises, which can be quantified through an effective slip
length—a key parameter for characterizing drag-reducing performance. So the interaction be-
tween the micro properties of the surface and the flow has a crucial role in determining drag
reduction performance. Extensive experimental and numerical studies have demonstrated that
SHSs can significantly reduce skin friction in both laminar and turbulent flow regimes. Under
favorable conditions, drag reduction exceeding 20% has been reported, highlighting their po-
tential for applications in fluid transport and energy efficiency. The surface energy of a solid
provides a measure of its propensity to be wetted. More precisely, wettability arises from the
interplay between adhesive forces at the solid—liquid interface and cohesive forces within the
liquid phase. In the case of water, strong intermolecular cohesion (due to hydrogen bonding) fa-
vors droplet formation, and the extent of spreading on a surface is therefore governed primarily
by the surface energy of the solid. Materials with high surface energy promote stronger adhesive
interactions with the liquid, resulting in enhanced wetting. Conversely, low-surface-energy ma-
terials inhibit such interactions, leading to reduced wettability. This distinction is evident across
material classes. Metals, glasses, and ceramics, characterized by strong chemical bonding, ex-
hibit high surface energy and are typically hydrophilic. In contrast, fluoropolymers, whose
molecular structure is dominated by weak van der Waals interactions and highly electronegative
fluorine atoms, possess intrinsically low surface energy and are therefore hydrophobic. Despite
their advantageous properties, a critical limitation of superhydrophobic surfaces emerges under
external flow conditions. The shear stresses can destabilize or entirely remove the entrapped gas
plastron, leading to partially or totally liquid penetration into the surface texture. This transition
effectively suppresses the slip behavior and results in a loss of superhydrophobic functionality,
with important implications for their durability and performance in practical applications.

Considering the limited robustness of superhydrophobic surfaces to failure under harsh operat-
ing conditions, an alternative strategy consists of replacing the fragile air plastron with a more
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stable lubricating phase. In this approach, the entrapped gas is substituted by a viscous, immis-
cible liquid — typically a lubricating oil — that is retained within the surface texture through
capillary forces. This configuration gives rise to so-called liquid-infused surfaces (LIS).

In particular, superhydrophobic surfaces (SHSs) exhibit significant limitations in maritime ap-
plications, primarily due to the difficulty of maintaining a stable gas plastron within surface
cavities and the near-total loss of their slippery properties in the presence of surfactants*. In
contrast, liquid-infused surfaces (LIS) represent a promising alternative, owing to their greater
resilience to external fluid interactions. However, a key challenge for large-scale implementa-
tion lies in the need for simple and scalable application methods over extensive surface areas. At
present, both superhydrophobic and liquid-infused surface technologies remain at a low tech-
nology readiness level, with development largely confined to the research stage and only limited
progress toward industrial deployment.

1.4.2. Liquid-Infused surfaces

The concept of bioinspired, self-repairing Slippery Liquid-Infused Porous Surfaces (SLIPS),
commonly referred to as liquid-infused surfaces (LIS), was introduced by Wong et al.*>. In
particular, a novel class of omniphobic materials exhibits superior resistance and significantly
greater stability to pressure-driven depletion and diffusive loss mechanisms compared to su-
perhydrophobic surfaces, which commonly compromise the integrity of air-based plastrons.
They demonstrated that locking a lubricant within a micro/nanostructured substrate creates a
self-healing, high-pressure-resistant interface capable of repelling diverse complex fluids and
preventing ice or biofouling accumulation.

Figure 1.26: Schematic of a liquid-infused surface, illustrating surface asperities impregnated with lubri-
cant oil and an insect sliding across it, highlighting the natural inspiration behind the design.

Liquid-Infused surfaces trap the lubricant within the micro- and nanoscale asperities, forming a
continuous liquid layer that effectively separates the solid substrate from the external fluid.

Owing to its higher viscosity, the infused liquid exhibits enhanced resistance to external pertur-
bations. Capillary forces further contribute to stabilizing the lubricant within surface cavities,
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preventing its displacement under moderate shear or pressure gradients.

As a result, LIS demonstrates improved robustness compared to conventional superhydropho-
bic surfaces, emerging as a promising alternative to SHS for certain applications in harsh con-
ditions. This increased stability has positioned LIS as a promising alternative for applications
involving extreme flow conditions, where maintaining interfacial slip and low drag is otherwise
challenging.

As previously discussed, similarly to superhydrophobic surfaces, liquid-infused surfaces are
defined by two primary components: a rough/porous, micro- and nanostructured scaffold, and
a lubricating liquid that impregnates and fills the surface cavities. The combined effect of these
elements results in the formation of a stable, immobilized lubricant layer, which imparts low
interfacial shear and confers the characteristic slippery behavior of the surface. Thanks to the
presence of the oil, the fluid above the surface slips, reducing the liquid-solid contact area. The
oily film must show affinity with the porous scaffold and be immiscible with the outer liquid,
1.e., the liquid-liquid interactions must be minimal for the SLIPS to serve their purpose.
Slippery surfaces are typically characterized under static conditions, similar to SHSs, by placing
a water droplet on the surface and measuring the static contact angle. Liquid-infused surfaces
(LIS) generally exhibit lower static contact angles compared to SHSs.
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Figure 1.27: Schematic of LIS: porous solid scaffold, characterized by micro and nanocavities, then
impregnated with a lubricating oil. By tilting, a water droplet rolls off the surface almost frictionlessly.*

While static contact angle measurements provide an initial indication of wettability, they do
not fully capture droplet mobility or interfacial friction. For this reason, dynamic characteri-
zation is equally important. Two main strategies are commonly employed to assess dynamic
performance. The first involves placing a droplet on the surface and gradually inclining it until
the droplet begins to roll or slide. An alternative approach, illustrated in the following figure,
consists of forming a droplet held by a needle and increasing its volume at a constant rate. In
this method, the advancing and receding contact angles are measured when the contact line re-
spectively advances and recedes while the contact angle remains stable (boxes ¢ & e in the next
Fig.1.28). The difference between these angles, known as contact angle hysteresis, should be
minimal to ensure robust surface performance.

Considering droplet mobility, Smith et al. (2013) established a fundamental thermodynamic
framework on lubricant-impregnated surfaces, focusing on the complex physico-chemical hy-
drodynamics of these immiscible, four-phase systems.*® The authors demonstrated that a novel
contact line morphology emerges, characterized by a finite annular lubricant ridge pulled above
the surface texture that forms up to three distinct three-phase contact lines. Crucially, they
showed that these unique morphologies dictate not only the initial contact line pinning and re-
sistance to motion, but also the subsequent level of viscous dissipation that governs droplet
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sliding velocity once movement begins.

a Initial drop b Contact angle increases; € Contact angle remains stable;
contact line remains stable contact line advances

= Baseline

= = = Change in
baseline

/ \
! \
|
ACA reached
d Contact angle decreases; e Contact angle remains stable; f Distorted drop
contact line remains stable contact line recedes
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7 N
Vi \
/ \
I \
2w - 'l
RCA reached

Figure 1.28: Different stages of advancing (ACA) and receding (RCA) contact angle measurements.
White arrows indicate water added for ACA and removed for RCA.*’

However, the effectiveness of skin-friction drag reduction progressively deteriorates as the
lubricating layer becomes depleted. This depletion increases the pressure imbalance between
the lubricant-filled cavities and the external flow, progressively destabilizing the infused layer.
As the lubricant is removed, portions of the textured substrate become exposed to the outer
liquid, promoting wetting transitions toward a Wenzel-like state and reducing interfacial slip.
The degradation or removal of the lubricant, therefore, represents one of the main limitations
of LIS. Once the infused layer becomes unstable, interfacial slip is progressively lost, and drag-
reduction performance rapidly deteriorates, making lubricant retention a critical design param-
eter for practical applications in external and internal flows.*3

Wenzel Cassie-Baxter

Figure 1.29: The manifestation of Wenzel and Cassie-Baxter states on a surface coated with nanoparti-
cles. In SLIPS, the Cassie-Baxter state is favored due to oil-filled pores.*’
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1.5. Comparison between laboratory and real application scales

In this introductory chapter, section 1.1. is dedicated to the environmental motivation of the
study, looking in the direction of applying passive green technologies to the maritime world,
reducing the environmental impact. The link with maritime transport has been presented as a
motivation for the thesis; there is no intention of proposing a solution to apply in the real world,
ready to be durable, effective, and green. The aim is to model and define novel approaches to
deeply understand the behaviour of slippery surfaces beyond ideal operating conditions.
However, this section aims to provide an estimation of the comparison between laboratory and
real-world application scales, without the purpose of giving a detailed naval calculation, but
trying to assess the fundamental parameter scale to better understand the relation of the activities
that will be described in the following chapters, compared with the real-world application.

The following calculations have been suggested by Prof. Christophe Clanet, reviewer of this
thesis.

1.5.1. Global parameters scale

In ship hydrodynamics, the ITTC-1957 model-ship correlation line is the standard empirical
formula used to estimate skin-friction resistance (the viscous drag caused by water sliding along
the hull surface).’® The skin-friction coefficient can be evaluated from the following equation:

0.075
(log,y Rey, — 2)°

cp = (1.7)
with Rey, that is the Reynolds number based on the ship length, defined as Re;, = UL/v.

As previously discussed, see figure 1.6, the use of drag reduction technologies can significantly
and positively impact, in particular, large and slow ships, such as bulk carriers and tankers. Con-
sidering the word fleet, these ships cover a broad range of dimensions and operating conditions.
To consider representative values for the principal tanker classes, some geometrical data need
to be defined. L denotes the ship length, B the beam, 1" the loaded draft, and U the cruising
velocity; average values have been taken from “Typical ship principal dimensions” under the
section Tankers.>!

L=300m, B=60m, T=20m, U=77m/s

The seawater properties are assumed p = 1025kgm = and v = 107 m?s™!, where p is the
fluid density and v is the kinematic viscosity. The Reynolds number based on ship length can
be calculated, obtaining:

UL  7.7x300 _

=——=-"""""~23x10" 1.8
RSL y 10-6 3 x 10 ( )
The corresponding Froude number is:
U 7.7
Fr = = ~ 0.14. (1.9)

VoL  /9.81 x 300
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With these two dimensionless numbers, the skin-friction coefficient can be estimated from equa-
tion 1.7, and it gives:
cp~1.4x1073. (1.10)

To obtain an order-of-magnitude estimate of the viscous drag force and the corresponding power
dissipation, the hull wetted surface area is approximated as a simplified rectangular prism:

S~ L(B +2T) = 300, (60 4+ 2 x 20) ~ 3.0 x 10* m”. (1.11)

The resulting viscous drag force and the related power dissipation become:
1
szipScFU2:1.3>< 10°N, Pp=FpU ~9.7x10°W. (1.12)

To understand the impact of a reduction in the viscous power dissipation on the overall engine
power cost, it is crucial to take into account all the effects. The global resistance coefficient
includes multiple factors: wave-making resistance, residual resistance, appendages, and aero-
dynamic drag. For a tanker, a representative estimate of the global resistance coefficient can be
taken as:

Cr~25x 1073, (1.13)

This yields an overall hydrodynamic drag force and required hydrodynamic power of:
1
FTzﬁpScTUQ:Q.?)xlOG N, Pr=FU~18x10"W. (1.14)

Assuming a global propulsive efficiency 7 in the range 0.6-0.7, the corresponding engine power
is estimated as: P
Pp ==L~ (25-3.0) x 10" W. (1.15)
n
Considering, for instance, a 5% or 10% decrease in viscous drag would correspond to an ap-

proximate power saving of:
Pr = (0.05-0.10) Pp ~ (4.9-9.7) x 10° W, (1.16)

which in terms of percentage corresponds to:

P = Lr x 100 ~ 1.6-3.2% (1.17)
Pg
Although the potential energetic benefit is substantial, practical implementation at full scale re-
quires the drag-reducing mechanism to remain effective over very large wetted surfaces under
seawater exposure, fouling, abrasion, aging, and operational maintenance constraints. But even
a small reduction leads to a strong impact overall the system.

The two experimental activities described in this thesis have been conducted in Taylor-Couette
configurations, described in the following chapters. This geometry provides a typical frame-
work for studying hydrodynamic instabilities and interfacial flow phenomena: it is very sen-
sitive to small changes, for example, roughness elements, and it can be modeled accurately.
However, it does not reproduce the full turbulent boundary layer developing along a ship hull.
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In Chapter 3, the flow is under laminar conditions, so it is far from a real application; the study
links wall texture, slip length, and flow instabilities, proposing the use of effective boundary
conditions to predict the flow behaviour of a rough-patterned cylinder.

In Chapter 4, lubricant-depletion experiments are performed in a custom-built mesoscale Taylor-
Couette apparatus, able to reach the following Reynolds number:

QR d

14

~ 4.7 x 10* (1.18)

ReTC,max =

The experiment presented in Chapter 4 is the one that studies the most harsh conditions, in
terms of global parameters related to flow speed. However, the global quantities are different
from the case of a real tanker.

It 1s also crucial to point out that in Taylor-Couette flow, the absence of a free surface makes
gravitational wave generation negligible. In contrast, for marine applications, the presence of a
free surface introduces wave-making effects that contribute directly to the total drag.
Consequently, the comparison between laboratory and full-scale conditions should not be in-
terpreted as a strict dynamic similarity. Rather, the Taylor-Couette experiments provide access
to specific local flow mechanisms - such as interfacial stability, lubricant depletion, and vis-
cous transport - that are relevant to the physical processes governing drag reduction, while the
ship-scale estimates establish the corresponding order of magnitude and practical engineering
significance.

1.5.2. Local parameters scale

To compare maritime applications, it is relevant to consider also the local near-wall flow
parameters: wall shear stress 7, the friction velocity v, = 77“’, the viscous length scale
0, = ;. From a geometrical point of view, the texture dimensions £ is the texture spacing and

k is the texture height or characteristic roughness, that can be expressed in wall units: (* = £

14
and kT = k% = 53. For the representative tanker, wall shear stress is estimated from:

1
Tw=§pU2cF. (1.19)

Using the previous reference data, U = 7.7ms ! and cp = 1.4 x 1073, it yields to:

C
u, =U TF ~20x10 ms™!, 7, ~42Pa. (1.20)

For the Chapter 4 lubricant-depletion experiments, a laminar cylindrical Couette estimate gives
at the maximum rotation rate:

ur ~4.0x1072ms™1, Tw =~ 2.6 Pa. (1.21)

Under these conditions, riblets in the classical optimal range ¢* ~ 10-20, would correspond to
physical spacings of order:
£ ~50x107°-1.0 x 10~*m. (1.22)



43

Considering the nanostructure of the Teflon-wrinkles surface, the LIS tested and completely
described in Chapter 4, it exhibits characteristic dimensions approximately in the range k ~
0.2 — 1 wm which corresponds to k* < 1072, indicating that the nanostructure remains deeply
sub-viscous throughout the laboratory experiments.

This comparison is included in the present thesis to highlight that neither local nor global quan-
tities are directly comparable to those of a full-scale tanker hull.

1.5.3. Antifouling field evaluation and real-world challenges

To bridge the gap between laboratory-scale characterization and real-world marine deploy-

ment, prior field studies have evaluated the environmental resilience, durability limits, and bio-
fouling resistance of hierarchical structured surfaces by exposing them to ocean conditions.
Notably, Ware et al. (2018) examined the marine antifouling efficacy of Teflon-Wrinkle sur-
faces - LIS described and tested in Chapter 4. Their field tests compared three distinct surface
configurations: an untreated control, a superhydrophobic surface (SHS), and a liquid-infused
surface (LIS).>? After seven weeks in the ocean, the untreated substrate fouled rapidly, and the
SHS showed only marginal improvement. In contrast, the LIS exhibited excellent initial re-
sistance to biofouling, see the next figure. Long-term immersion up to six months, however,
revealed that the LIS eventually became completely covered by algae as a direct consequence
of progressive lubricant depletion.
The response of Teflon-wrinkle surfaces has been addressed by immersing the samples under
static conditions in the ocean, exposing them to contaminants and marine life. The anti-fouling
property is not yet ready for immediate application on an operational ship hull; several practical
engineering aspects need to be systematically addressed. However, this preliminary study pro-
vides strong motivation for systematically investigating the antifouling performance and drag-
reduction behavior of these nanostructured surfaces. Upscaling the technology will require
optimizing key factors that need to be completely understood to find the best combination.

Perspex Teflon wrinkles Infused Teflon
(test plate) Wrinkles

Figure 1.30: Optical images of fouled surfaces, after 7 weeks of testing in the ocean. From left to right:
untreated plate, Teflon-Wrinkles plate (SHS), and Infused Teflon-Wrinkles plate (LIS). >2
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1.6. From regular to complex materials: thesis structure

Several key aspects still need to be addressed to bridge the knowledge gap surrounding slip-
pery surfaces for drag-reduction applications. From a numerical perspective, accurately resolv-
ing the flow physics in the immediate vicinity of slippery interfaces remains a major challenge.
The governing mechanisms are dominated by small-scale, near-wall phenomena that require
fully resolved simulations, which are computationally demanding, and intrinsically complex of
slippery surfaces, which involve multiphase flow interactions and geometrically intricate tex-
tures. From an experimental perspective, a comprehensive understanding of the failure mecha-
nisms is still lacking. In particular, the critical conditions at which a slippery surface begins to
lose its effectiveness remain largely unknown.

The present thesis addresses these challenges through a progressive and multi-perspective inves-
tigation, starting from idealized textured geometries to more complex, hierarchical materials, as
visually represented in the following image.

Figure 1.31: From simple to complex surface architectures: periodic trapezoidal grooves (left), an inor-
ganic alumina layer with flower-like microstructures (centre), and nanowrinkled surface features (right).

A novel theoretical model is developed to predict flow characteristics over riblet-textured
surfaces, capturing the essential physics while reducing computational cost.
Complementarily, the experimental investigation focuses on periodically grooved surfaces to
assess how specific surface patterns influence the onset and evolution of vortical structures in a
Taylor—Couette system.
Finally, in order to bridge the gap toward practical applications, lubricant depletion in liquid-
infused surfaces is investigated experimentally. A custom-designed meso-scale Taylor—Couette
facility is developed to enable direct visualization and quantitative characterization of lubricant
dynamics under high-shear conditions. This combined approach provides insight into the cou-
pling between surface morphology, flow structures, and durability, thereby contributing to the
development of more reliable and effective drag-reducing surfaces.



Slip-transpiration vortex model for riblets

“There is a need for a universal roughness scale that can describe every type of roughness and
be used in any roughflow regimes, including fully rough and transitionally rough regimes”.
The interaction between the microscale properties of a slippery surface and the outer flow plays
a critical role in determining the overall drag-reduction performance. However, the full nu-
merical resolution of flow features within micro-ribbed geometries entails high computational
demands and complexity.

To address this limitation, a novel modeling approach is proposed, enabling the rapid optimiza-
tion of a wide class of wall-texture configurations without the need for fully resolved simula-
tions.

The method is designed to capture near-wall flow characteristics beyond the viscous regime.
To this end, a new boundary condition is introduced at a fictitious wall, representing the effec-
tive influence of streamwise-aligned riblets without explicitly resolving their geometry.

The approach combines a multiscale homogenization technique, properly treating and combin-
ing macroscopic and micro-domains, while accounting for advective effects, with a synthetic
vortex model that reproduces the transverse flow structures in the near-wall region.

The resulting wall model successfully captures the non-monotonic dependence of skin-friction
drag on the riblet spacing, ¢* (defined as riblets’ periodicity - in viscous units), including the
regime of drag reduction, the subsequent performance degradation, and the eventual drag in-
crease beyond a critical ¢* threshold.
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2.1. Introduction

Riblet surfaces represent a well-established and extensively studied passive drag-reduction
technology. A wide range of examples of experimental and numerical research has consis-
tently demonstrated their ability to reduce skin-friction drag under turbulent flow conditions.
For a given riblet geometry, the drag-reduction performance is typically characterized by a non-
monotonic, approximately parabolic dependence on the dimensionless spacing £, expressed in
viscous units. The existence of an optimal spacing corresponding to maximum drag reduction
is therefore well documented and has been extensively investigated over the past decades.
However, the physical mechanisms responsible for the breakdown of the viscous regime and the
associated deterioration in performance as /" increases beyond its optimal value remain only
partially understood.

In particular, recent studies have emphasized the crucial role of advective processes in gov-
erning this transition. Advection facilitates the penetration of outer-flow disturbances into the
riblet grooves, progressively weakening the ability of the riblet sidewalls to suppress secondary
crossflow fluctuations. This process promotes the development of streamwise-oriented vortical
structures and enhances momentum exchange in the wall-normal direction, ultimately leading
to a degradation of drag-reduction performance.

A particularly insightful analysis of the role of advection in the degradation of drag-reduction
performance was proposed by Goldstein and Tuan>*. Through direct numerical simulations
of turbulent flow over surfaces patterned with scalloped riblets, they demonstrated that, as the
spanwise spacing of the microstructures increases, a larger /* value, the effectiveness to reduce
the fluctuation intensity is progressively dampened. This loss of confinement promotes the pen-
etration of transverse motions into the grooves and favors the formation of a stronger secondary
streamwise vortical structures both within and above the riblets. The resulting enhancement of
vertical momentum transport leads to increased mixing and, consequently, higher drag. Similar
counter-rotating vortex pairs were later observed experimentally by Endrikat™, further support-
ing this physical interpretation.

These findings provide the primary motivation to develop the present study, improving it by
the inclusion of both advective effects and transpiration velocity component in the modeling of
flow over riblet surfaces.

In particular, the inspiration has been taken from the approach of Luchini et al.®, which is
adopted and extended. The novel model incorporates a zero-net-mass-flux transpiration bound-
ary condition imposed at a virtual plane located above the riblet tips, enabling the representation
of advective exchange between the groove region and the outer flow without resolving the de-
tailed geometry.

The inclusion of advection through the innovative upscaling technique, named adjoint homog-
enization ', is a crucial ingredient when the periodicity of the wall texture is sufficiently large.
In the very recent work, by Ahmed and Bottaro®®, advection was primarily taken into consider-
ation in porous media and textured walls.

The present work aims to expand and extend the theoretical framework by incorporating the
effects of near-wall streamwise vortical structures into the classical concepts of slip length and
interfacial permeability. The novel approach seeks to provide a more comprehensive represen-
tation of the underlying flow physics at textured surfaces.
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2.2. Model description

This section is dedicated to providing the details of the derivation of effective boundary
conditions at the fictitious interface between a channel flow and a regularly microstructured
wall. A description of the channel flow model is provided, with a discussion of the scales
adopted, followed by normalization of the equations in the two domains considered: the inner,
or near-wall, domain, and the outer, or bulk, domain.

2.2.1. The upscaling approach

The objective is to develop an approach capable of accurately reproducing near-wall flow
features without explicitly resolving the underlying surface microstructure. To this end, a mul-
tiscale homogenization technique is employed. It relies on two fundamental ingredients. First,
the problem is formulated in terms of two well-separated domains: a microscopic domain, as-
sociated with the characteristic length scale of the surface features, and a macroscopic domain,
characterized by a larger scale. The clear separation between these scales enables the definition
of a small perturbation parameter, called § < 1. It is used to perform a formal expansion of the
governing equations of the inner variables by performing an inner-outer matching. This proce-
dure systematically links the microscale physics to the macroscale flow behavior. The central
idea is to replace a geometrically complex rough or porous surface with an equivalent smooth,
fictitious interface, upon which effective boundary conditions are imposed. These conditions
are designed to mimic the net effect of the real surface on the outer flow, thereby significantly
reducing computational complexity.

At the microscopic level, the flow is resolved by solving a forced Stokes problem, in which
advective effects are incorporated through a modeled representation of near-wall dynamics,
namely a synthetic pair of streamwise vortices. This formulation allows the inclusion of key
physical mechanisms while maintaining computational tractability. The auxiliary problems are
solved for different riblet geometries, yielding effective parameters such as the Navier slip co-
efficients and the interfacial permeability, which depend explicitly on the shape and size of the
surface features.

These microscale solutions are then upscaled to the macroscopic domain through an appro-
priate matching procedure, leading to a set of effective boundary conditions imposed at the
fictitious wall. A crucial aspect of this formulation is that the influence of the microstructure is
entirely embedded in these coefficients, allowing complex geometrical effects to be accounted
for without direct resolution. Furthermore, the model introduces a wall-normal velocity compo-
nent in the boundary conditions, thereby capturing transpiration effects. This represents a key
improvement over classical approaches, as neglecting wall-normal velocity fluctuations at the
virtual interface can lead to significant inaccuracies, particularly when riblets operate beyond
the viscous regime.
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2.2.2. Domain decomposition and governing equations

The flow configuration considered is a channel flow bounded by a riblet-textured bottom
wall and a smooth upper wall. The computational domain corresponds to the free-fluid re-
gion above the riblet tips, defining the macroscopic domain of interest. Its dimensions are
Lx x Ly x Ly = 2rH x 2H x wH, where H denotes the half-height of the channel. The
riblet-textured surface is bounded by black dashed lines that define a virtual plane representing
a fictitious smooth wall. At this interface, effective boundary conditions are imposed to account
for the presence of the riblets without explicitly resolving their geometry. In this way, the com-
plex microstructure is replaced by an equivalent boundary formulation acting on the outer flow.
The microscopic domain is indicated by the red dashed region, which characterizes the riblet
geometry and defines the relevant length scale ¢,. The surface features are characterized by
a spanwise periodicity ¢ and a height H, which govern the texture’s geometric properties and
ultimately determine the effective coefficients in the macroscopic boundary conditions.

Figure 2.1: Sketch of the macroscopic domain of this study. Streamwise, wall-normal, and spanwise
directions correspond to the x-, y-, and z-axes, respectively.

Considering the corrugated wall with regular grooves, they are aligned along the streamwise
direction, with a certain periodicity in the spanwise direction, 3 = Z. The other dimensional
spatial variables are ; = Z, streamwise direction, and Z» = ¢, wall-normal direction. The
longitudinal velocity component is denoted by u; = , the wall-normal component is iy = v,
and the spanwise velocity component is i3 = 0.
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Considering a fully developed turbulent channel flow of total height 2/, driven by a constant
mean pressure gradient 0p/0; applied in the streamwise direction. This pressure gradient
balances the total shear stress at the walls and sustains the flow under statistically steady condi-
tions.

The bulk velocity of the flow is denoted by ., While a characteristic velocity scale is pro-
vided by the friction velocity,

w, = | @.1)
P

where 7, is the total wall shear stress and p is the fluid density. Although in the presence of
surface texturing such as riblets, the local wall stress distribution differs from that of a smooth
wall, the friction velocity u, remains an appropriate scaling parameter for describing the flow
dynamics in the outer region, sufficiently far from the wall.
In turbulent channel flows, the mean streamwise velocity profile exhibits a linear behavior in
the immediate vicinity of the wall (i.e., within the viscous sublayer). For sufficiently small
values of the wall-normal coordinate ¢, the streamwise velocity component can therefore be
approximated as

U =17 Tw + constant, (2.2)
1

where 1 is the dynamic viscosity of the fluid. This linear scaling provides the basis for defining
inner (viscous) units and serves as a reference for assessing deviations induced by surface mod-
ifications such as riblets. The constant in eq. (2.2) is related to the position chosen for the § = 0
plane whenever the solid surface is micro-textured; for a smooth wall, the constant vanishes on
account of the no-slip condition.

0 -5

Figure 2.2: Schematic of the representative elementary volume (REV), highlighted in blue. It determines
the coefficients of the effective boundary conditions. The red arrow illustrates a wall-normal velocity
component at 3o,
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The microscopic domain is schematically illustrated in Fig. 2.2. The blue rectangle denotes
the representative elementary volume (REV), which corresponds to the fundamental periodic
unit of the riblet geometry and is assumed to be representative of the entire textured surface.
The governing equations of the microscopic problem are solved within this domain, enabling
the systematic extraction of the coefficients entering the effective boundary conditions.

The REV domain simplified the complex geometrical features of the riblets to be accounted
for at the microscale, while their net effect on the outer flow is transferred to the macroscale
through homogenization. In this framework, the effective parameters (e.g., slip and permeabil-
ity coefficients) are directly linked to the geometry and size of the surface features.

The sketch illustrates the emergence of a wall-normal velocity component at y — oo (indicated
by the red arrow). This effect arises from spanwise gradients of the velocity component w
and/or streamwise gradients of 4 within the microscopic domain. These gradients induce a net
vertical flux, which results at the macroscopic level as a transpiration velocity in the effective
boundary conditions.

The next step in the upscaling procedure consists of introducing the relevant physical length
scales of the problem, which is essential to formally establish the separation of scales. This
allows for a consistent estimation of the relative magnitude of the various terms appearing in
the governing equations. On this basis, an appropriate non-dimensionalization can be carried
out, ensuring that the equations are properly rescaled and amenable to asymptotic analysis.

Definition of scale

A qualitative identification of an appropriate microscopic length scale can be approached based
on the interaction between the textured surface and the outer turbulent flow, in order to point
out the limitations and validity of the proposed scaling.

As discussed previously, the near-wall dynamics are characterized by quasi-streamwise vortical
structures, which may partially penetrate into the riblet grooves. The penetration depth of these
overlying coherent structures can be reasonably assumed to be of an order of magnitude of the
transverse slip length. For a wide range of textured surfaces, this characteristic length is signifi-
cantly smaller than the spanwise periodicity ¢ of the pattern. Aiming for scaling arguments, the
microscopic characteristic length { one may therefore assume:

e
2
Ll

; (2.3)

where « is a constant that can be taken to be approximately 15.

The macroscopic length scale, denoted by /3, 1s instead associated with the characteristic size of
the near-wall coherent structures, typically corresponding to quasi-streamwise vortices. These
structures have a length scale of about 15-20 units of length in viscous units®>”>¥, and can there-
fore be expressed as:

L~al (2.4)

Ur
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where v is the kinematic viscosity and u. the friction velocity.
The ratio between the microscopic and macroscopic scales then reads

AN 14

Z~?2a2ﬁh+, (2.5)
where the superscript (-)* denotes normalization in wall units, and h is the riblet height (see
Fig. 2.1). In the present study, the geometric ratio ¢/h does not exceed 2, implying that its
product with a2 remains typically below 1072,
The parameter ht = hu, /v represents the roughness Reynolds number, which is commonly
used to distinguish between different flow regimes: hydrodynamically smooth (h* < 5), tran-
sitional (5 < h™ < 70), and fully rough (h™ 2 70). Restricting attention to the so-called lower
transitional roughness regime>, with h™ < 15, the scale separation parameter ( / £ remains
bounded by approximately 0.1. This value is sufficiently small to justify the applicability of a
multiple-scale homogenization approach.
Under these conditions, the riblet spacing should be limited to approximately /™ < 30 to pre-
serve a clear separation of scales.
Based on direct numerical simulations results of the present study, employing model interface
conditions, a a posteriori validation in combination with an experimental comparison and fully
resolved simulations, remains a requirement to assess the validity of this assumption up to
0 =~ 30.
After having quantified the characteristic length scales, the next step involves an assessment of
the velocity magnitude in the proximity of the patterned wall and at some distance from it. This
constitutes the basis for evaluating the relative contributions of viscous and advective terms in
the microscopic Navier—Stokes equations, thereby providing a rigorous justification for the pos-
sible neglect of one of these terms in the subsequent modeling.

The outer velocity magnitude can be evaluated by equation (2.2) as being of order £ Tw _ QU

For shear stress to match at the outer boundary ., of the representative elementary volume (cf.

14
fig. 3.5) the inner velocity scale must be equal to about 7 au,. The microscopic advective

o, . (u? , , Ao vu .
term ﬂja—f is thus 0(0‘27;)’ while the viscous term v V%4 is O(« Z—l;) Normalization of

J
the Navier-Stokes equation yields a dimensionless number in front of the advective term, which

. by-
is given by p 2 o )
v a \h

The quantity above remains sufficiently small only for values of A+ on the order of a few vis-
cous length units, meaning that the conventional approach based on the Stokes approximation
of the equations for the derivation of slip lengths® loses validity outside the hydrodynamically
smooth regime. When h™ reaches the value of 15, the dimensionless parameter in equation
(2.6) 1s of order one. This implies that, although a separation of scales may still be used, the
nonlinear advective term can no longer be considered negligible.

After this qualitative discussion on scales, crucial for a preliminary evaluation of the limitations
and validity of the proposed approach, the formal analysis can be developed, eliminating the
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empirical coefficient o from the scaling parameters, but keeping in mind the estimated magni-
tude of the different terms in the equations.
In practice, the microscale is typically on the order of one viscous unit or smaller, while the
macroscale is of the order of 15-20 viscous units; therefore, a clear separation of scales can be
expected. However, for the purpose of implementing a multiple-scale approach, it is convenient
to simply identify ¢ as the “small scale” and £ = v//u, as the “large scale”, and to expand the
inner dependent variables in terms of the gauge factor ¢, defined as follows:
¢ ud

0= rATE 2.7)
with v the kinematic viscosity.
Two velocity scales should also be introduced. The tangential velocity of the quasi-streamwise
vortices is of the order of the friction velocity; thus, we fiX @y = u,. Finally, since the
near-wall velocity scales as

N T N
Uinner ™ = — Uinner = 5“7" (28)
I
The tangential velocity of near-wall quasi-streamwise vortices is of the order of the friction
velocity; thus, by setting e = U, it is immediate to recover the dimensionless gauge factor
0 to be used in the expansion of the inner dependent variables:

5= url _ A (2.9)
1%

[

with v the kinematic viscosity of the fluid. This shows that the outer scale £ coincides with the
usual + unit-of-length of wall-bounded turbulence.

To summarise, the governing scales can be explicitly delineated as follows:

Macroscopic scales

. length scale
Ur

* u., velocity scale

e pu? pressure scale

v
e —: time scale
U2

T

Microscopic scales
* (: length scale

* Uinner: Velocity scale

. H Uinner

14

Uinner
® —

: viscous pressure scale

: time scale
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To define the outer region of the domain, the so-called macroscopic domain, the following
variables are indicated with the superscript “O”. Using the superscript “Z”, on the other hand,
denotes the inner region - microscopic domain. The normalized variables in the two regions,
based on the previous scales, are the following:

Outer region ©:
Ai T I D tA :
Xz = ot ) UZO - i? PO = LQ? to = & (210)
v Uy puz v
Inner region :
i‘i U D g gﬁinner
Ty = —, Uzz-: ~ 9 PI: }9 ) tI: ) (211)
l Uinner H Uinner l

Governing equations

The differential equations relevant to this study are summarized below. The flow of a viscous,
incompressible, Newtonian fluid is governed by the mass and momentum conservation equa-

tions:

o, 0 ou; +i o, 1 0p n 0%,

== — F U= | =—- V—.
6@1 ’ ot ! 8@ P 8[%Z 8i'§

where { is the dimensional time variable.

The normalization described above leads to the following dimensionless systems for the two

subdomains:

(2.12)

oU© oU° O@UO oP° 9*UP
i i ( i L 2.1
ox, " o "Yex; T Tox, Taxz o
ot oUf | yzOUL\ _ 9Pt  o°Uf
(AR . v . G = — n 2.14
axi 07 Reinner ( ot + UJ 63:j ) axz 81'3 ( :

In the outer region of the flow, far from the microgrooved wall, all information related to the
microstructural details is effectively lost. In contrast, variables in the inner region are assumed
to depend on both ¢ and L. The factor that multiplied the convective term in Eq. (2.14) is the
microscopic Reynolds number,

Az’nner 14
Reinner = 4 X (215)
v
it coincides with the square of the gauge factor = ¢/L which can also take the form
d=¢€Re, = (", (2.16)

with ¢ = {/H, Re, = u.H/v the friction Reynolds number in the plane channel and ¢* the
riblets’ spacing measured in viscous units.
Inner velocity and pressure fields are now expanded in powers of ¢ as

dT = O £ 5oM 46262 + (2.17)
with ®Z (¢, z;, X;) which represents either PZ or UZ. The inner variables are functions of both

aa+5

4 must be

microscopic and macroscopic spatial coordinates; the chain rule

adopted when expressing spatial derivatives.



54

2.3. The microscopic model

In the present model, the microscopic Reynolds number is treated as an independent param-
eter, deliberately neglecting in Eq. (2.14) the fact that Re;,,., can be expressed as the product
of ¢ times ¢T.

This choice reflects the formal definition of ¢ u./v; in practice, an arbitrary scaling factor «
could be introduced to ensure 6 remains small. The reason behind this approach is analogous
to the methodology employed in the linear stability analysis of slowly spatially evolving flows;
a more detailed description is in the relative paper®.

As argued in Section 2.2.2., convective terms become non-negligible when 2™ and ¢ exceed a
few viscous units.

Accordingly, as a primary innovative aspect of the model, advective effects are considered in
the inner-region equations. Governing equations at the leading order become as follows:

(0) (0) (0) (0)
ou; 0. S0+ <8ui (0) O ) N a0 P,

ox; - ot Tt 0z; ox; 8x?

—0. (2.18)

By setting /T = 0 and neglecting the convective term, the governing equations reduce to a
Stokes-like system, which has already been solved by Bottaro and Naqvi®!.
The system of equations (2.18) defines the microscopic boundary-value problems to be solved
numerically within the representative elementary volume (REV) shown in Fig. 2.2.
These problems are addressed using COMSOL Multiphysics, where an appropriate computa-
tional domain is defined to examine a range of riblet geometries. The boundary conditions
consist of periodicity along the directions parallel to the surface (at y = 0), together with a
no-slip condition imposed at the impermeable wall located at y = yyan.
Particular attention must be devoted to the asymptotic conditions as y — o0, as these ultimately
determine the macroscopic effective boundary conditions applied at the virtual wall (Y = 0).
The subsequent section details the remaining steps of the multiscale procedure. First, a rigorous
matching between the inner (microscopic) and outer (macroscopic) equations is established,
ensuring that the influence of the microgrooved surface is consistently considered. Next, the
macroscopic problem is developed, accounting in particular for the transpiration velocity. Fi-
nally, this procedure leads to the derivation of effective boundary conditions expressed in terms
of microscopically coefficients.
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2.4. Matching between inner and outer domains

Velocity conditions

Continuity of the domains between the #° and 7 regions, across the interface, is imposed by
matching both velocity and traction vectors at a virtual surface over the riblets’ tip. Denoting
by v the inner vertical coordinate of this surface (see Fig. 2.2), the corresponding position in
outer variables is given by Y., = 0 Y.
In nondimensional form, accounting for the respective scalings of inner and outer variables, the
velocity matching conditions can be expressed as follows, considering the gauge factor 9:

1

<UZI>‘y:yoo - 6 Uzo(t7X7 YOO7Z); (2.19)

By using Taylor expansion of the outer variable U around Y = 0, the matching condition
(2.19) can be further modified to eventually yield the macroscopic velocity at the virtual wall,

@ 2770

OU! Y2 02U
O, X, Yo, Z) = UP(t, X,0,Z ¢ 220 3
Uz (7 y £ 00y ) Uz (ta 707 )+5yoo (9Y Y:0+5 2 6Y2

eventually, rewriting the equation by collecting terms of the same order, it leads to the following

expression:
) e (<u<l>>\ BT ) e
v—0 b Y =Yoo 2 9Y?2 Yo
(2.

21)

Lo (2.20)

Y=0

U
Y=o I oYy

U9(t,X,0,2) =6 (<u§°>>!

Shear conditions

The shear stress matching conditions, properly defined to account for the respective scalings of
inner and outer variables, can be expressed as follows:

out¥ oU*
(=P 6+ —2 + —1) = Sp(t, X, Y, 2), (2.22)
axi ay Y=Yoo
) ) o oug  oUf )
with ¢;; the Kronecker index and S;p = 0 - e9 = — P%0;0 + X + v the outer traction

vector, o being the stress tensor. The symbol (-) denotes surface averaging over = and z, across
the microscopic REV, at any given y. However, assuming that v, is sufficiently far from 4,1
for the order zero, it becomes invariant in  and z; it can be simplified, yielding to the following
matching boundary conditions:
0, 0w 0w’ o
Siz + P, + TR Sialy_y,_- (2.23)
This equation (2.23) is used along the direction ¢ = 1 and ¢ = 3, i.e., to evaluate the slip
components of the velocity at the virtual wall. For the wall-normal component (the so-called
transpiration velocity at Y = 0), a different approach is employed, as discussed later.
Summarizing, the microscopic problem to be solved in the REV is thus formed by equations
(2.18) with no-slip conditions at the wall, periodicity along x and z, plus condition (2.23) at

Yoo

-D
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2.4.1. Adjoint homogenization

Adjoint homogenization procedure is a multiscale technique that introduces an inner prod-
uct between two functions a and b , over the representative element of volume, following this
definition: -

/ (ab)dy. (2.24)
Ywall

The inner—outer matching conditions were introduced in the previous section; to ensure
a consistent and rigorous coupling between the two fields, an adjoint homogenization frame-
work 3 is employed.

This approach enables the systematic closure of the matching problem by linking the microscale
solutions to the macroscopic description through appropriately defined adjoint fields.

By considering the inner product of the continuity equation in (2.18) with the test vector p} and
T

subtracting this from the inner product of the test tensor u;; with the momentum equation, the

following system of equations is obtained:

Yoo (0) (0) (0) (0) 2,,(0)
0:/ (ot 24, [512* (a“l @2 >+8p -~ ] ) dy

voun 014 ot Oz ox; 895%
v Qul, oul, oul,\  apt 9l
= / < Jt p(o) + Sot [ =2 + u](fo)_ﬂ _ ﬁ + _;Z uz('O) > dy
vwarr | OTi ot oxy, ox; oz;
d ™, +
- — (uj;u;° )dy + “boundary terms”. (2.25)
dt Ywall
Considering the test functions uL and p} as solutions of
oul, ol oul, opl 9%l
it _ 50t g O)~7%i ) _ T ji 296
ox; ’ ot + U 0z, ox; * oz’ (2.26)

with the normalizing constraint that the term [ ( ul, u'”) dy is time-invariant 2.

Appropriate boundary conditions are imposed: periodicity in the horizontal directions, zero ve-
locity at the wall, and a closure condition at the outer boundary. This formulation provides
an explicit relation between the averaged microscopic velocity and the macroscopic strain rate,
consistent with standard homogenization assumptions. In the Stokes limit, the problem simpli-
fies significantly and can be solved numerically, yielding auxiliary (adjoint) fields that determine

the effective macroscopic behavior.

In the limit Re;p,e. = 04T = 0, the flow reduces to the creeping flow condition. Taking into
account the streamwise invariance of the riblet geometry, the problem can be formulated as two-
dimensional in the (y, z) plane, and system (2.26) simplifies to an uncoupled Stokes—Laplace
problem.

The numerical solution can be obtained using a finite-element approach (e.g., FreeFEM++)
and/or COMSOL Multiphysics. By employing FreeFEM++, a piecewise quadratic (/) element
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for the velocity components and linear elements for the adjoint pressure p}. The computational
domain is discretized with an unstructured mesh of up to 2 x 10° triangular elements, with local
refinement near the solid boundary to ensure grid convergence. To guarantee the uniqueness of
the solution, a normalization condition is imposed by enforcing a zero spatial average of p;. over
the domain.

On the other hand, the coefficient form PDE interface in COMSOL Multiphysics is a versatile
tool for defining linear and nonlinear partial differential equations, including diffusion and con-
vection terms. It allows the user to specify the coefficients that activate a specific part of the
differential equations, providing a flexible control over model parameters and dependent vari-
ables. An extremely fine mesh is chosen to resolve equations in the domain accurately.

For equilateral triangular riblets extending infinitely in the streamwise direction, the com-
puted adjoint (auxiliary) fields display a clear asymptotic behavior at the outer boundary ...
Specifically, the components (u!,) and (ul,) approach uniform values that match their point-
wise values at Y., while all other components of ; decay to zero, provided the computational
domain height satisfies y,, = 2. The following table shows only the non-zero auxiliary fields’
values in the Stokes approximation, evaluated at the upper boundary of the representative el-
ement of volume in the case of equilateral triangular riblets. The values of uil and u§3 are
uniformly increasing with v, value. Each value differs from one spanwise position to any other
one only in the sixth significant digit, which doesn’t have a physical meaning. These numbers
reported are obtained by evaluating uL and u§3 through z-averaging along the domain, at each
Y = Yoo These numerical values show and prove the independence from the height of the
microscopic domain.

Table 2.1: Non-zero ujiT components evaluated at different y.,, showing that a domain larger than 2
units provides sufficient distance from the micro-element to correctly solve microscopic equations.

T T ‘ T T i i T ‘ i
Uitly =4 Y|, -5 WYi1l, —¢ Yiil, —7 || ¥33l, —4 Us3l, -5 U33|, —¢ U33|, _—7

4.170660 5.170675 6.170678 7.170673 || 4.080549 5.080515 6.080529 7.080513

With the above results, the variables of the problem at first order can be defined as:

)| =l | =l | Sl 2.27)
Yoo Yoo Yoo o
(ul? ) L= WY =0, (2.28)
(u®) = 49 ’y - ugg‘y Sial,_. (2.29)

when y, 1s sufficiently far from the tip of the ribs.
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4.080
3.790
3.499
3.207
2.916
2.624
2.333
2.041
1.749
1.458
1.166
0.875
0.583
0.292
0.000

0.0375
0.0325
0.0275 —
0.0225 —
0.0175 —
0.0125
0.0075
0.0025
-0.0025
-0.0075
-0.0125
-0.0175
-0.0225
-0.0275
-0.0325
-0.0375

4.170
3.873
3.575
3.277
2.979
2.681
2.383
2.085
1.787
1.489
1.192
0.894
0.596
0.298
0.000

IR
RS-

Figure 2.3: Some steady auxiliary fields for equilateral triangular riblets. From left to right, isocontours
of ul,, ub, and ul
33> U23 11

2.4.2. Navier slip lengths and Interface permeability coefficients

Based on the previously derived microscopic equations, the complete solution of the in-
ner problem allows for the systematic characterization of the microscale behavior within the
domain. In particular, this procedure enables the identification and quantification of the effec-
tive microscopic properties governing the local dynamics. These properties can be consistently
upscaled and incorporated into the macroscopic formulation, thereby establishing a rigorous
coupling between the microscopic and macroscopic descriptions of the problem.

The Navier slip lengths are defined as the difference between the non-zero auxiliary components
uh and u§3 and the height of the microscopic domain y,.. The definitions are the following:

Ay = “];1|yoo Yo

(2.30)
)\z = U£3|yoo — Yoo
The interface permeability coefficients are defined as follows:
KU = [ma1 (Yoo + Aa) — Yoo e — Y2 /2

with mq; and mg3 that represent the average of the auxiliary variables along the whole micro-

domains,
Yoo Yoo
/ / ul1 dzdy, Mma3 = / / u33 dz dy. (2.32)
u11| U33‘

Ywall Ywall

miy =
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Section 2.5.1. provides a detailed derivation of the governing equations leading to the defini-
tion of the interface permeability coefficients. It clarifies their role and physical interpretation,
highlighting how they characterize wall-normal fluctuations as a function of the underlying mi-
crostructural properties of the surface.

The microscopic problem has been addressed by systematically analysing seven distinct riblet
geometries, which are illustrated in Fig. 2.4.

A schematic representation of these configurations is provided in the y—z plane, highlighting the
characteristic cross-sectional profiles of the surface patterns. For all the considered geometries,
the base dimension of the groove along the z-direction is kept constant and is denoted by ¢,
which defines the periodicity of the roughness element.

The remaining geometrical parameters are expressed in a dimensionless form relative to ¢,
thereby ensuring a consistent parametrization and facilitating a direct comparison among the
different riblet shapes.

2) 0.02 ¢
By
2 0.5¢ 0.5¢
b) ¢ ©) ¢ d) L

0.5¢ 0.5¢ %/x 0.5¢ % 0.5¢ é;o

|
> —>

10 e) 0 f) L g) e

Figure 2.4: Riblets’ shapes: square (a), equilateral triangle (b), right triangle (c), blade (d),
parabolic/scalloped (e), cosine (f), trapezoidal (g).

Table 2.2: Effective coefficients for the riblets’ shapes in figure 2.4, in the Stokes limit (Re;jpner = 0).

Riblets’ shape Az s IC?J IC,’nyc AN=X =\, /0

Square 0.0415 0.0179 0.0058 0.0004 0.0236 0.5000
Equilateral triangle 0.1707 0.0805 0.0282 0.0058 0.0901 0.7530
Right triangle 0.1397 0.0779 0.0168 0.0058 0.0618 0.5000
Blade 0.1915 0.0784 0.0379 0.0046 0.1131 0.7000
Parabolic/scalloped 0.1699 0.0804 0.0259 0.0060 0.0894 0.5773
Cosine 0.1141 0.0638 0.0140 0.0042 0.0503 0.4262

Trapezoidal 0.1912 0.0820 0.0348 0.0054 0.1091 0.6830
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The coefficients of interest are reported in Table 2.2. The results are believed to be accurate
up to the last significant digit reported.
The parameter ¢, reported in Table 2.2 is defined as the square root of the groove cross-sectional
area A, as illustrated in Fig. 2.4.
This quantity represents a purely geometrical parameter, originally introduced by Garc’ia-
Mayoral and Jim’enez®, to simultaneously account for the effects of both riblet spacing and
shape within a single characteristic length scale.
In more recent experimental and numerical studies, it has become standard practice to express
drag reduction as a function of E;, 1.e., the groove length scale normalized in viscous units.
This choice is motivated by the observation that such a scaling leads to an improved collapse of
the data onto a nearly universal curve across a wide range of conventional riblet geometries. In
particular, this behavior is most evident for configurations characterized by well-defined, open
grooves that are fully exposed to the outer flow.
The parameter A\™ is calculated in the table 2.2, as the difference between the two slip lengths
A — A, The skin-friction drag is known to be linearly proportional to riblets periodicity, in
the viscous regime, so when ¢* has only a few viscous units.??
As mentioned before, Luchini?® has shown that the reduction in skin friction coefficient DR
with respect to the smooth-wall value is proportional to AA™, according to (1):

_ G =G _ AUT — po AXT (2.33)

D
=0, RC) VT @Rt (@0 Pt (2R)

with po a constant close to one.

From the numerical results reported in Table 2.2, it is evident that the highest value of A\,
which directly correlates with the maximum drag reduction, is obtained for the blade riblet
configuration among the geometries considered. This observation is consistent with the exper-
imental results of Bechert et al.?>. It can therefore be inferred that, at least within the viscous
regime, riblets characterized by smaller thickness exhibit superior drag-reducing performance.
However, to accurately assess the flow behaviour for values of /* exceeding approximately 10
- particularly in the regime where drag reduction progressively deteriorates and may eventually
transition into drag increase® - it becomes necessary to account for additional terms. In this
context, the effects of advection and transpiration within the grooves play a crucial role and
must be properly incorporated into the analysis.

The approach for resolving the microscopic domain has been described in detail. The next step
is to formulate the macroscopic boundary conditions that account for the transpiration velocity
component at the interface. By developing these boundary relations, one can obtain complete
and consistent definitions of effective microscopic coefficients, such as the Navier slip lengths
and the interface permeability coefficients.
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2.5. Macroscopic boundary conditions

The equation (2.34), reported below, describes the outer variables U, by accounting for the

microscopic properties:
+ 6 (u (1)>‘ _ %% +
Y'=0 Y e T T Y Y'=0
(2.

34)

In particular, this is achieved by evaluating the inner variables at the interface between the

two domains and by explicitly expanding the macroscopic boundary conditions to be imposed
atY = 0up to O(9).

By considering the definitions of the components (u; (0 )> provided in equations 2.27, 2.28, and

2.29, these expressions are substituted into the prev10usly derived relations. Consequently, the

leading-order macroscopic boundary conditions are obtained and can be formulated as follows:

oue
oY

UC(t, X,0,2) =8 (<u§0)>\yyw —Y

oU°
UP(t,X,0,2) =6 |:U];1 Sialy_s, — Y m} } +O(6%), (2.35)
U3 (t, X,0,7) = O(6%), (2.36)
U (t,X,0,Z) = § |uls S| aU?’ +0(6%) (2.37)
3 ) 5 Yy 33 ©32 Y:5yoo 8Y . .

The first and third equations can be further developed by using the Taylor expansion around
Y = 0 for all the shear stress terms S;;, evaluated at Y = 0.
For example, 51 ‘Y: P be manipulated, becoming:

Sizly_s,. = Sizly_o + 0o (0512/0Y) |, _o + (2.38)
and, furthermore, also S ‘Y:O can be expanded to leading order in 9, becoming:
Siz|y_y = (OUYOY)|, _,- (2.39)
Combining these two expansions, it leads to:
Sialy_s,. = QUL [OY )|, _g + 0yoc (0812/0Y) |, + (2.40)

and if substituted in the boundary conditions, the macroscopic equation becomes:

O O
UF(t,X,o,Z>:5{uh [wl 83”\ + }— o

vz 2
v Oy ly=o % Y:J +0(5)

ouUv oS
_ T 1 2 12 2
=4 <u11 yoo> Y + 0" Yo (_8Y ) ‘y:o + O(6%)

(2.41)
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Same procedure for the third component.
By renaming these terms U® = UP and W© = U, the macroscopic slip boundary conditions
at the virtual wall up to the leading order and neglecting the higher order terms, become:

o ou° )
UC(t, X,0,2) = 6 dg——|  +0O(8?), (2.42)
Y |y,
o owe 2
WO, X,0,2) =6 \aer|  +O(62), (2.43)
N |y

with A, = ul |, — Yoo and A, = uls|y. — Yoo

As mentioned before, an inspection of Table 3.1 demonstrates that the two slip lengths, A\, and
A, are independent of the choice of y... It is, however, essential that y,, > 2 to ensure that the
microscopic equations are adequately captured and properly resolved within the computational
domain.

2.5.1. The transpiration velocity

Based on previous studies®+%>%_ it has been observed that the normal wall velocity compo-

nent plays a crucial role in turbulent flow, especially in the case when the interaction between
outer flow and near wall fluctuations accounts for.

The present study aims to study the behaviour of turbulent flow in the near-wall region of a
rough and ribleted wall, so knowing the importance of the transpiration velocity at the fictitious
boundary at Y = 0, is addressed to be included in the model.

The equation 2.36 shows that the vertical component vanishes at the leading order; only second-
order terms remain in the equation. Considering the physics of the problem, it is justified by
accounting for the impermeability of the real wall.

However, it has been demonstrated that neglecting vertical (wall-normal) velocity fluctuations
at the virtual wall can introduce significant inaccuracies in the prediction of drag variation.
This limitation becomes particularly critical when modeling riblet configurations that operate
beyond the viscous regime, where the interaction between the flow structures and the surface
geometry is no longer confined to the immediate near-wall region. In such cases, the neglect of
wall-normal fluctuations leads to an inaccurate estimation of drag reduction or increase. !>
Considering the interface between inner and outer domains, at Y, = dy, referring to Fig. 2.2,
an estimation of V© is obtained by manipulating the following equations. The first condition
enforces velocity matching at the interface:

1
z - _yU°

(U oy = 5 U7 (6, X, Yo, 2) (2.44)

Then the second equation, which arises from homogenization theory and represents a standard

ansatz for defining the problem variables in the presence of a single forcing term in the direct

formulation.

ul” =l S; (2.45)

2‘1/00
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By combining these equations, the following one is obtained:

aUJO _ CJ

k rro0
3 == Uf ]Yw, (2.46)
Yoo
with j and k equal to 1 and 3, and the 2 x 2 diagonal matrix C defined as
1
: 0
u11|
C= Yoo 1 ) (2.47)
0 T
u33‘yoo
Expression (2.46) can be combined with Eq. 2.45 yielding to:
ul = 5 ul, Cy UL ‘ (2.48)

[e o]

with the index ¢, which can also take only the values 1 and 3.
Accounting the order ¢ in the microscopic y-velocity component at the upper edge of the REV,
and integrating first on the vertical direction:

g [v o [¥
— ] = _ (1) w0
=0 ‘ym = on / u,  dy — X, u;  dy, (2.49)

Ywall Ywall

(1)|
U2 yee

and subsequently integrating in z from O to 1 gives:

1 o [V Yoo oue
1) dz = — (0) dzdy — —5~1 / / ' dyd k
/0 v |yco & aX@ Ywall / = =4 Jk 8XZ

Ywall

Yoo

(2.50)
so that the macroscopic transpiration velocity, now defined up to the second-order terms at Y,
is:
Vo, =4 /1 o] dz 4+ O(6%) = =6 my - aU’f +0(8%). (2.51)
Yoo 0 Yoo aX

yoo
with my, = { / / Ldz dy]

Ywall

The two components of the matrix can be defined as:

Yoo Yoo
/ / un dz dy, Mm33 = / / u33 dz dy. (2.52)
U11| u33‘

Ywall Ywall

my; =
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The effective condition (2.51) must now be transferred to Y = 0; this is easily accomplished
by expanding V© around Y = 0, i.e.

ove 2 Yo OV

Ve, =V°,_, + Yoo o > TT +0(5%) =
VO, _y+ 6o {—%LXO — 88WZO} - - 62%% [—%LXO - ag;o] - +0(8%) =
e[ ] Y| ]|
Expanding in a similar manner the term on right hand side of Eq. (2.51) it is obtained:
s 2 B | [P 2|
—dmyy {8% [5&88%1 + 0Yoo aa;—g;} :0—5 Ms33 L% {Mﬁaﬂ;} + 0Yoo %] Y:0+O(53).
(2.54)

Putting together (2.53) and (2.54) it is finally found:

VO (t, X,0,Z) = —5° {/c;tg 5;[;; + K %] + O(6%), (2.55)

with K = [m11 (Yoo + Ae) = Yooda — Y2 /2] and K = [masz(yoo + X2) — Yoo hs — ¥ /2]
playing the role of interface permeability coefficients'>®!. Another form, more convenient for
computational purposes, of (2.55) can be found by using (2.42) and (2.43), and this is:

ou°
0X

owe
— dnag

Vo(ta X7 07 Z) = _57111
Yo YA

+0(5%), (2.56)

Y=0

with ny; = IC”f/)\ and ns3 = IC’tf//\Z. It is important to stress the fact that n; and ngs3,
just like the Navier slip coefficients /\x and A, and the interface permeability coefficients, are
independent of the choice of y., of the REV. Boundary condition (2.56) at the effective surface
in Y = 0, together with (2.42) and (2.43), allow the model in (2.13) for the macroscopic
variables (U9, VO WO, P9) to be closed.

The formal derivation of the macroscopic boundary conditions has now been completed; the
next section 2.6. describes one of the most original contributions of the present paper, where
it is assumed the presence of longitudinal vortices, on top of a streamwise-homogeneous mean
flow.
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2.6. A vortex model for advection

As previously noted, one of the most innovative features of the present model lies in the
explicit inclusion of the advective term within the microscopic formulation. In particular, the
streamwise vortex is modeled as a function of the cross-stream coordinates, with a periodicity
corresponding to that of the riblet geometry.

This idea is motivated by prior numerical investigations - performed by Goldstein and Tuan>*,
Endrikat>?, and Modesti et al.%” - which examined flows over ribleted surfaces. These studies
consistently report the emergence of coherent vortical structures above the riblet tips, which in
turn induce significant wall-normal velocity fluctuations in the near-wall region.

Considering the convective term, defined in equation (2.26),

out.
—5et (u“)) uﬂ) (2.57)

K 8.17]C

This term must be appropriately approximated, building upon insights from previous studies.
In particular, the presence of counter-rotating vortical structures has been clearly documented
by Modesti et al.%”. Their analysis of ensemble-averaged secondary flow fields reveals a pair of
symmetric vortices, characterized by an upwash region located above the riblet tips. Moreover,
the intensity of this upwash is observed to increase with the spanwise periodicity of the surface
geometry.

In order to estimate the advective term, previous studies have been analyzed. For instance, in the
case of trapezoidal riblets with height & = ¢/2, the maximum upwash velocity v, expressed in
viscous units, attains values of approximately 0.04 for /* = 18 and 0.15 for /T = 3647, As the
spacing between adjacent riblets increases, the mean downward secondary flow more effectively
transports streamwise momentum into the grooves, thereby contributing to an increase in drag.
Nevertheless, even at /T = 63, the vortical structures do not penetrate the grooves but instead
remain above them, with each vortex in the pair centered slightly above the riblet tips.
Similarly, numerical simulations conducted by Goldstein and Tuan>* for scalloped, short riblets
show that the streamwise vortex pair reaches a maximum wall-normal velocity of about 0.03 at
¢t =23and h™ = 8.7, which increases to approximately 0.12 as ¢* rises to 62.8 (for b+ = 8.9).
Based on these results, a synthetic pair of streamwise vortices is introduced for the case of blade
riblets, which are selected as the most promising configuration and, at the same time, the most
challenging to simulate. In this configuration, both the transpiration effects and the convective
term associated with the wall-normal fluctuations of the streamwise vortex pair along the riblets
become increasingly significant due to the intrinsic geometry of the grooves.

The procedure to consider the synthetic pair of streamwise vortices is now described. First, the
system described in equation (2.26) is solved for blade riblets by neglecting the convective term,
reducing it to the Stokes equations. Subsequently, building on this solution, a microscale forced
Stokes problem is formulated in which the convective term is reintroduced as a function of a
parameter P. This parameter is then calibrated to produce a vortex background flow consistent
with previous studies.

The boundary conditions of the problem are: periodicity conditions at z = 0 and z = 1, no-slip
at the solid walls, and a velocity boundary condition at the top of the domain that rapidly goes
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to zero outside of the roughness sublayer.
By imposing 6 = 0 to the equations (2.26) and starting from its solution, to create a vortex with

the velocity components (v;7, wy,) in the (y, 2) = (z9, z3) plane.
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with indices 7 and j taking values 2 and 3.
Clearly, the parameter P, which represents the intensity of the vortex pair, leaves a degree of

arbitrariness and flexibility in the problem, which allows tuning and calibrating the background
(vi7, wy>) vortex field to obtain similar secondary flow, in terms of size and intensity, compared
to reference cases.

It has been found that P value close to 160 yields secondary flows of size and upwash velocity
in the range of those quoted by Goldstein and Tuan*, Endrikat® and Modesti et al.®’.

T
{

Figure 2.5: Synthetic near-wall vortices for blade riblets (P = 160), displayed via velocity vectors of
the (v;, wy") field and contours of the streamwise vorticity, w;.

Figure 2.5 shows the vortical structure in the case of blade riblets. In the left image, velocity
magnitude vectors highlight the shape of the vortex pair in the case of the largest periodicity
tested here (/T = 40.6), with a maximum vertical velocity equal to 0.11 (in plus units). On the
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right frame, isolines of the streamwise vorticity are displayed. The intensity of w, is evaluated

as: -
Iy _ Wy (2.59)
ozt oyt
equal to +0.023 at the vortex central position.
By the combination of equation (2.26) and the vortex field (v;;, w;"), the following microscopic
system of equations is obtained by assuming that the u;rl field develops on top of a streamwise-

invariant mean field plus a synthetic vortex pair which depends on only y and z:

oul. out. out.
Y 0775 ) _ _p+ 4+t +_ gt
ol (uk axk> 14 (Uv By + wy; Ep ) , (2.60)

It is crucial to notice that in the case of small ¢/, in the viscous regime, the equation just
defined produces the same results as in the Stokes case. However, interestingly, the advective
term becomes significantly important for larger periodicity.

This is quantitatively demonstrated in the following table that shows the results of the Navier
slip and interface permeability coefficients, for the case of blade riblets, computing thisnew ujl
fields, setting P = 160. Microscopic coefficients are calculated following the same procedure
described before in the section 2.5..

Table 2.3: Effective coefficients for blade riblets, fig. 2.4(d), with the model for advection (P = 160).

£+ 63— max(v{;) ‘wx‘vortew center )\z )\z ’C?J K:zzliyf A)\
Stokes - - - 0.1915 0.0784 0.0379 0.0046 0.1131
177 124 0.11 0.052 0.1730 0.0766 0.0400 0.0076 0.0964
279 195 0.11 0.034 0.1473 0.0740 0.0468 0.0097 0.0733
40.6 28.4 0.11 0.023 0.1038 0.0690 0.0599 0.0126 0.0348

Looking at the numerical results, it is interesting to observe how the coefficients change.
Firstly, the streamwise slip coefficient, )., decreases rapidly as ¢* increases, explaining how
much the streamwise flow has been affected by the presence of a fictitious vortex pair. In partic-
ular, comparing the Stokes result and the one for the largest £, there is a difference of about 46
% between the two values of \,. On the other hand, the spanwise slip coefficient, \,, exhibits
only a slight reduction (maximum reduction equal to 12 %).

In contrast to the slip-length coefficients, the interface permeability components exhibit a markedly
different behavior as a function of the spanwise periodicity. Specifically, both IC};J and lC;tyf
increase with increasing ¢, highlighting the progressively dominant role of the advective (con-
vective) term at larger riblet spacings in accurately capturing the flow dynamics. This trend
indicates that the wall-normal (transpiration) velocity component becomes increasingly influ-
ential, as larger values of ICgfyf and lC;tyf enhance the coupling between the outer flow and the
near-wall region. Unlike the slip-length coefficients, which remain comparatively close to their
creeping-flow counterparts, the interface permeability components show a substantial deviation
from the Stokes-limit values. In particular, IC;tyf increases by approximately 58% when compar-
ing the creeping-flow result to the value obtained at ¢+ = 40.6, while ICityf more than doubles
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over the same range. This relevant growth in the interface permeability coefficients is directly
associated with an intensification of wall transpiration at the virtual interface located at Y = 0.
Physically, this reflects an enhanced exchange of momentum between the flow above the ri-
blets and the flow within the grooves, mediated by wall-normal velocity fluctuations induced by
the underlying vortical structures. The magnitude of this effect can be quantitatively assessed
through direct numerical simulations of turbulent flow over the modeled surface, which provide
detailed information on the near-wall transport mechanisms and their dependence on the geo-
metrical parameters.

The slip coefficients have been quantitatively compared between the simple Stokes model,
initially proposed, and the forced formulation, that model the vortex flow over riblets. The
following figures present the principal contour plots for blade riblets without and with the ad-
vection vortex model, respectively. In particular, isocontours of auxiliary fields of u£3, u£3 and
uy; as been shown, from left to right. The isolines of these relevant variables are plotted to
guide the eye into the field, highlighting the formation of particular structures in the proximity
of the blade riblet.

A comparison between the first and third contours for each case reveals no substantial differ-
ences. In all cases, the isolines display consistent behaviour near the blade riblets, conforming to
the geometric features of the surface. Further away from the riblet region, the isolines gradually
transition to a more regular pattern, becoming aligned and uniformly spaced, which suggests a
more uniform distribution of the auxiliary quantity.

On the other hand, a substantial difference emerges in the isocontours of u£3: the presence of
two extra coherent regions appears above the ribs in the advection model results, an unequivocal
signature of the presence of the vortex pair.
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Figure 2.6: From left to right: auxiliary fields of u§3, u£3, and th’ in the Stokes limit.
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Figure 2.7: Same as Figure 2.6 for £+ = 27.9 using the advection model (P = 160).

2.7. The macroscale problem

2.7.1. Problem description and numerical setup

The macroscopic boundary conditions are now fully specified. The subsequent step consists
of performing direct numerical simulations to assess the effectiveness of the proposed formu-
lation and to systematically evaluate the contribution of each additional modeling term to the
overall predictive capability of the model. Large-scale direct numerical simulations have been
performed by applying the effective boundary conditions, defined in the equations:

U°(t, X,0,7) = 5)\90@ +0(6%)
9 Y 0Y Yo
O X 7) = — ry _ 2y 3 2.61
VE(@, X,0,2) = =6 N OX |y, N 07 Y:O+O(5) (2.61)
@]
WO (t,X,0,Z) =6\, ow +0(6?)
Y Y=0

Both the Stokes coefficients and the coefficients calculated through the advection model (ta-
ble 2.3) have been applied in macroscopic boundary conditions, for the case of blade riblets, to
model the presence of microgrooves using the equivalent conditions. As previously discussed,
the main idea of developing the present model is to enforce effective conditions on a fictitious
smooth wall.
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Figure 2.8: Sketch of the boundary conditions of the channel flow, highlighting the apparent smoothness
of the bottom wall, while effectively accounting for the presence of grooves through equivalent boundary
conditions. The top wall is enforced with no-slip boundary conditions.

In the present study, only the bottom wall is designed to emulate the influence of a grooved
surface by equivalent boundary conditions; on the top wall, no-slip boundary conditions are
applied.

The virtual corrugated wall, similar to the case sketched in Fig. 2.1, but with blade riblets
characterized by periodic element, ¢, with a height of 0.5 ¢, and thickness 0.02 ¢ (cf. Fig. 2.4(d)).
The computational region of the macroscopic domain has the dimensions of:

- Lx = 27w H for the streamwise direction;
- Ly = 2H along the vertical or wall-normal direction;

- Lz = mH along the spanwise direction.

with A half the channel height.
A turbulent flow is set through the channel thanks to the imposition of a macroscopic pressure
gradient, M, and, correspondingly, a bulk stress 7,4 can be defined as:

M =|Ap/Lyx|, 7w =MH. (2.62)

where Ap is the pressure difference between the inlet and the outlet along the streamwise direc-
tion of the channel.

From the momentum balance in the macroscopic domain, it can be established that 7\, =
(17 + 77)/2, where 7 and 77 are the total shear stresses at the fictitious boundary (y = 0) and
at the top, smooth wall (y = 2H), respectively.

A shear velocity and a corresponding shear-velocity Reynolds number can be defined as:

_ Puron

Urmy = VTm/p Reromy = o (2.63)
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In particular, Re, ) has a fixed value of about 193 for all the simulations carried out.

A range of riblet spacings has been systematically investigated in order to explore configura-
tions from narrowly spaced geometries, characteristic of the viscous regime, to more widely
spaced corrugated surfaces. As the periodicity increases, the flow progressively departs from
this regime, and the interaction of secondary flow structures becomes increasingly pronounced.
In particular, wider spacings promote stronger cross-stream motions and enhanced coupling
between the outer flow and the groove region. Configurations characterized by larger riblet
periodicity are of particular interest, as they provide an assessment for the validity and robust-
ness of the proposed model. In this regime, the increasing relevance of advective effects and
secondary flow interactions makes it especially suitable for evaluating whether the model is ca-
pable of accurately capturing the underlying physical mechanisms.

The riblet pitch ¢}, defined as:

puT(M)E

Ui = (2.64)

has different values ¢}, = (13.5,17.7,27.9,40.6).

To compare the present results with direct numerical simulations of ® taken as reference, a
shear stress 7, has been defined to normalize the results.
The shear stress at the corrugated wall 7, can be retrieved theoretically by applying momentum
balance over the whole domain, yielding:
12

Tw &~ (2Tpm — T7) +TMﬁ =TF +TME' (2.65)

Physically, it represents the drag evaluated per unit plan area for the bottom physical surface,
with the thickness of the thin blades neglected.

Direct numerical simulations of the macroscale problem are run using the Simcenter STAR-
CCMH+, finite-volume-based software. The grid resolution and the numerical procedure are the
same as in references’%,

Mesh size and settings

The computational mesh is uniform in both the streamwise and spanwise directions, while a
non-uniform stretching is applied in the wall-normal direction. Specifically, the grid is refined
in the proximity of the upper and lower walls - where the smallest grid spacing is imposed -
and gradually it becomes coarser toward the channel centerline, where the largest spacing is
reached.

Given that the highest level of accuracy near the walls, where the effects of the boundary condi-
tions are most significant, is common in a numerical simulation context; so, the grid is deliber-
ately refined in this region. Conversely, the grid resolution is progressively relaxed towards the
central plane, in wall-normal direction, of the domain following a standard approach in wall-
bounded turbulent flow simulations to optimize computational efficiency without compromising
accuracy in the near-wall region. The resulting grid resolution in viscous units is h¥ = 9.47,
h} = 6.32, hy|min = 0.27, and hy|max = 9.25.
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Numerical scheme

The convective fluxes are discretized using a third-order scheme formulated as a linear blend
between MUSCL third-order upwind and a third-order central-differencing expression.

A second-order implicit scheme is employed for temporal discretization with 20 internal itera-
tions performed at each time step.

The time step is set to 0.001H /() for the maximum convective Courant-Friedrichs-Lewy
(CFL) number to be maintained below 1, to ensure numerical stability and accuracy.

The averaging time, after the initial transient of the flow field in each simulation, is typically
taken equal to 40 H /u, ().
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2.8. Results and discussion

The present model introduces a novel framework for predicting the behavior of turbulent
flow over riblet-textured surfaces. The approach is based on a multiscale homogenization tech-
nique, through which effective boundary conditions are rigorously derived. In particular, the
microscopic problem is solved both under the Stokes approximation and within an advection-
inclusive formulation, enabling a more comprehensive characterization of the flow dynamics in
the vicinity of riblets.

This section reports the results of direct numerical simulations (DNS) for the case of blade-type
riblets. The findings demonstrate that the proposed model significantly outperforms existing
wall models in reproducing the drag reduction curve, maintaining accuracy even at relatively
large riblet spacings, where traditional approaches typically lose predictive capability.

The following figure represents a main outcome of the present study, as it synthesizes the com-
plete set of numerical results. It clearly illustrates that incorporating both the transpiration
velocity component and the advective term into the model formulation is essential for accu-
rately predicting flow behavior at higher values of ¢+.

These results highlight the critical role of previously neglected physical mechanisms in extend-
ing the validity of riblet-based drag reduction models beyond viscous regime.
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Figure 2.9: Drag reduction versus spacing for blade riblets.
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A comprehensive set of data is presented in Fig. 2.9, including reference numerical and
experimental results, the theoretical linear prediction for the viscous regime, and the outcomes
of the present study.

The square markers denote reference data collected from previous investigations. In particular,
the grey symbols correspond to the experimental measurements of Bechert et al.?*, obtained
for blade-type riblets over a range of bulk Reynolds numbers between 4000 and 15,000. The
black symbols represent the direct numerical simulation (DNS) results of El-Samni et al.®® (at
Repax = 2821, Re, = 180), which fully resolve the microscopic geometry of the textured wall
by explicitly modeling a corrugated surface composed of blade riblets.

The dot-dashed curve (z) corresponds to the analytical prediction for the viscous regime, as
given by equation (1) with py = 1. Comparison with the reference data indicates that this
linear approximation accurately captures the flow behavior only up to ¢* ~ 5, i.e., within the
regime where A\ remains linearly proportional to the drag variation and higher-order effects
are negligible.

The other curves represent the results obtained using effective boundary condition models.
The skin friction coefficient C'y can be defined as:

2Tw

w 2.66
P (ﬁbqu)Q ( )

Cy =
with 4, the temporally and spatially averaged velocity over the whole channel (of total height
equal to 2H + h). However, considering that the average velocity is only in the free-fluid region,
there is a need to estimate the average velocity in the riblet layer g, to correctly evaluate ;.
From a theoretical point of view, the value of 7y is expected to lie between the velocity at the
solid groove, equal to zero, and the slip velocity at the fictitious interface, uslip. Accordingly,
U satisfies:

0<ur < ﬂslip (2.67)

In the present work, an intermediate estimation is adopted by assuming iz ~ 0.5 Ugip. Using
the scaling ugi, ~ A ur, this leads to the following approximation:

ig ~ 0.5 g ~ 0.5 X u, (2.68)

The variable 1 can be evaluated precisely for each case, and the drag reduction coefficient can
be estimated.

The dashed line, denoted (i7), corresponds to simulations based solely on Stokes-derived slip
coefficients applied to the tangential velocity components, neglecting both advective effects and
wall-normal (transpiration) velocity. This approach extends the predictive capability up to ap-
proximately /* ~ 10, beyond which significant discrepancies arise.

The dotted curve (z¢7) incorporates, in addition to the Stokes slip coefficients, the transpiration
velocity at the fictitious wall, as defined by equation (2.56), while still neglecting advective
contributions. This model shows very good agreement with the reference data up to £* ~ 15,
which is the effect of incorporating the transpiration velocity, enabling a prediction of the max-
imum drag reduction. However, it fails to reproduce the characteristic parabolic trend of the
drag reduction curve at larger riblet spacings. This limitation indicates that transpiration alone
is insufficient to capture the onset of secondary flow effects responsible for the subsequent in-
crease in drag.



75

Finally, the synthetic vortex pair model, which incorporates both transpiration and convective
(advective) terms, yields results enclosed within the shaded region. Within the underlying mi-
croscopic formulation, a parameter P can be tuned around a nominal value of approximately
160. The boundaries of this region, indicated by the solid curves (iv) and (v), correspond to
P = 140 and P = 180, respectively. The superimposed red circular markers represent simu-
lation results obtained for these two parameter values. In this case, it is clear that the results
increasingly depend on the vortex intensity as the riblets’ spacing grows, and thus the choice
of the forcing parameter P (cf. equation 2.58) becomes critical. Since the aim is not that of
optimizing the agreement with previous experiments and simulations, but to develop and test
practical boundary conditions which might apply to riblet configurations beyond the viscous
regime, P has been chosen by considering the streamwise vortex pair that provides and sits
above the rib, intensities in the expected range >4,

Figure 2.10 presents the results of the direct numerical simulations performed in the present
study, employing vortex-model-based effective coefficients. The distributions of the mean
streamwise velocity, U+, and the Reynolds shear stress, T)ng, in the free-fluid region adjacent
to the lower boundary are reported, and compared with the texture-resolving data of El-Samni
etal.®.

For /* ~ 17.7 and 27.9, the agreement between the proposed model and the reference data is
overall satisfactory. Moreover, when /1 = 40.6, the model—particularly with P = 180 - is still
able to accurately reproduce the logarithmic behavior of the mean velocity profile. A similarly
good agreement is observed for the peak value of the Reynolds shear stress.

Conversely, the predictive capability of the present model deteriorates in the near-wall region,
particularly in close proximity to the corrugated surface, as ¢* increases.

One possible explanation for the discrepancy between the present results and those of ElI-Samni
et al.® at large ¢* lies in the behavior of the slip lengths (and the associated A)), which de-
crease with increasing riblet spacing (see Table 2.3 and the discussion in Section 2.6.).
Another possible reason concerns the spatial resolution of the DNS performed by El-Samni et
al.®. Specifically, the number of grid points between adjacent riblets in their simulations ranges
from 6 to 16 for the three values of ¢ considered. Such a resolution may be only marginally
sufficient to fully capture the flow dynamics within the corrugations, potentially affecting the
accuracy of the near-wall statistics.
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Figure 2.10: Mean velocity (top row) and Reynolds stress as a function of Y for three values of 7. The
solid black line reports the solution for the flow in a channel with two smooth walls. The blue and red
dashed lines correspond to the results of the turbulent motion in a ribleted channel using, respectively, P
= 140 and 180 in the model. The reference numerical data from El-Samni et al.®° are plotted with small
green circular symbols.
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2.9. Conclusions and future developments

A multiscale homogenization framework has been developed to derive effective boundary
conditions that accurately reproduce the flow behavior over grooved surfaces and enable reli-
able prediction of drag reduction. The approach begins with the definition of a microscopic
near-wall domain under the Stokes approximation. It is then extended to incorporate advective
effects by introducing a synthetic streamwise vortex pair above the corrugated wall.

To couple the microscopic and macroscopic descriptions, matching conditions on velocity and
shear stress are formulated, ensuring consistency between the inner and outer regions. This
procedure yields macroscopic boundary conditions for both the streamwise and spanwise ve-
locity components, while also accounting for the transpiration velocity. Notably, neglecting
wall-normal velocity fluctuations at the virtual wall can lead to significant inaccuracies, partic-
ularly in the modeling of riblets operating beyond the viscous regime.

The proposed framework is validated through direct numerical simulations of channel flow,
where one wall is textured with blade-type riblets, demonstrating good agreement with the the-
oretical predictions.

The configuration with blades at the surface is probably the most difficult to simulate (in partic-
ular, with the growth of the pitch distance between blades), and previous attempts at modeling
it have met with only partial success. The present model appears to be able to replicate the
well-known parabolic shape of the drag curve with ¢, typical of grooved patterns.

The key aspect relies on accounting for advection and transpiration, two crucial elements, espe-
cially when riblets’ spacings become wider.

However, the model partially fail into predicting slip velocity and near-wall Reynolds stress
when (7 is larger than 30. By improving the new model to predict the near-wall behavior of the
flow by extending the model to higher orders, this inaccuracy could possibly be solved.

The central aim is to determine a universal coefficient that can effectively model diverse surface
types - including rough, porous, stochastic, and realistic geometries - and reliably predict the
resulting flow behavior over slip-enabled boundaries, avoiding full numerical simulations that
require high numerical and computational demands.

Riblets offer significant potential for continued innovation across a wide range of applications.
Promising research directions include the development of sinusoidal and converging—diverging
micro-groove configurations, which may further enhance drag-reduction performance. In paral-
lel, bio-inspired approaches provide valuable pathways for optimizing riblet geometry by draw-
ing on naturally evolved surface structures.

Advances in material science are also expected to play a key role, enabling the design of adap-
tive or self-healing riblet surfaces capable of responding dynamically to varying flow conditions,
thereby improving overall efficiency. In the context of growing environmental concerns and ris-
ing energy costs, riblet technology stands out as a compelling solution for reducing energy
dissipation and enhancing performance across multiple industries.



Taylor-Couette instability

An experimental study has been conducted to assess the effect of circumferential periodic
micro-patterns on the onset of Taylor-Couette primary instability, from an experimental and
theoretical point of view. The experimental apparatus is composed of two coaxial cylinders,
a stationary outer cylinder and a rotating inner cylinder, and in the gap, there is water. The
outer cylinder is surrounded by 3D-printed skeletons, with micro-grooves of different shapes
and dimensions. The primary instability occurs in laminar conditions, characterizing the flow
by toroidal counter-rotating vortices elongated along the vertical directions. An asymptotic
upscaling analysis, considering the micro-domain in the near-wall groove region and a macro
domain represented by the gap, is then conducted to estimate the slip lengths (azimuthal and
axial) of the axially-periodic microgrooves. A linear stability analysis is carried out to infer the
critical parameters for the onset of Taylor vortices, under conditions of differential slip evalu-
ated through the upscaling technique. The experimental-theoretical results are then compared,
and they are in good agreement. The presence of grooves promotes the delay of primary in-
stability, meaning that it occurs at higher speeds. This positive effect is highlighted only when
virtual dimensions are introduced to account for the virtual origin of the mean azimuthal flow,
and the parameters are properly rescaled.
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3.1. Introduction

3.1.1. Taylor-Couette flow and instabilities

A Couette flow arises from the relative motion between two bounding surfaces separated
by a viscous fluid. In its simplest configuration, this corresponds to flow between two infinite
parallel planes, a canonical case that admits an analytical solution. An alternative and widely
studied configuration is provided by the flow between two coaxial cylinders, commonly re-
ferred to as Taylor—Couette flow, which can be formulated and solved within the framework of
the Navier-Stokes equations expressed in cylindrical coordinates.

In the cylindrical configuration, the inner and/or outer cylinders are set into steady rotation.
Different flow regimes can be realized, including cases where the inner cylinder rotates while
the outer one is stationary, the opposite configuration, or counter-rotation of both cylinders.
This geometry is particularly convenient from an experimental standpoint, as it is commonly
employed in rotational rheometers.

The choice of Taylor—Couette flow as the test configuration for the present study is motivated
by two main considerations. First, it represents a hydrodynamic system for which an excel-
lent level of agreement between theoretical predictions and experimental observations has been
consistently demonstrated. Second, the presence of centrifugal effects promotes the forma-
tion of coherent vortical structures, known as Taylor vortices, even at relatively low rotation
rates. These structures act as efficient mechanisms for the transport of momentum and energy,
playing a role analogous to that of near-wall streaks and quasi-streamwise vortices in turbulent
wall-bounded shear flows. Consequently, this configuration provides a suitable framework for
investigating the influence of surface roughness, including riblet-like textures, even in regimes
characterized by relatively low flow velocities.

The Taylor-Couette (TC) flow is characterized by the formation of flow instabilities between the
two coaxial cylinders. The onset of instabilities across various flow regimes has been studied
since the last decades of the 19th century by Mallock’! and by Couette’?. Lately, G.I. Taylor
in 1923 largely investigated the Taylor-Couette flow instabilities”?, solving the problem of the
linear stability of the Couette flow in a curved geometry. The study focuses on identifying,
from an analytical and experimental point of view, that the flow becomes unstable when the
inner cylinder exceeds a critical rotation speed, leading to the formation of toroidal vortices, so-
called Taylor vortex. Subsequently, other instability phenomena emerged in this flow regime,
such as the non-axially symmetric spirals identified by Coles in 19657*. An extensive research
programme has been carried out investigating rotating cylinders; a collection of all the experi-
mental and theoretical data culminated in 1986 with the publication by Andereck”.

The following figure 3.1 summarizes the different flow regimes, the vortex configurations, and
critical conditions. The appearance of these structures depends on the ratio of the cylinders’
rotational speeds w,/w; and the ratio of the cylinders’ radii r; /7, (where the subscript i denotes
the inner cylinder, inner, and the subscript o denotes the outer cylinder wall, outer).
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Figure 3.1: Flow regimes observed between independently rotating coaxial cylinders. The horizontal axis
represents outer Reynolds number R, and the vertical axis shows inner Reynolds number R;. Negative
value of R, stands for counter-rotating direction. Dashed lines indicate the transition boundaries, and
the dotted-dashed lines indicate the expected continuation of several boundaries. ”>

When the outer cylinder is fixed, R, = 0, so following the vertical solid line, the subsequent
stages can be identified.
In laminar conditions, first of all, a Couette flow is created, then by increasing the inner rota-
tional speed, the first instability occurs, creating Taylor-vortex flow, moving forward, then there
is the secondary instability - Wavy vortex flow. Then, these vortical structures start to break,
moving to a transitional flow that leads to turbulent Taylor vortices, characterized by chaotic
mixing of the flow structure.
From an experimental point of view, vortical structure has been clearly identified, and the fol-
lowing images, taken by’>, show the early stage formation and the Taylor vortex and Wavy
vortex flows. Starting from Fig. 3.2 and following the other images, the evolution of the flow
structures is described from the first end effects and moving to the global vortical effects, in the
case of counter-rotating concentric cylinders.
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Figure 3.2: From left to right: (a) outer cylinder rotating, inner cylinder at rest: R, = 1000, R; = 0.
Co-rotating cylinders: (b) Rg = 1000, R; = 1124; (¢c) Ry = 4005, R; = 4520. Kalliroscope flakes have
been added to the cell in the lower half of the cylinder at rest, and then as both cylinders started rotating,
end effects appear.”

Figure 3.3: From left to right. Images (a) and (b) show Taylor vortex flow. The outer cylinder Reynolds
number is R, = -300, and for the inner cylinder is R; = 240. Image (c) represents the Wavy vortex flow.
Outer cylinder R, = -100, inner cylinder R; = 350.75
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3.1.2. Literature review on slippery surfaces in TC flow

In the last few decades, much attention has been paid to non-smooth walls, rough or pat-
terned surfaces, superhydrophobic or lubricant-impregnated material; the increasing attention
has been driven by the potential for drag reduction application, provided by slippery surfaces
and materials, in laminar and turbulent flow conditions.

Investigating superhydrophobic surfaces, several theoretical, numerical, and experimental stud-
ies have been developed. The main outcomes are listed below.

Naim and Baig® performed direct numerical simulations to assess the effect of superhydropho-
bic surface patterns on drag reduction in turbulent Taylor—Couette flow. Modeling the plas-
tron-liquid interface as undeformable and shear-free, they found that streamwise-aligned mi-
crogrooves provide the highest drag reduction (up to 34% at Re = 5,000), whereas spiral
grooves lead to a slight drag increase. The observed behavior was attributed to wall slip, which
modifies near-wall turbulence and reduces the production of velocity fluctuations and turbu-
lence kinetic energy.

Liu et al.”’ combined experiments and modeling to investigate air-filled V-shaped azimuthal
microgrooves on the inner cylinder of a Taylor—Couette system. Drag reduction up to 62% has
been reported at Re = 2.79 x 10*. The air-filled grooves induce wall slip, weakening Taylor
vortices and reducing momentum transport. Increased groove width enhances this effect, and
the dependence on groove spacing can be predicted.

8 demonstrates a reduction in the wall shear stress that can be translated into drag reduction, in
the turbulent Taylor-Couette flow regime. The maximum drag reduction registered has been up
to 22 % at a Reynolds number of Re = 8 x 10*.

However, as previously discussed, superhydrophobic surfaces are more prone to fail under high
shear flow conditions, because the gas plastron can be replaced by the external fluid and gradu-
ally fully replaced, exposing the rough surface directly to the flow and affecting the durability
and efficacy of the SHS surface. This promotes the study of liquid-infused surfaces.

The case of corrugated surfaces impregnated with a liquid lubricant was considered by Van Bu-
ren and Smits**. The experimental setup is shown in the next figure. The outer cylinder rotates
around the treated, stationary inner cylinder. Torque measurements have been in performed on
the inner cylinder in the TC apparatus. The study reported a maximum drag reduction of ap-
proximately 35% at a Reynolds number of around 10%, in the case of LIS inner cylinder; the
reduction was found to be stable over time, indicating the potential for sustainable performance
of lubricant-impregnated surfaces in practical applications.
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Figure 3.4: Sketch of the experimental apparatus of the Taylor—Couette facility, filled with water. Longi-
tudinal grooves are tested in three different conditions: micro-grooved surface, superhydrophobic func-
tionalization (air trapped within the microgrooves), liquid-infused surface - impregnated with alkane
0il.”

In the absence of a lubricant, longitudinal microgrooves are commonly referred to as ri-

blets %23, Within Taylor—-Couette (TC) flow, the investigation of V-shaped azimuthal riblets
was initiated by Hall and Joseph’, who examined their drag-reducing capability in a configu-
ration with a corrugated inner cylinder and a rotating outer cylinder. A more detailed study by
Greidanus et al.?°, including tomographic PIV measurements, introduced a model to separate
the effects of riblets and cylinder rotation, showing that drag reduction depends strongly on the
flow regime and can reach up to 3.4% beyond a threshold shear Reynolds number.
The experiments of Xu et al.®! extend this analysis beyond the fully turbulent regime, covering
Re from 160 to 18,700. Transition was identified at Reans ~ 1380 (for n = 0.7). Below this
threshold, drag reduction is associated with the weakening of primary Taylor vortices, with fur-
ther reductions observed for increasing Re and groove size. Above transition, however, surface
roughness leads to drag increase. These findings are consistent with the immersed-boundary
DNS of Zhu et al.®?, which showed that, at higher Re, the boundary layer thickness becomes
smaller than the groove height, promoting secondary flows and enhancing torque. While the ef-
fect of riblets on modal and non-modal instabilities in plane channel flow has been addressed®®,
their influence on the Taylor-Couette flow has never been investigated.
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3.1.3. Present study

The primary instability of Taylor—Couette flow remains largely unexplored. This is a crucial
aspect to clarify whether specific roughness patterns can delay or promote the onset of centrifu-
gal instabilities. Moreover, it provides a necessary foundation for more complex configurations
involving higher rotation rates and advanced surface treatments, such as superhydrophobic or
lubricant-infused coatings.

The present work aims to address this gap in the literature by a combined experimental/theoretical
approach, investigating the primary TC instability in the presence of axially periodic, azimuthally
invariant wall corrugations. The most innovative aspects of the study are:

L torque-based measurements to quantify the onset of the primary instability for micro-
grooved inner cylinders;

II.  evaluation of anisotropic effective slip lengths, through an upscaling derivation, for real-
istic, three-dimensional printed grooves via asymptotic homogenization;

III.  incorporation of these effective boundary conditions into a linear stability analysis;

IV. introduction of a virtual origin of the mean azimuthal flow to rescale the critical pa-
rameters of the problem, observing a systematic delay of the instability governed by the
differential slip length.

The experiments are described in Section 3.2. and results in Section 3.3. are shown for a
few wall groove shapes and dimensions. The experimental apparatus is a rheometer with a
stainless steel inner rotating shaft surrounded by stereolithographic 3D-printed sleeves, each
with different circumferential grooves. The effect of micro-grooved patterns is addressed in the
present study.

The inner cylinder is forced to rotate at angular velocity {2 = Ty (with €2 denoting the angular

velocity measured in radians per second and n the rpm velocity). Considering the smooth case

of the inner cylinder and defining the inner and outer radii as, respectively, [?; and R,, the

control parameter is the Taylor number, 7'a, conventionally defined as:
2n? Q% d* oo 2d

Ta=—— = Re

—_— 1
1—n% v? R, + R, S

with d = R, — R; is the gap between the cylinders, = R;/R, is the radius ratio, and v is
the kinematic viscosity of the fluid, evaluated based on the fluid temperature during the test.
The parameter Re is the Reynolds number, defined as Re = QR; d/v. In the so-called narrow
gap case, when 17 — 1, the onset of steady toroidal vortices is found for the following critical
parameters: T'a. = 1708 and 3. = 3.117%4, with 3 the axial wavenumber.

The effect of inhomogeneities at the inner cylinder wall is addressed from a theoretical perspec-
tive: an asymptotic upscaling analysis is conducted for the purpose of estimating the realistic
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and idealized slip lengths (azimuthal and axial) of the microgrooves (section 3.4.).

These conditions are then used in a linear stability analysis, described in Section ??, performed
to establish the critical parameters for the onset of Taylor rolls under conditions of differential
slip.

Considering that the presence of grooves shifts the flow’s virtual origin, virtual dimensions are
introduced, and in combination with the proper rescaling of the parameters, demonstrate that
the instability is delayed by the wall corrugations.

Good agreement between theory and experiments has been demonstrated, and it represents the
starting point for further studies on more complex slippery surfaces (SHS and LIS), at even
higher rotational speeds.
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3.2. The experimental apparatus and the results

3.2.1. Description of the experimental apparatus

Rheometric setup

The experimental apparatus is shown in Figure 3.5. The core instrument of the experimental
setup is the Anton Paar Physica MCR 301 rheometer. It is equipped with a highly precise ro-
tational electric motor, shaft-connected to the inner cylinder, and supported by an air bearing.
This allows the inner shaft to rotate almost frictionlessly; furthermore, it has high sensitivity
for torque and angular displacement, allowing very accurate measurements for all conditions
tested. In particular, the torque is measured using a strain-gauge-based transducer with a reso-
lution in the n /N m range, while the angular velocity is imposed and monitored by an electroni-
cally commutated synchronous motor equipped with optical encoders. These encoders provide
highly accurate angular position measurements, from which the angular velocity is precisely
determined.

outer cylinder in plexiglass

shaft
macroscopic view microscopic view
! 3D — printed
I : sleeve
i d Z
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i Yoo
H ;
L
\;_/v I
h.}
&, '
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Figure 3.5: Left: schematic of the experimental apparatus in the smooth configuration, showing the sta-
tionary outer cylinder and the rotating inner cylinder, whose shaft is connected to the electric motor.
Right: magnified view of the grooved sleeve, illustrating both the macroscopic and microscopic repre-
sentations of the system.
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The inner cylinder, made of stainless steel, has a diameter of D; = 25 mm and a height
equal to H = 60 mm. The inner cylinder is freely suspended, and it ends with a conical tip at
the bottom, with a corresponding height of A, = 10 mm. It is inserted coaxially into an outer
fixed cylindrical plexiglass case, placed and blocked in a holder, which is part of the rheometer
itself.

To investigate different micro-structured patterns and to study the effect of azimuthally-invariant
surface structures on the onset of the instability, several polymeric sleeves have been 3D-printed
with stereolithography technology and properly placed and fixed around the inner cylinder.
Whereas the inner radius R; of the cylinder—sleeve assembly is approximately 19 mm (the ex-
act value, reported below, depends on the specific micro-pattern and on the corrugation pitch /),
the outer radius R, is fixed at 20.64 mm.

In the right image of the Figure 3.5, a magnified view of the grooved skeleton is presented. In
particular, the existence of two well-separated domains is pointed out. The macroscopic region
has the gap dimensions d = R, — R;, as a characteristic length; the microscopic domain is
instead characterized by the axial periodicity of the roughness ¢. The ratio between the micro-
scopic characteristic length and the macroscopic one, defines a small parameter ¢, variable then
used for the asymptotic expansion of Section 3.4.. The unit cell or representative element of
volume (REV) is defined, and it includes one periodic element of roughness.

As the inner cylinder starts rotating, it drives the water in the gap around the central element,
eventually leading to the formation of Taylor-Couette vortices.

The water has a free surface exactly in correspondence with the outer edge of the inner cylinder,
which remains wet throughout each test; we have verified that the free surface remains flat and
unperturbed when the angular velocity of rotation is sufficiently small, while low-amplitude
surface waves develop at larger velocities.

The microstructured sleeves

Hollow cylinders are designed for later printing, with two types of azimuthally-invariant mi-
crogrooves on the lateral surface, a trapezoidal and a square shape (denoted respectively by “7"”’
and “S”). The CAD design of microstructured skeletons has been done using Onshape.

The print has been realized by a laser-powered stereolithographic printer produced by Formlabs
(Model Form3); it is an additive manufacturing technology for thermosetting polymers. The
method is based on the photopolymerization of a liquid resin, which is sensitive to the ultravi-
olet radiation emitted by a laser source. The technique allows, in principle, greater geometric
accuracy than normal extrusion 3D printing. The polymeric resin used (Clear Resin, also pro-
duced by Formlabs) is specifically designed for high-resolution models.

A black dye has been added to the liquid resin, colouring the batch in order to obtain black
samples instead of white/grey ones. One of the main reason of adding a dark dye is to allow
for a better visualization of the flow structure, enabling the visual tracking of Taylor-Couette
flows. Beyond that, this modification permits the laser analysis of each 3D-printed sample to
assess the exact shape and dimensions of the micro-patterns, leading to the characterization of
the grooves.

The following Figure 3.6 shows the idealized shape of the unit cells. The axial periodicity ¢
of the periodic pattern is set to be either 1000 pm, 800 pm, or 400 pm. The different patterns
are thus named 7'1000, S800, etc., to distinguish among them. These shapes are the idealized
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Figure 3.6: Idealized shape of the unit cells for .S and 7" micro-grooves.

Minor printing artifacts and defects are observed in the fabricated samples, leading to de-
viations from the intended ideal geometries and resulting in real configurations that may not
achieve the expected level of precision. Furthermore, the additive manufacturing process it-
self introduces uncertainties. In the case of stereolithography, although the nominal minimum
printable feature size is approximately 25 pm, empirical observations indicate that larger dis-
crepancies can occur in practice.

Given that the geometrical dimensions represent critical parameters for the present study, it is
essential to accurately characterize the actual configuration of the 3D-printed components. Al-
though the designs were based on ideal geometries, the presence of printing-induced artifacts
led to measurable variations, which were systematically evaluated using laser profilometry and
microscopy techniques.

Different approaches have been used to characterize the grooved surfaces, including high-
resolution imaging with a camera, optical microscopy, and profilometry. The first technique
allows the verification of the periodicity of the riblets and a more qualitative view of the pat-
terns. The next image 3.7 shows an example of a picture, obtained using a high-resolution
camera.

Figure 3.7: Image of sample S1000 captured with high resolution camera.
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The second technique used is optical microscopy. In particular, looking at the sample from
the top, to obtain and measure the riblets’ spacing.

1.00 mm

S —
1.01 mm

0.99 mm

1.00 mm

Figure 3.8: Optical microscopy of 7'1000 sample. Riblets’ spacing is measured and the periodicity ¢ is
indicated in the image.

Optical microscopy also enables the identification of surface defects in the fabricated sam-
ples. The occurrence of such defects may be attributed to various factors, including the printing
process itself, post-curing procedures, the removal of polymeric supports, or other process-
related variables.

The following image highlights a localized defect within the microstructure, most likely orig-
inating from the mechanical configuration of the 3D printer. This defect is observed in the
sample featuring a trapezoidal geometry with a periodicity of 800.

Figure 3.9: Optical microscopy of S800 skeleton with a defect.
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However, both of these approaches are more concerned with the qualitative analysis of sur-
face quality. To obtain a detailed reconstruction and an accurate model of the sample surfaces,
the third technique has been used through the utilization of a Taylor Hubson laser profilometer
(Ametek’s Ultra Precision Technologies Group).

A surface profilometer is a metrological instrument employed to characterize the topography
of a specimen, particularly for the reconstruction and quantification of surface roughness. The
technique relies on multipoint laser-based measurements capable of resolving surface height
variations at a sub-micrometer scale; in the present case, a vertical resolution of 0.159 yum was
achieved. All the samples have been tested following the same procedure and adopting the same
parameters and methods.

A surface equal to ~ 3mm x 3mm has been scanned by the laser and then reconstructed in three
different possible ways: a y-diagram, a planar surface, and a 3D-reconstruction of the sample.
Two examples are reported below for the case of T400 and S1000 samples.

An examination of the surface topography reveals that the trapezoidal structures, despite ex-
hibiting a smaller periodicity compared to the square configuration in the example reported,
maintain a highly regular pattern with well-defined peaks and valleys. In contrast, the square
geometries appear less precise, particularly in the vicinity of the right-angle corners, where
noticeable deviations from the intended shape are observed. These discrepancies are likely
attributable to limitations inherent to the fabrication process. Specifically, the layer-by-layer
nature of the printing technique may reduce accuracy in regions characterized by sharp geo-
metrical transitions. Additionally, post-curing effects may have introduced further distortion or
deformation, contributing to the observed imperfections in the final structures.
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Figure 3.10: a) Three-dimensional reconstruction of the realistic shapes of 7'400 (color scale in ym). b)
Planar plot of the top section captured. c) y-diagram, showing picks and valleys.
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Figure 3.11: a) Three-dimensional reconstruction of the realistic shapes of S1000 (color scale in um).
b) Planar plot of the top section captured. c) y-diagram, showing picks and valleys.

The dimensions of the printed samples are reported in Table 3.1.
The measurements of ¢ are obtained directly from laser profilometry, whereas the dimensions
R;, R,, and H are determined using a digital caliper with a resolution of 0.01 mm. To ensure
statistical reliability and capture potential spatial variability - especially related to some coaxial
misalignment - measurements are performed at multiple locations distributed along both the
axial and azimuthal directions. This approach enabled the determination of representative mean
values and the assessment of measurement dispersion. The root mean square (RMS) deviation
associated with the measurement of H is consistently below 0.20 mm across all tested sam-
ples, while the RMS deviations for R; and R, remained below 0.08 mm. Concerning the rib
periodicity /, the deviation from the nominal value is found to be less than 0.01 mm in all cases.

R, [mm] | R,, [mm] ‘ d [mm] ‘ ¢ [mm] ‘ n=Ri/R, | 0=d/R; | e=1(/d ‘
smooth cylinder | 18.36 19.50 2.28 - 0.890 0.124 -
T400 18.70 19.67 1.94 0.40 0.906 0.104 0.206
7800 18.85 19.74 1.79 0.80 0.913 0.095 0.447
71000 18.95 19.79 1.69 1.00 0.918 0.089 0.592
S800 18.82 19.73 1.82 0.80 0.912 0.097 0.440
S1000 18.96 19.80 1.68 1.00 0.919 0.089 0.595

Table 3.1: Measurements of the 3D-printed micro-roughness elements. “smooth cylinder” stands for
a smooth sleeve of thickness equal to 5.86 mm, positioned around the inner, stainless steel cylinder.
Each sleeve is H = 60 mm high, within £0.20 mm, i.e., the inner cylinder is completely covered.
R, = (Ri + R,)/2 is the mean radius; J is the curvature parameter, and ¢, used in the homogenization
analysis, is the ratio of microscale to macroscale.
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3.2.2. Experimental settings

Before each experimental test, water has been degassed and seeded with tracer particles.
Hollow glass spheres (Dantec Dynamics HGS-10 Hollow Glass Spheres) of a mean diameter
equal to 10 um and density very close to the density of water have been added to visualize the
vortices. The concentration of these particles in the water is always kept below 1%wt. Other
particles have been tested, like PAS Polyamid Seeding Particles 1.03g/cm? ¢=50 pm and HGM
Hollow Glass Microspheres 0.38g/cm?, but no one has the same efficacy as the one selected.
Hollow glass spheres look like powder, but, if properly mixed in the sonicator for 5-10 minutes,
they are uniformly distributed in the liquid.

Before running the test, the temperature of the water is measured using a thermocouple; once
the test is finished, the measurement of temperature is repeated, and the average value is used
to evaluate the flow properties for each experiment.

A systematic analysis of the thermal variations associated with water temperature is conducted,
highlighting their significant influence on the evaluation of the critical parameter.

The stainless steel inner cylinder is fitted with the microstructured sleeves, ensuring precise
alignment and continuity between adjacent elements. Particular care is taken to avoid the for-
mation of geometric discontinuities, such as small steps at the top internal interfaces, which
could otherwise act as sources of secondary flows or flow disturbances. The interference fit
between the inner cylinder and the sleeves is minimal; the components are securely fixed, pre-
venting any relative motion during the test. The final assembly constitutes the effective inner
cylinder, which is subsequently connected to the rheometer shaft and properly mounted within
the instrument for testing.

Subsequently, the Taylor-Couette setup is filled with the water + HGS liquid mixed solution, up
to the top surface of the inner cylinder, carefully avoiding the formation of bubbles inside the
setup, while the cell is filled.

The rotational speed settings are kept constant across all experiments. Each test is initiated by
rapidly accelerating the shaft to an angular velocity of n = 20 rpm, followed by a waiting period
of several minutes to ensure that steady-state conditions are reached. Subsequently, the rota-
tional speed is increased in increments of 0.5 rpm and maintained at each step for 30 s, up to a
maximum of 50 rpm, while continuously recording the torque. Then the test is stopped and the
temperature of the water is immediately measured. It has been observed that the water temper-
ature can vary partially during each experiment, by a maximum of 1 °C between the beginning
and the end.
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3.3. Results of the experiments

The experimental apparatus measures the torque while the rotational speed is increasing; in
particular, one data point is recorded each 0.5 rpm step for a total of 61 data points collected. As
expected, the torque increases with increasing angular velocity because of the increasing torque
required to drive the inner cylinder at higher rotation rates.

At low speeds, the torque exhibits an approximately linear dependence on the rotation rate.
However, beyond a critical threshold, a marked change in slope is observed. This deviation is
indicative of the onset of secondary flows, which alter the distribution of shear stresses within
the gap and consequently increase the torque required to maintain the imposed angular velocity.
Transition is classically observed and identified by a sudden variation in the slope of the torque
curve as a function of n: this is a sign that vortical structures have appeared, modifying the shear
stress at the wall. Similarly, the following instabilities can be detected and recognized in the
same way. Secondary instability is characterised by wavy vortex flow. Vortical structure begins
to wave, creating upward and downward velocity fluctuations that modify the shear stress at the
inner wall. This leads to further changes in the torque response.

To ensure reproducibility and robustness of the measurements, each experimental run is re-
peated multiple times. Both increasing and decreasing angular velocity ramps are performed
to assess and exclude potential hysteresis effects. Each experiment has a typical duration of
approximately 30 minutes.

Different patterned configurations have been investigated: a smooth case, tested as reference, 3
different periodicities for the trapezoidal shape, and 2 configurations for the square shape. The
following plot compares the smooth cylinder and the S1000 cases.
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Figure 3.12: Torque as a function of rotational speed. Circular markers denote the smooth-cylinder
configuration, while black square markers correspond to the S1000 case. The dashed lines indicate the
critical rotational speed associated with the onset of the primary instability.
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A preliminary assessment suggests that the grooved surface produces:

- an increase in shear stress at the inner wall, which leads to an increased of the required
torque;

- adelay in the onset of the primary transition.

The apparent increase in wall shear stress can be explained by accounting for the difference
in gap dimensions between the corrugated and smooth configurations. Regarding the transition,
the angular velocity at the first bifurcation point shifts from 25.5 = 0.3 rpm, in the smooth case,
to 36.3 = 0.3 rpm, in the corrugated configuration.

Before drawing any conclusions, the results must be suitably normalized. Variations in fluid
viscosity, as well as in the effective geometrical parameters of the test section, exert a signifi-
cant influence on the measurements.

Therefore, a consistent and appropriate normalization procedure is essential to enable mean-
ingful comparison across different experimental conditions. The raw experimental data, both
the torque and the angular velocity, have been normalized, defining a torque coefficient and the
Reynolds number or Taylor number.

All the dimensionless numbers are consistently based on the mean density and kinematic vis-
cosity corresponding to the specific experimental conditions. Within the temperature range of
24-26 °C, the fluid density p varies only slightly, from 997.3 to 996.8 kg,m 3, while the kine-
matic viscosity v decreases from 0.9132 x 1075 t0 0.8729 x 1075 m2,s~!. The exact value of
fluid properties is used to define the dimensionless parameters for each test.

The torque coefficient cp is defined as:

C
S — 3.2
T pQPRIH (3:2)
and the Reynolds and Taylor numbers are defined as:
QR;d 2n? Q% d! 5 2d
R — _— = _— 3 .3
¢ v 4 1—n% v2 © R+ R, (3:3)

Dimensionless results for both trapezoidal and square groove geometries are presented in
Fig. 3.13.
For all the patterned configurations, the primary instability is clearly identified by a sharp
change in the slope of the torque curve at T'a ~ 1700 (precise values are reported later). A
secondary transition to wavy vortex flow is also discernible at Taylor numbers slightly above
2000. Interestingly, for the trapezoidal corrugations, the dependence of the primary instability
threshold on the groove pitch is not strictly monotonic. In particular, the case with ¢ = 800, ym
(red curves) exhibits an earlier onset of the first bifurcation compared to the other configura-
tions (see Table 3.5 for quantitative values). This apparent inconsistency can be rationalized by
noting that dimensionless parameters such as Re and 7'a can be meaningfully compared across
configurations only when the radius ratio is held constant. In the present study, 1 varies slightly
between cases (cf. Table 3.1). Moreover, each surface topology introduces a distinct virtual
origin for the primary flow, thereby affecting the effective flow geometry. A detailed discussion
of this concept and its implications is deferred to Section 3.5..
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Figure 3.13: Torque coefficient versus the Taylor number for trapezoidal (top) and square (bottom) sur-
face corrugations. The green markers correspond to ¢ = 400 um, the red markers represent the data of
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Representative flow visualizations are presented in Figure 3.14 for the 7'800 configuration,
captured slightly below and slightly above the onset of the primary instability.
In the left panel, only the surface grooves are visible, but it can be noticed by looking at the
bottom part of the figure that the fluid has a white colour, because of the hollow glass spheres
that are mixed with it. In the right panel, the addition of glass particles to the working fluid
enables visualization of the emerging vortex structures.
In particular, inspection of the right panel reveals a series of regularly spaced, brighter bands,
which mark the formation of sinks associated with regions of radially inward flow. The tracer
particles tend to accumulate within the cavities formed by the grooves, leading to localized trap-
ping. This phenomenon introduces significant challenges in accurately determining the spacing
between adjacent vortical structures.
Moreover, the grooved geometry may exert a receptive influence on the selection of the instabil-
ity wavenumber. To mitigate uncertainties in the wavelength estimation, the reported wavenum-
bers are obtained by averaging measurements over the six centrally located vortex pairs. Image
acquisition is carried out using a Fujifilm X-T200 mirrorless camera equipped with an 18-35
mm lens, yielding 24-megapixel images. These are subsequently processed using ImageJ soft-
ware, with a caliper serving as a spatial reference. Owing to the intrinsic difficulty in precisely
identifying the boundaries of individual vortex pairs, the experimentally determined wavenum-
bers are reported with a precision limited to two significant digits.

Figure 3.14: Visualizations of the motion before (left) and after (right) the onset of the first bifurcation
for the case 7'800.



97

3.4. Asymptotic homogenization theory for effective boundary condi-
tions

3.4.1. Domain decomposition, governing equations and definition of scales

As previously introduced and illustrated in Figure 3.5, the system is thus decomposed into
an inner and an outer region, associated with characteristic length scales d and ¢, respectively.
The outer scale d corresponds to the macroscopic extent of the flow, physically represented by
the gap between the two cylinders. The inner scale ¢ describes the periodicity of the micro-
scopic corrugations, represented by the representative element of volume (REV), also known as
the unit cell. In particular, the wall of the inner cylinder is patterned with microgrooves that are
periodic in the axial direction and invariant in the azimuthal direction.

There is a clear separation between these two length scales; together with the periodic nature
of the microstructure, it motivates the use of homogenization theory. This approach enables the
derivation of effective boundary conditions at an idealized, fictitious interface, assumed here to
coincide with y = 0.

Such effective boundary conditions are valid when the characteristic size of the surface corruga-
tions is much smaller than the macroscopic length scale of the flow. Under this assumption, the
detailed resolution of the rough surface can be avoided, thereby significantly reducing compu-
tational cost. Instead of solving the full macroscopic problem with no-slip conditions imposed
along the actual corrugated boundary y = y,,(2), difficult to capture because of the small-scale
effects in the near wall region, a simplified problem can be solved with equivalent boundary
conditions applied at the smooth fictitious interface.

Building on recent advances in the literature '3-3%61:868788 'thig framework provides effective de-
scriptions in terms of azimuthal and axial Navier slip lengths, which depend on the geometry
and dimensions of the surface corrugations.

The analysis proceeds by considering the governing differential equations - mass conserva-
tion and the Navier—Stokes equations - formulated in cylindrical coordinates, under the assump-
tion of axisymmetric flow (0/060 = 0):
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with .., 1y and u, the three velocity components along the directions denoted by the respec-
tive subscripts, p the pressure, p the density, and i the dynamic viscosity of the fluid contained
within the two co-axial cylinders.

The flow in the microscopic (inner) region is dominated by viscous diffusion, whereas inertial
effects become significant in the macroscopic (outer) domain. The two regions are character-
ized by different characteristic lengths and must be described using different scalings that reflect
the underlying flow dynamics.

The macroscopic scales to normalize the outer region are the following:

d: length scale
- Q R; : velocity scale

- p(QL R;) R; : pressure scale

: time scale

d
QR;
The microscales in the near-wall domain, for a steady and creeping flow, are:

- ¢ = ed: length scale

- €Q R;: velocity scale

PR,

: viscous pressure scale

The two domains are coupled by enforcing the continuity of both velocity and traction
vectors across the interface. To rigorously formulate the homogenized (upscaled) model, it
is necessary to derive the governing equations under the assumption of a clear scale separation,
expressed by the small parameter ¢ = //d < 1.

This asymptotic framework justifies the homogenization procedure and enables the systematic
derivation of effective boundary conditions. Even for moderately small values of €, the leading-
order approximation typically provides an accurate representation of the flow.

3.4.2. The macroscopic problem
The dimensionless variables for the outer region are defined using capital letters,

P— R
d )

(ﬁeyaraﬁz) ﬁ t

Y = S -

7 —

, UV, W) =

SHRSS

that lead to the description of the outer macroscopic equations as:
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v 2o, (3.9)
%*V%‘(SU”W%:‘%*%[%* g—}‘ﬁ%}, (3.10)
g—[j*‘/g—gﬂw‘/*Wg—g:é{%* %*%}’ (3.11)
=

with the Reynolds number Re and the curvature parameter § defined as:
Re = pﬂfid, 5 =d/R; (3.13)

The system above is correct up to order 9, under the assumption that § < 1, meaning that the
gap between the two cylinders is much smaller than the inner radius.

It is important to highlight that the variables (U, V, W, P) depend only on the macroscopic de-
pendent variables Y and Z. The boundary at Y = 1 satisfies the simple no-slip condition.

3.4.3. The microscopic problem

At the microscopic scale, it is convenient to formulate the problem in Cartesian coordinates
rather than in cylindrical coordinates. This simplification is justified by the strong separation
of length scales characterizing the system. In fact, the characteristic size of the surface cor-
rugations, denoted by /, is assumed to be much smaller than the macroscopic length scale d
associated with the curvature of the cylinder. Under this assumption, the flow within the micro-
scopic domain can effectively be seen as ”flat”. Consequently, curvature effects are negligible at
leading order and do not influence the dominant balance governing the flow in the inner region.
As a result, the microscopic problem can be accurately approximated using Cartesian coordi-
nates, described in this section.

The dimensionless variables for the inner region are defined below:

~

(tip, dy, ) _ P
EQRZ ’ [LQRZ/CZ’

7 — R;
ed ’

(3.14)

z
= z2=—, (u,v,w)=
Y T )
with R; radius of the inner cylinder, €2 rotational speed, uj, = (iy—$2 R;), the azimuthal velocity
deviation.

Considering a steady and incompressible flow, and through the definition of the microscales of

the inner region, the microscopic problem can be defined as:

ov ow
gy T eI =yt )+ 5o =0 (3.15)
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op 0% ov 0%
—— 4+ —+e(l—e€ )=+ =—=0 3.16
ay+ay2+e( edy + )8y+822 (3.16)
0%u ou  0*u
— 4+ el (l—e€d ) —+=—==0 3.17
8y2+6( edy + )8y+822 (3.17)
op O*w ow  0*w
—— 4+ —=—=+4+e€e(l—¢€ ) —+—=——==0 3.18
8z+8y2+6< edy + )8y+8z2 (3.18)
and by neglecting terms of order 62, €2, € § and higher, it leads to:
ov  Ow
—+—=0 3.19
op 0*v 0%
T T 3.20
oy "o T2 Y (3-20)
*u  0%u
—+—=0 3.21
op O*w O*w
— 4+ =—4+—=—=0. 22
0z * 0y? * 022 0 (3-22)
The boundary conditions for the inner problem are:
u=90y, v=0 w=0 (3.23)

3.4.4. Matching of velocity and traction vectors

At the outer boundary of the microscopic domain, located at Y,, = €y, the flow fields
asymptotically lose their dependence on the microscopic coordinate z, provided that y is taken
sufficiently far from the corrugated surface v,,.

In this limit, the solution approaches a locally uniform state, enabling consistent matching with
the outer (macroscopic) region, by imposing continuity of the dimensionless velocity and trac-
tion vectors across the interface, then yields:

Uy =1l+eu| , V[, =e| . W[, =ew| . (3.24)
g_g = ‘;_z N (3.25)
ReP 1207 =p zg—;’ N (3.26)
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By accounting for the forcing terms the problem, the problem for u is decoupled from the
others, and the solution for the dimensionless azimuthal velocity can be readily expressed as:

u=u'(y,z) g—g § + 6 Y, (3.28)

oo

with the auxiliary variable u' solution of
O?ut 9%l
02 02

=0, (3.29)

) out
subject to v’ = 0 at y = 7,, and By laty = Yoo-

The auxiliary variables (v, w', p') solve a Stokes system in the inner domain, subject to no-slip

0
aty:ywplusaizlandvT:Oaty:yO@.
Y

3.4.5. Slip lengths and virtual origin

The outer solution (first equation in 3.24) can be Taylor expanded,

ouU oU
= U|y:0+€yoo +0(?) = 1+6u7(yoo,z) {—

d Yy

Yoo

Y

+ (9(6)] +0(e0), (3.30)
Y=0
for the outer condition to be eventually transferred to the fictitious boundary in Y = 0; it reads
at leading order

ou

oY
with the slip length £, = u' (Yoo, 2) — Yoo. It is important to point out that u' is independent of
the height of the domain .., consequently, /,, does not vary with the choice of 1.
The solution for the remaining two components of the inner velocity field, which are cou-
pled through the pressure, follows closely the approach developed for closely spaced planar
riblets®®°. Provided that v, is chosen sufficiently far from the corrugated boundary 7, the
flow in this region becomes effectively independent of the microscopic coordinate z, as will be
demonstrated later. Under this assumption, the leading-order expressions for the outer velocity
components can be written as:

Ul,_, =€ (3.31)

)
Y=0

ow

v “ oy

0, Wl,_,=¢€l (3.32)

y=0

;
Y=0

with the spanwise slip length defined as £, = w' (Yo, 2) — Yoo, similarly to £, is independent of
the choice of .

The boundary conditions on the inner radius 7 = I?; can be defined as:
~ Oy

QRZ Aw g:c_A ’
(Ri+ Gu) + le

r=R;

A

Up

~

Uy

= 07 az

r=R; - r=R;
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In particular, the azimuthal slip length, ¢, = l, /¢, plays a central role in characterizing the
effect of the different surface patterns. As mentioned before, the effect of rough surface, as
microgrooves, is often to shift the origin of the mean flow into a new origin, a virfual one. Con-
sidering the slip length 7, it determines the virtual origin of the mean flow and, consequently,

both the virtual inner radius, R
Rivrt = Rz - £x> (334)

and the corresponding virtual gap thickness,

Ao = d (14 €4,), (3.35)

in accordance with (??) (see also the schematic in Figure 2.7).

outer rim of corrugations
virtual origin

of base flow

!

______

Figure 3.15: Sectional sketch of the rotating system. The dashed circumference highlights the inner-wall
virtual origin, where the dimensionless mean azimuthal velocity is U = 1.

The presence of a virtual radial gap in the case of grooved walls has also been discussed
by Xu et al.3!, who referred to it as the actual gap. In their work, the actual (or virtual) gap
thickness has been assumed, somewhat arbitrarily, to be equal to half the riblet height for all
configurations considered. This approximation is subsequently incorporated into the definition
of the total uncertainty, encompassing both modelling assumptions and experimental measure-
ment errors, in their assessment of drag reduction (or increase) induced by azimuthal riblets
on the inner cylinder of a Taylor-Couette apparatus. However, the idea in the present study
is to precisely determine the fictitious positions of the virtual origin, based on the shapes and
dimensions of the rough element.
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3.4.6. Microscopic results: idealized and realistic geometry

Numerical solutions of the two auxiliary microscopic systems of equations, u! and (v', w', p'),
are obtained using the freefem++ solver®. Using this open-source software to solve partial dif-
ferential equations, the Stokes system has been solved, with the boundary conditions previously
described applied.

All variables have been discretized by continuous piecewise quadratic finite elements, except
for pf, which is approximated using continuous piecewise-linear elements. The resulting for-
mulation is implemented on an unstructured mesh comprising up to 200000 triangular elements.
Local mesh refinement is introduced in the vicinity of the solid boundary to adequately resolve
steep gradients and ensure grid-independent (converged) solutions.

Two different configurations have been investigated in the present study: an idealized shape,
derived from the nominal design of the surface grooves, and a realistic geometry, reconstructed
from the measured profile of the 3D-printed surface. For the idealized micro-corrugations case,
figure 3.6 illustrates the contour of the auxiliary variables.

Figure 3.16: Auxiliary fields for the idealized trapezoidal micro-corrugations. From the left, u! (with
values in the dimensionless range [0, +4.175]), 0T [-0.037, +0.037], and w' [0, +4.081].
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The dimensionless values found for the slip coefficient are given in Table 3.2. On account
of arguments presented by Luchini et al.?, it is not the individual value of /,, (origin of the mean
flow) or £, (origin of the cross-stream flow) which affects drag reduction (or, in the present
case the onset of the instability), but their difference, since the origin of the wall-normal axis
is set arbitrarily. In the case of idealized grooves, Al can be evaluated: for the square S-type,
Al =1, — {, = 0.023, while T-riblets have A¢ = 0.094. The expectation is that, for the case
of trapezoidal micro-structures at the wall, a stronger effect on the onset of Taylor vortices is
expected.

micro-groove type ‘ ly ‘ l, ‘
S 0.041 | 0.018
T 0.175 | 0.081

Table 3.2: Dimensionless slip lengths for the idealized .S and 1" grooves of Figure 3.6.

As previously observed (cf. Figure 3.9), the real geometry can be affected by errors and
technical problems during printing, manufacturing, and the realization process, and final ge-
ometries can differ significantly from their idealized designs. One of the most innovative as-
pects of the present study is to take into account the real profile of the microstructured sleeves
in both the theoretical and numerical approaches. An example is shown in Fig. 3.17 that
presents the auxiliary fields for the S1000 configuration. In the model, the effective patterned
profile is approximated using piecewise-linear or parabolic segments using MATLAB code. In
this case, the resulting slip coefficients are slightly larger than those reported for the idealized
grooves in Table 3.2, with their dimensionless values given by ¢, = uT‘ym — Yoo = 0.051 and

L= wT|yw — Yoo = 0.027.
The next table 3.3 summarizes the dimensional slip lengths from the upscaling technique, both
identifying the realistic and idealized geometries. The 3D-printed trapezoidal grooves exhibit
smaller slip lengths compared to their idealized versions. On the other hand, the square grooves
show slightly larger slip coefficients. Furthermore, the observation that T-riblets produce larger
slip coefficients than S-riblets with the same spanwise pitch agrees with findings reported in the
literature 2363,

| Case | {4, [mm] (. [mm] Al[mm] | Ry [mm] | dyee [mm] | Ry [mm] | e |
7400 | 0.046 (0.070) | 0.026 (0.032) | 0.020 (0.038) 18.65 1.99 19.64 0.904
7800 | 0.107 (0.140) | 0.055 (0.065) | 0.052 (0.075) 18.74 1.90 19.69 0.908
71000 | 0.134 (0.175) | 0.069 (0.081) | 0.065 (0.094) 18.82 1.82 19.73 0.912
5800 | 0.041(0.033) | 0.021 (0.014) | 0.020 (0.019) 18.78 1.86 19.71 0.910
51000 | 0.051 (0.041) | 0.027 (0.018) | 0.024 (0.023) 18.91 1.73 19.77 | 0916
Table 3.3: Dimensional slip lengths and differential slip (Al = 0, — 0,) from the homogenization

calculations for the reconstructed, realistic geometries, together with virfual dimensions of the different
microstructured surfaces. The idealized slip values are given within round brackets for each shape and
periodicity examined. The virtual mean radius, R, = (R;rt + Ro)/2, and radius ratio, 7y, are also
defined.
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(a) Laser scan of small portion of S1000 grooves
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Figure 3.17: On the top, laser scan of a small portion of the S1000 grooves; the vertical size of the
real corrugations is measured to be 476 pm instead of the imposed value ¢/2 = 500 ym. From left to
right, the bottom three images display auxiliary fields of u, vf, and w' for the model in the case of real
corrugations.

The results obtained from the upscaling homogenization procedure serve as input for the
following step of the present analysis. In particular, the Navier slip lengths are employed to
formulate effective macroscopic boundary conditions, which are then incorporated into a linear
stability framework to determine the critical parameters governing the Taylor—Couette flow.
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3.5. The stability theory

The outcomes of the upscaling homogenization procedure provide the starting point for the
next stage of the study, followed by a linear stability analysis. Specifically, the Navier slip
lengths, evaluated both for an idealized and a realistic shape, have been integrated into a lin-
ear stability theory to define the slip boundary condition and identify the critical parameters
governing Taylor—Couette flow. The stability analysis can be found in Innocenti et al.*°; the
calculations have been carried out by Jan O. Pralits.

Some considerations need to be made about the classical, no-slip case. In particular, results
for smooth cylinders 8491 show that the critical Taylor number, 7T'a., that represents the onset of
instability, increases as the radius ratio n = R;/ R, decreases. In contrast, the critical wavenum-
ber, (., exhibits only a slight increase with decreasing 7. As reported in Table 3.1, the radius
ratio 7 for the micro-structured configurations grows with the pattern periodicity, because the
outer radius is fixed and the inner one depends on the periodicity ¢. It can be observed, relative
to the smooth case, that a reduction in the critical Taylor number (along with a mild decrease in
the wavenumber) is expected.

Numerical results are shown for all configurations considered, including both idealized and re-
alistic corrugations. The geometric parameters adopted for the idealized model are summarized
in Table 3.4. In particular, corrugations with height ¢/2 and periodicity ¢ are assumed to be
located directly above the sleeve of the smooth configuration. For example, in case 7'400 (with
¢ = 0.4 mm), the inner radius is taken as (18.36 + 0.4/2) mm, same for the other cases.

’ ‘ R; [mm] ‘ d [mm)] ‘ ¢ [mm)] ‘ n=R;/R, | § =d/R; e:f/d‘
smooth cylinder | 18.36 2.28 - 0.890 0.124 -
7400 18.56 2.08 0.40 0.899 0.112 0.192
7800 18.76 1.88 0.80 0.909 0.100 0.426
71000 18.86 1.78 1.00 0.914 0.094 0.562
S800 18.76 1.88 0.80 0.909 0.100 0.426
S1000 18.86 1.78 1.00 0.914 0.094 0.562

Table 3.4: Geometrical dimensions and dimensionless parameters used for the stability analysis of ide-
alized micro-undulations. In all configurations R, is fixed and equal to 20.64 mm.



The critical conditions for the onset of Taylor vortices are summarized in Table 3.5.

Case

Theory: idealized shapes
(1, Rec, Tac, Be)

Theory: realistic shapes
(. Rec, Tac, Be)

Laboratory results
(. Rec, Tac, Bc)

Smooth cylinder
7400
7800
71000
S800
51000

(0.890, 121.8, 1735, 3.143)
(0.899, 127.1, 1714, 3.050)
(0.909, 133.4, 1698, 2.983)
(0.914, 137.3, 1699, 2.950)
(0.909, 134.5, 1726, 3.090)
(0.914, 138.2, 1721, 3.084)

(0.890, 121.8, 1735, 3.143)
(0.906, 131.1, 1696, 3.070)
(0.913, 136.0, 1675, 3.010)
(0.918, 139.9, 1670, 2.983)
(0.912, 135.7, 1700, 3.077)
(0.919, 140.8, 1683, 3.070)

(0.890, 1222, 1746, 3.1)
(0.906, 134.1, 1772, 2.8)
(0.913, 134.6, 1618, 3.1)
(0.918, 140.2, 1679, 3.5)
(0.912, 137.0, 1732, 2.9)
(0.919, 143.3, 1731, 3.2)

Table 3.5: Onset conditions for both theoretical and experimental results. The former are computed for
both idealized and modelled micro-grooves, using the values of d and € from Table 3.4 (idealized case)
and Table 3.1 (realistic case), together with the slip coefficients in Table 3.3.

The reference case corresponds to a smooth inner cylinder, which in the present case con-
sists of the stainless steel core and a smooth sleeve, with radius ratio n = 0.890. In the case
of a smooth cylinder, classical results available in the literature report a critical Taylor number
Ta, = 1839 and a critical axial wavenumber 3. = 3.129°!. These values provide a well-
established benchmark for assessing the accuracy of the present stability analysis, a crucial
requirement to check before investigating all cases.

Numerical computations for the smooth configuration under no-slip boundary conditions yield
Ta. = 1735 and . = 3.143. The predicted critical Taylor number is approximately 5.7% lower
than the reference value, while the critical wavenumber differs by less than 0.5%. This discrep-
ancy in T'a, may be attributed to the approximations inherent in the perturbation framework,
in which second-order contributions (i.e., €2, €4, and §%) are neglected, as well as to possible
uncertainties in the reference data. Moving to the micro-structured configurations, the results
obtained with slip boundary conditions indicate a consistent trend in the critical Reynolds num-
ber Re.. In particular, Re. exhibits a mild increase with the pattern periodicity ¢, in agreement
with the qualitative predictions of the virtual origin model. This behavior is observed for both
square and trapezoidal groove geometries. Furthermore, for all values of ¢, the critical Reynolds
numbers associated with realistic groove shapes are systematically higher than those obtained
for the corresponding idealized configurations. The behavior of the critical wavenumber [, is
comparatively less sensitive to the surface structuring. Variations in (3. across the different con-
figurations remain modest, with no pronounced or systematic dependence on the geometrical
parameters. This observation is consistent with classical results for smooth cylinders, where 3.
is known to vary only weakly with the radius ratio. It can also be related to uncertainties in
the visualization process. To observe critical parameter trends versus radius ratio, two figures
are obtained by plotting Reynolds and Taylor numbers, at critical conditions, as functions of
the radius ratio 7 while it increases with the pattern periodicity. In particular, the 7" geometry
is represented with triangles, the S geometry with squares. A comparison of experimental and
numerical data is performed. The experimental data points are in black, the realistic shapes are
drawn with red symbols, while the idealized grooves are shown in blue. The solid lines are the
computed values of Re. and T'a. for smooth walls. The uncertainty on the critical Reynolds
numbers measured in the laboratory is of 1, leading to an error bar on the experimental Taylor



108

number of +25. These trends are in qualitative agreement with expectations based on smooth-
cylinder studies, although the dependence of the critical Taylor number on ¢ is not strictly
monotonic.

146 T T T . .
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Figure 3.18: Critical parameters - Re. and T'a, - versus radius ratio 7.
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3.5.1. Is the instability postponed or anticipated?

An analysis of the data suggests that the introduction of grooved surfaces tends to promote
an earlier onset of the primary instability. However, a rigorous comparison between the exper-
imental cases remains challenging, as key geometric parameters - the inner radius R; and the
gap width d - vary from one configuration to another. Consequently, with this expression of
the flow parameter, it is not possible to isolate the effect of patterned surface from that of the
underlying geometric differences, and any interpretation of the results must be considered with
this limitation in mind.

By observing figure 3.15, a virtual origin can be defined taking into account differences of mi-
crostructured grooves, leading to a unique model that can equally compare results.

The idea is to use an appropriate scale based on the virtual origin, thus defining a virtual gap of
the system and a virtual inner radius with the following definitions:

Rivrt - Rz - éan dvrt =d+ gac (336)

Both Reynolds and Taylor numbers need to be rescaled using virtual dimensions, by denoting
the new parameter by the subscript vrt:
2 dvrt

Q VT dvr
_QRiwde o p o2 2de (3.37)

R
‘ v Rz vrt + Ro

and similarly, the virtual radius ratio, 7, and the torque coefficient, ¢y, are rescaled:

o C
T rpQ2R L H

1vrt

(3.38)

The experimental results of Figure 3.13, virtual rescaled as indicated above, are plotted in
Figure 3.19. Green marker corresponds to periodicity ¢ of 400 um, the red markers represent
the data of the cases ¢ = 800 um, and the blue ones ¢ = 1000 pm.

The top figure corresponds to the trapezoidal case, where an almost perfect collapse of the
curves can be observed, particularly in the subcritical regime (i.e., for Taylor numbers below
the critical value). The change in the slopes of the curves enables a straightforward extrapolation
of the critical parameters and facilitates comparison: increasing the groove dimensions leads to
a delay in the onset of Taylor instability.

On the other hand, the bottom figure shows square groove results. As it can be observed, there
isn’t a perfect collapse like the trapezoidal case, most probably related to the less-than-perfect
manufacturing of the microstructures.

Generally, by characterizing the rough surface, it has been noticed that the square shapes present
more irregularities and imperfections if compared to the trapezoidal case.

Larger defect, as the one shown in Figure 3.13, results in a local alteration of the regular pattern
with a consequent disruption of the base motion, leading to a modification of the wall shear
stress.
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face corrugations in virtual coordinates.
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Figure 3.19 permits to extrapolate the critical values of T'a,,; (and Re,,) for each case, and
the virtual results are summarized in Table 3.6, for both experimental and theoretical cases. The
agreement between theory and laboratory is good, particularly for 7-shaped corrugations, with
the rescaled, critical Reynolds and Taylor numbers which consistently increase with the length

scale ¢ of the wall inhomogeneities.

Theory: idealized shapes Theory: realistic shapes Laboratory results

(nc’ R@C, Tac’ Bc)vrt (77(:’ Rec’ Ta/c’ ﬁc)vrt (nc’ R@c, Tac, Bc>vrt
7400 | (0.896, 130.9, 1882, 3.153) | (0.904, 133.9, 1812, 3.143) | (0.904, 136.9, 1894, 3.0)
7800 | (0.902, 142.3, 2083, 3.205) | (0.908, 143.,3, 1979, 3.190) | (0.908, 141.0, 1915, 3.5)
71000 | (0.905, 149.4, 2219, 3.240) | (0.912, 149.9, 2078, 3.220) | (0.912, 150.3, 2088, 4.1)
S800 | (0.907, 136.6, 1814, 3.144) | (0.910, 138.5, 1810, 3.146) | (0.910, 139.8, 1846, 3.1)
S1000 | (0.912, 141.1, 1837, 3.155) | (0.916, 144.7, 1832, 3.163) | (0.916, 146.7, 1887, 3.4)

Table 3.6: Onset conditions based on the rescaled (virtual) dimensions of gap and inner radius.

The rescaled critical values, Re..t and T'a..., are found to be consistently higher than
their no-slip counterparts for all values of the radius ratio, meaning that an actual delay of the
primary TC instability is observed. The reference values for the smooth-wall configuration are
reported in Figure 3.13 (see solid lines). This observation leads to two main conclusions:

- azimuthally invariant grooves are effective in delaying the onset of the instability;

- trapezoidal corrugations exhibit a greater stabilizing effect than square-shaped geome-
tries.

The latter result is consistent with the theoretical expectation that the leading-order variation
in the critical Taylor (or Reynolds) number depends on the difference between the two effective
protrusion heights, A¢ = ¢, — ¢,. This behavior is analogous to that observed for riblets in
turbulent channel and boundary layer flows, where physically relevant quantities must remain
invariant under a shift of the reference origin (here chosen at the groove tip). As a consequence,
the only meaningful geometric parameter is not the absolute value of the protrusion heights,
but rather their difference, which represents the effective separation between the virtual walls
perceived by the azimuthal and axial flow components.

The stabilizing influence of differential slip arises from the multiple mechanisms rather than
from a single dominant effect. In particular, anisotropic slip alters the effective geometry of the
system, modifies the centrifugal balance, and changes the boundary conditions experienced by
flow perturbations. Among these contributions, the leading-order effect can be identified as an
effective widening of the gap perceived by the instability.

In classical Taylor-Couette flow with inner-cylinder rotation, an increase in the gap width is
known to result in higher critical Reynolds and Taylor numbers, due to a reduction in centrifu-
gal destabilization per unit radial distance and a weaker confinement of Taylor vortices.

In the present configuration, the separation between the virtual origins associated with azimuthal
and axial motion produces an analogous effect, increasing the distance over which the instabil-
ity develops.
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Additional effects, such as local modifications of the base-flow shear and the anisotropic nature
of the perturbation boundary conditions, provide secondary contributions. While these mecha-
nisms may influence the detailed structure of the unstable modes and their subsequent nonlinear
evolution, they do not play a primary role in determining the onset threshold of the instability.

For the critical Reynolds number, and analogously for the Taylor number, the results can
be expressed as a function of the smooth-wall critical value Re.gmo0tn, DY introducing this new

definition:
ORe,

Rec iy = Recsmooth + C + O(CQ), (3.39)
¢ =0
with a dimensionless parameter (:
Al
(= = € AL, (3.40)
dvrt

with €y = £/dy < 1.

Next figure 3.20 shows both ARe. = Re. vt — Recsmootn and AT a. = Tae vy — Tlesmootn
versus ( for all cases treated numerically: the trapezoidal geometry is represented with triangles,
the square one with squares. The realistic shapes are represented with red symbols, while the
idealized grooves are shown in blue.

It confirms that, provided that ¢ is small enough, the variations in Reynolds and Taylor numbers
follow a linear trend. The scatter in the data is very low, as expected, since the variation in
radius ratio among the different cases is not large, especially in the Reynolds plot, since the
Taylor definition is based on the Reynolds to the second power.

Larger critical Reynolds (or Taylor) numbers can be achieved by maximizing A/, obtaining a
later appearance of the primary instability, with circumferential microgrooves which maximize
A{. This occurs for very thin blade riblets®23.
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3.6. Conclusions and future developments

A comprehensive investigation has been carried out to assess the influence of circumfer-
ential microgrooves on the onset of the primary Taylor—Couette instability. Microstructured
sleeves with trapezoidal and square grooves have been fabricated via stereolithographic print-
ing to investigate different configurations. The effect of periodic patterned elements has been
characterized both experimentally, by measuring the torque against the rotational speed and by
visualizing flow vortical structures, and theoretically, by defining equivalent slippery boundary
conditions, obtained through an upscaling technique, to be applied to a linear stability analy-
sis. In particular, governing equations defined through the asymptotic homogenization approach
have been defined up to leading order in € (yielding effective slip boundary conditions). Higher-
order homogenization corrections are not expected to significantly alter the macroscopic behav-
ior, as demonstrated by Bottaro & Naqvi®!.

Previous studies explain that the presence of microgrooves creates a virtual origin of the mean
flow. In order to properly compare the results obtained from different geometries tested, critical
parameters have been redefined and expressed considering the virtual origin. It leads to the
demonstration that azimuthally invariant microgrooves alter the stability characteristics of the
system, promoting a delay of instability, leading to an earlier onset of Taylor vortices compared
to smooth-wall configurations (cf. Figure 3.18). However, upon introducing the concept of a
virtual origin for the mean azimuthal flow and rescaling the governing parameters accordingly,
it becomes evident that the instability is, in fact, delayed. This stabilizing effect increases with
groove pitch and is more pronounced for trapezoidal geometries than for square ones, in agree-
ment with the larger slip-length differences (A/) associated with the former.

These findings highlight two key points. First, mildly corrugated surfaces can be effectively
modeled using Navier slip boundary conditions within a homogenization framework, providing
a robust and computationally efficient approach to account for surface roughness in stability
analyses. Second, microgroove geometry design offers a practical way to control the onset of
centrifugal instabilities. This has direct implications for delaying transition in rotating shear
flows, with potential applications spanning rotating machinery and journal bearings - where
early vortex formation can increase energy losses and induce vibrations - to cylindrical mixers
and reactors, where controlled centrifugal instabilities can be leveraged to regulate momentum
and heat transport.

Future work should extend the present analysis beyond the primary instability to regimes where
advection and nonlinear effects become significant. In particular, the proposed homogeniza-
tion—stability framework could be applied to the onset of wavy vortex flow and other non-
axisymmetric instabilities, where wall-induced anisotropy may play a more prominent role.
Additional extensions include higher rotation rates and weakly turbulent regimes, in which ef-
fective slip models may still provide valuable insights into near-wall dynamics. Finally, the
framework could be generalized to azimuthally non-uniform surface textures—such as helical
or staggered grooves—as well as to superhydrophobic or lubricant-infused surfaces, enabling
systematic comparisons of different surface designs within a unified virtual-origin perspective.
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3.7. Ongoing experiments

From the perspective of future developments of the present study, a series of experimental
activities has been carried out to extend the investigation toward more complex slippery sur-
faces under higher rotational regimes. These efforts are motivated by the need to assess the
robustness and durability under more realistic and technologically relevant conditions.

Two main research projects have been undertaken to address this purpose.

The first activity focuses on the functionalization of the previously described 3D-printed mi-
crostructured sleeves to create a superhydrophobic coating and then a liquid-impregnated sur-
face. The next figure schematizes the slippery surfaces: a superhydrophobic and a liquid-
infused configurations.
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Figure 3.21: Schematic of the Taylor—Couette setup. On the right, a magnified view of the tested mi-
crogrooved surface is shown. The top panel illustrates the baseline configuration, consisting of az-
imuthally periodic grooves only. The central panel depicts the superhydrophobic case, highlighting air
pockets trapped within the surface texture. The bottom panel shows the same microstructured surface
after lubricant infusion, with the grooves filled by the lubricating oil.

This treatment is intended to impart water-repellent properties to the surface, thereby pro-
moting slip and reducing viscous drag at the fluid-solid interface. After the coating process,
obtained through the application via spray of a commercial superhydrophobic coating (Soft
Glaco Mirror Coat Zero®?), the modified sleeves are subjected to experimental characteriza-
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tion using the same protocol described previously, in order to quantify the resulting changes in
torque response and flow structure. The only modification to the procedure concerns the oper-
ating range: rather than ending the rotational tests at 50 rpm, the experiments are extended up
to 80 rpm, thereby enabling the exploration of higher rotational regimes.

Subsequently, these superhydrophobic textures are impregnated with a lubricant oil (Petroleum
jelly - Vaseline oil) to create lubricant-infused surfaces (LIS). This additional level of complex-
ity introduces a thin liquid layer within the surface texture, which can significantly enhance
effective slip and potentially modify the stability characteristics of the flow.

The following figure highlights the most promising results obtained in this preliminary investi-
gation. The 7'800 cylinder has been selected as the reference configuration for functionalization
and subsequent testing. The plot compares the performance of superhydrophobic (SHS) and
lubricant-infused surface (LIS) treatments over an extended range of operating conditions.

0.025 :
i ---SUPERHYDROPHOBIC
t INFUSED-WITH-VASELINE-OIL
0.023 '
0.021 '
;"'
— 0.019
E_q
o
0.017
0.015
0 2000 4000 6000 8000 10000

Ta[-]

Figure 3.22: Torque coefficient against Taylor number. 7'800 cylinder in the case of superhydrophobic
coating (black symbols) and liquid-infused surface (yellow ones).

For Taylor numbers up to approximately T'a ~ 2200, the flow remains in the laminar regime.
Within this range, two distinct changes in slope can be clearly identified, corresponding to the
onset of the primary instability - namely, Taylor vortex flow - and the subsequent transition to
secondary instabilities, characterized by wavy vortex flow. As the rotational speed increases fur-
ther, the system enters the turbulent regime, where coherent wavy vortices progressively break
down and exhibit oscillations. This results in complex velocity and pressure fluctuations, which
interact with the slippery boundary provided by the surface treatment.

In the laminar regime, no appreciable differences are observed between the SHS and LIS con-
figurations. This suggests that the presence of an air plastron in the superhydrophobic case,
as well as the lubricating liquid layer in the LIS case, does not significantly influence either
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the onset of Taylor instabilities or the wall friction, under these conditions. In contrast, a sig-
nificantly different behavior emerges in the turbulent regime. The LIS configuration exhibits
a pronounced drag reduction effect, which becomes increasingly significant with rising Taylor
number. This trend is clearly evidenced by the growing discrepancy in the torque coefficient
between the SHS and LIS cases.

These findings are particularly encouraging, as they point out the potential of lubricant-infused
surfaces to enhance flow performance in high-shear, turbulent conditions. They also provide
strong motivation for further investigations, including the exploration of surface geometries,
different lubricant types, and a broader range of operating parameters, to optimize and better
understand the underlying mechanisms governing drag reduction in such systems.

The second research line is motivated by the well-known limitations of conventional LIS coat-
ings, such as their tendency to lubricant depletion and degradation under sustained flow condi-
tions, which impact the durability and functionality. In this context, an alternative strategy has
been explored, aimed at improving the robustness and longevity of lubricant-infused configura-
tions without altering the underlying microstructured geometry.

Specifically, the approach consists of developing a combined coating, formed by inorganic-
organic layers, capable of enhancing oil affinity and retention within the surface features. These
coatings are designed to promote strong physico-chemical interactions with the lubricant, thereby
mitigating oil losses and depletion, even under high shear.

These coatings have been realized in collaboration with CNR-ISSMC - Istituto di Scienza e
Tecnologia dei Materiali Ceramici- on an aluminum disk of 50 mm in diameter and 1.5 mm in
thickness, which has been selected as substrate to investigate these new coatings. The disk has
been sandblasted to reach a roughness average Ra of 5-10 um. The samples have been cleaned
with soapy water and ethanol, then dip-coated in alumina Al;O3 solution. After drying, they
have been annealed at 400 °C for 1 h to form an amorphous Al;Oj3 layer, followed by boiling
water treatment and a final thermal stabilization (10 min). The next figure shows the Alumina
flower-like hierarchical structures.

Figure 3.23: SEM image of the inorganic layer of Al2Os.
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Superhydrophobicity has been achieved by depositing an organic layer using hexadecyltrimethoxysi-
lane (HTS, C16) or triethoxy(octyl)silane (OTS, C8), both diluted to 6% in ethanol and applied
via dip-coating. After drying, samples were annealed at 150 °C for 30 min. Different coatings
have been obtained by combining the inorganic and organic layers.

The sample, shaft-connected with the Anton Paar rheometer, is immersed in a tank of distilled
water, sufficiently large to avoid the wall effects on the measurement and to simulate an infi-
nite volume of water. Moreover, the rectangular shape of the tank minimizes the possibility of
the formation of two vortices around the disk, leading to a corruption of the evaluation of the
torque, and thus helps to break the symmetry. Several tests have been carried out to assess the
best combination of layers and the best lubricant oil affinity. Preliminary observations suggest
that these advanced coatings may provide a promising way to achieve more durable and reliable
liquid-infused surfaces.

Overall, these ongoing experimental efforts are paving the way toward a more comprehensive
framework capable of addressing realistic surface conditions, higher Reynolds numbers, and
long-term operational stability. Following this purpose, the next chapter builds on this foun-
dation by presenting an experimental investigation of a complex LIS under highly turbulent
flow conditions, looking at the mechanisms responsible for the degradation of its durability and
functional performance.



Effect of the flow on lubricant depletion

One of the most promising applications of slippery liquid-infused surfaces (LIS) lies in the ma-
rine environment, where reducing biofouling and hydrodynamic drag is of critical importance.
However, under realistic operating conditions — particularly in the presence of sustained shear
flow — the stability of the infused lubricant layer is progressively compromised. The shear
stress promotes lubricant drainage, leading to a gradual loss of surface slipperiness. As the
lubricant layer depletes, the protective liquid interface can no longer effectively prevent the ad-
hesion of microorganisms, thereby facilitating the onset of fouling. The primary mechanism
responsible for this deterioration in performance is lubricant depletion. To systematically in-
vestigate this phenomenon, a collaborative study is conducted with the University of Sydney,
focusing on the mechanisms governing lubricant depletion under controlled shear flow condi-
tions. Teflon-based wrinkled nanoscale surfaces are fabricated as structured substrates, infused
with silicone oil to create stable LIS. In order to directly visualize oil dynamics and quantita-
tively assess lubricant loss, a custom-designed meso-scale Taylor—Couette flow cell is devel-
oped. The LIS sample is attached to the device, inside the annular gap, subject to a shear flow
field. The experimental protocol consisted of applying a rotational speed profile to the inner
cylinder using a stepper motor, thereby imposing progressively increasing shear stresses on the
surface. Simultaneously, high-resolution optical imaging is performed to monitor the evolution
of the lubricant layer in real time. This setup enabled direct correlation between the applied
shear conditions and the rate and mechanisms of lubricant depletion.
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4.1. Introduction

4.1.1. Degradation of Liquid-Infused surface under shear flow

In a real environment, especially under shear flow conditions relevant to maritime applica-
tions, the infused lubricant layer is progressively depleted. As the lubricant drains, the surface
gradually loses its lubricating properties, leading to a decline in slipperiness and promoting the
onset of fouling.

In order to investigate the mechanisms that lead to lubricant depletion, it is fundamental to
deeply analyze the physics related to the retention of oil, studying the phenomena in terms of
mechanical forces. Capillarity and Van der Waals forces keep the lubricant in the scaffold cav-
ities, thanks to the intermolecular forces, characterized by both adhesive and cohesive natures,
that produce the interaction between atoms or molecules and act to keep the lubricant trapped
and well-fixed to the substrate. The equilibrium of this condition could be destroyed if the order
of magnitude of external force sources becomes even slightly higher than the force that keeps
the fluid trapped between the textured solid substrates, breaking the intermolecular interactions.
It can cause depletion of the lubricant. Then the adhesive and cohesive forces balance will be
restored to a new stable state.

The nature of the external forces varies depending on the operating conditions and the specific
application. These forces can arise from different physical mechanisms, each contributing in
distinct ways to lubricant depletion. The following figure illustrates the primary mechanisms
responsible for the progressive loss of the lubricating layer.”?
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Focusing on shear flow conditions, beyond the mechanisms previously outlined, external
shear flow induces shear stresses on the lubricant film, which present a significant challenge.
The capillary forces should keep the lubricant within the textured surface. However, when
lubricant-impregnated surfaces are subjected to dynamic fluid environments, such as wind, wa-
ter, or any working fluids that move across, the applied shear forces can lead to lubricant de-
pletion, driven by shear-induced mechanisms, which gradually degrades the slippery property.
At the interface between the lubricant oil and the working fluid, a non-zero slip velocity arises
as a result of the external shear flow acting on the system. Due to the continuity of interfacial
velocities, depletion occurs at the contact surface between the two fluids.

Previous studies have highlighted that even in the absence of physical barriers, a finite portion
of the surface can remain stably wetted under flow conditions. Based on these experimental ob-
servations, from a theoretical point of view, it has been explained through an analytical model
by®*, which attributes lubricant retention to capillary-driven trapping within the surface texture.
Furthermore, the study identifies the critical role of geometric surface parameters in governing
fluid retention, providing a framework that applies to both structured and randomly patterned
substrates.

From an experimental point of view, Kim and Rothstein (2016)% observed that the presence
of a slip velocity results in a fast depletion of the lubricant from between the microfeatures
of liquid-infused surfaces. The viscosity ratio is one of the keys to understanding depletion
mechanisms. Its role is fundamental as it determines the magnitude of the equivalent oil-water
interfacial velocity, which governs the mass flux of lubricating oil within liquid-infused sur-
faces.

In the study conducted by H.N. Kim et al (2021)“®, the lubricant depletion phenomenon was ex-
perimentally investigated in a single spherical-shaped microcavity exposed to an external shear
flow. The shape variation of the lubricant interface, subjected to a laminar channel flow, was
directly observed in time.

Figure 4.2: Left: Geometry sketch of the spherical cavity. Right: Large-scale vortex.*®

The previous figure (4.2) illustrates two crucial aspects that demonstrate the potential for
regulating and postponing the depletion mechanism. Close to the lubricant meniscus, the for-
mation of a large-scale vortex can weaken the slippery layer by exerting shear stress on the
interface, thereby reducing the depletion rate. Secondly, the ”opening ratio” is a geometric
factor, with a smaller ratio conferring greater resistance against lubricant depletion.



Figure 4.3: Microscope images of a microstructured surface, patterned with elongated grooves filled with
lubricating oil. Right: partially-impregnated riblets after an external shear flow.*>

Using a microchannel, Kim and Rothstein®’, investigated pressure drop behavior on liquid-
infused superhydrophobic surfaces. They experimentally tested three different textured sur-
faces: a sandblasted surface, one with pillars, and one with micro ridges.

The figure 4.3 represents two images, obtained using the microscope, showing the system be-
fore and after the application of a flow rate of U = 0.4 mm/s with a viscosity ratio between the
working fluid and lubricating layer of Z—z = 9.2 across the liquid-infused surfaces. The shear
stress induces recirculation within the microgrooves, leading to lubricant losses and leaving the
surfaces partially oil-filled. First, a rapid depletion occurs, followed by a slow pressure drop
that increases the depletion rate until a steady state is reached. Interestingly, a microstructured
random surface provides an important delay in terms of slippery failure properties, enforcing
the importance of three-dimensional random surface roughness for establishing and maintain-
ing liquid-infused surface drag reduction.

Saoncella et al,”® investigate lubricant-impregnated longitudinal grooves subjected to turbulent
flow conditions. Their results indicate that the chemical compatibility between the lubricant and
the working fluid is not a dominant factor in mitigating lubricant depletion. Instead, interfacial
and geometric effects play a more critical role.

(a) (b)
500 pm

Figure 4.4: (a) Fluorescence intensity feedback of a lubricant droplet pinned within the groove of a
partially wetting LIS. (b) Schematic representation of the lubricant interface, showing the advancing
0.4, and receding 6,... contact angles, the lubricant length L, the external shear stress -, and the pinning
force F;.%
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The experiments have been conducted in a turbulent water channel designed to provide a

fully developed, high-Reynolds-number flow over the test section. The facility allows precise
control of flow rate and shear conditions, with optical access to visualize lubricant behavior
within longitudinal micro-grooves. To rationalize experimental observations, the authors de-
velop a mathematical model that predicts the maximum streamwise elongation of a lubricant
droplet under shear.
Their analysis shows that the stability and retention of macroscopic droplets are governed pri-
marily by contact-angle hysteresis: the pinning of the triple-phase contact lines at substrate
heterogeneities generates a capillary resisting force that counteracts shear-induced deformation
and entrainment. As a result, this pinning mechanism provides a key stabilizing effect, signifi-
cantly delaying or preventing lubricant depletion even under turbulent conditions.

4.1.2. Challenge of overcoming lubricant depletion

Liquid-infused surfaces (LIS) exhibit significantly greater stability than superhydrophobic
surfaces (SHS) against pressure-driven and diffusive failure mechanisms, primarily due to the
incompressibility of the infused liquid lubricant. Consequently, LISs have emerged as a promis-
ing alternative to SHS for applications operating under harsh conditions. Enhancing LIS perfor-
mance and optimizing their drag-reduction capabilities requires a comprehensive understand-
ing of the mechanisms governing lubricant depletion. This includes elucidating the interactions
between the external working fluid and the surface, as well as establishing quantitative relation-
ships between wettability characteristics and depletion dynamics. In addition, reliable methods
for mapping lubricant thickness and accurately characterizing surface properties are essential.®’
Nevertheless, when exposed to external flow, LIS are susceptible to shear-induced drainage of
the infused lubricant. The imposed shear stress can progressively deplete the lubricant layer,
leading to significant surface degradation and ultimately limiting practical applicability, partic-
ularly in submerged environments.

To overcome lubricant depletion, several appropriate techniques can be developed. The choice
of lubricant viscosity p; is one of the keys to increasing the longevity of the lubricant layer,
starting from the selection of a proper lubricant viscosity that must be much smaller than the
outer working fluid (‘;—j’ > 1).

The hierarchical surface, characterized by the combination of micro and nanocavities, is widely
regarded as one of the most promising textured surfaces for improving the durability of slippery
properties. Recently, the presence of nanostructured elements has been shown to reinforce the
lubricant film by enhancing intermolecular capillary forces, thereby improving performance in
high shear conditions. ?%%

Therefore, addressing shear-driven depletion and developing a robust physical understanding of
the underlying mechanisms are crucial steps toward fully exploiting the potential of LIS.
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4.1.3. Present study

This study focuses on the fabrication and characterization of liquid-infused surfaces (LIS),
with evaluation of their slippery properties under static and dynamic conditions. A custom-built
mesoscale Taylor—Couette cell is employed to investigate their durability under flow, while lu-
bricant motion is visualized to better understand performance degradation and inform strategies
for long-term improvement.

The present research aims to bridge the gap of the weak knowledge about lubricant depletion
phenomena by building an innovative setup able to visualize lubricant oil dynamics under real
flow conditions on a complex hierarchical substrate.

The research begins with the fabrication of Teflow-Wrinkles, the hierarchical substrate chosen
for developing the study, subsequently infused with Silicone lubricant oil, followed by pre-
liminary characterization to assess their initial properties. A key aspect of this phase is the
measurement of wetting properties, particularly through contact-angle analysis, which provides
insight into the surface’s slippery behavior.

Simultaneously, a novel TC flow cell is designed, built, developed, and validated. This setup
has been selected to test the LIS surface, able to reach turbulent flow conditions, and to repro-
duce desired flow conditions, while investigating through a visualization system the lubricant
behavior under dynamic conditions.

The study focuses on visualizing lubricant losses through fluorescent feedback captured by the
camera. This allows direct observation of depletion mechanisms and the spatial distribution of
the lubricant.

The aim is to investigate the mode and dynamics of lubricant losses under turbulent flow con-
ditions and focus on correlating wettability properties with lubricant viscosity.
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4.2. Materials and Methods

4.2.1. Liquid Infused Surface: Teflon-Wrinkles fabrication

Teflon-Wrinkles (TW) are double-nanoscale surfaces fabricated and subsequently infused with
silicone oil, following the methodology previously developed by !, There are five main steps
to follow to fabricate a wrinkled surface, schematically summarized in the next figure:

1. Substrate preparation and cutting;

2. Substrate cleaning and surface preparation;
3. Thin film deposition via spin coating;

4. Thermal annealing;

5. Impregnation with lubricant oil.

C

[

Figure 4.5: Schematic illustration of the five-step fabrication process.

The substrate consists of shrinkable polystyrene films (Grafix Shrink Film), a highly transpar-
ent plastic material fabricated from polystyrene resin and characterized by excellent shrinkage
properties. The polymeric sheet is cut into square samples using a precision cutting machine.
To accurately determine the dimensional variation of the substrate, a shrinkage factor, R, is de-
fined as the ratio between a characteristic length measured before and after thermal annealing.
Based on the obtained shrinkage factor (R = 2.5), the initial substrate dimensions are selected as
84 x 84 mm to achieve final dimensions of 34 x 34 mm, after thermal annealing. Additionally,
corner fillets with a radius are incorporated into the square substrate design to reduce internal
stress concentration within the material, thereby promoting improved flatness of the final sam-
ple. A parametric study has been developed to identify the best configuration. Three different
corner radii have been designed (5, 10, 20 mm). By measuring the contact angle hysteresis,
the difference between advancing and receding contact angles, as an indicator of the wettability
property, and by evaluating the flatness of the sample, the 10 mm radius has been selected as the
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best compromise to be as close as possible to the square shape ensuring a flat sample, and able
to maintain good slippery property. Results and observations are summarized in the following

table.
Fillet radius [mm] CAH [°] Flatness
5 9.0 ~
10 10.3 v
20 4.8 v

Table 4.1: Fillet radius design dimensions of the substrate. Contact angle hysteresis to evaluate the
wettability property. Flatness of the sample.
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Figure 4.6: Flatness optimization by modifying the corner’s radius.

Subsequently, the substrate is thoroughly cleaned by sonication in high-purity ethanol, followed
by nitrogen blow-drying, in order to remove any contaminants and particulate matter from the
surface. This cleaning step is of primary importance, as any residual contamination may lead to
defects in the subsequent processing stages. A volume of 150 pl of Teflon AF 1% (Amorphous
Fluoropolymer) in FC-40 (Fluoro-Carbon) is deposited on the substrate by spin-coating (speed
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= 3000 rpm, time = 60 s). The solution spreads all over the substrate, creating a thin layer of
Teflon; the thickness is about 36.5 nm (standard deviation 1.2 nm), by measurements conducted
by an ellipsometer. The following step is the one that actually makes the surface; it creates the
hierarchical structure, leading to the formation of the superhydrophobic and highly oil-wettable
material. The sample is annealed in the oven at 135 °C for 1 hour.

Figure 4.7: Wrinkles formation process by thermal annealing phase is in the oven.

The thermal annealing process induces wrinkling due to the modulus mismatch between the
Young’s modulus of Polyshrink and Teflon AF. The previous figure 4.7 shows a TW sample
in the oven, which starts to shrink, modifying its shape and dimensions. Uniform heating is
crucial, especially in the first 15 minutes, to ensure a flat and effective surface. The last 45
minutes properly cure all the nanostructured cavities and porosities. The final sample measures
approximately 34 x 34 mm. The final step is impregnation with lubricant oil; the infusion
consists of approximately 90 ul of Silicone oil (10 and 50 cSt, Sigma-Aldrich), mixed with Nile
Red (Sigma-Aldrich), a fluorescent dye pre-dissolved in acetone. The lubricant density is the
same for the two fluids, py, ~ 940 kg/m3, and the dynamic viscosity is for the case of 10 ¢St
1S ~ 9.3 x 107 Pa s and for the case of 50 ¢St 5%, ~ 4.65 x 1072 Pa s. The oily solution
is dropped out in 9 droplets of 10 ul each, then the oil is spread with the micropipette tip all over
the surface. After leaving it on infusion, it has been placed vertically to drain away the excess
oil. The role of the dye, crucial in the visualisation process, is discussed in detail in Section
4.3.1.

4.2.2. Surface characterization: wettability properties and surface topography.

The slippery behaviour of the fabricated LIS is characterised based on contact angle hysteresis,
roll-off angle, and droplet mobility measurements®’. All the contact angle measurements have
been performed by a contact angle goniometer, following a well-defined procedure and settings.
In particular, the advancing and receding contact angle measurements have been performed
by increasing the volume of a Milli-Q water droplet, with a constant rate, up to about 13 ul,
and then decreasing it, while recording several images of the droplet. Following the common
definition, the contact angles have been evaluated as the angle between the baseline of the
droplet and the tangent. The next plot is an example of the trend. Increasing the volume, the
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contact angle follows the top line, and then after reaching a maximum volume value, it starts
to slowly and linearly decrease. By averaging the values around 10 pl, for both cases, and
evaluating the difference between advancing and receding contact angles, the contact angle
hysteresis is evaluated.
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Figure 4.8: Contact angle measurements [°] vs Water droplet volume [ul] to evaluate the hysteresis
contact angle.

Teflon wrinkles exhibit significant superhydrophobic behavior. The hierarchical nano-cavity
structure promotes the trapping of an air plastron beneath the droplet, significantly reducing the
liquid—solid contact area. As a result, the droplet remains in a Cassie—Baxter wetting state and
tends to adopt a nearly spherical shape on the surface (Fig. 4.9).

Figure 4.9: 10 pl Milli-Q water droplet on uninfused Teflon-Wrinkles sample.
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The following table 4.2) presents the average wettability properties over all the Teflon-Wrinkles
samples; in particular, showing the overall average values of advancing, receding, and hysteresis
contact angle and its standard deviation. By looking at the results, the surface presents good
superhydrophobic properties. The advancing contact angle should generally be larger than 150°
for a superhydrophobic surface, and the hysteresis should be lower than 10°. However, in the
case of TW surfaces, it is close to 10°, but slightly larger. The superhydrophobic performances
aren’t excellent, CAH could reach even a value lower than 5°.

ACA[°] RCAT°] CAH [°]

158 £ 2 145 £ 5 13 £ 2

Table 4.2: Advancing Contact Angle (ACA), Receding Contact Angle (RCA), and Contact Angle Hys-
teresis (CAH) of uninfused Teflon-Wrinkles surfaces.

However, TW samples have been selected as highly promising liquid-infused surfaces thanks
to the exhibition of high oil wettability and excellent capability of retaining the lubricant due to
their chemical composition and hierarchical nanostructure, as described by>2. The nanowrinkle
morphology efficiently traps the silicone lubricant oil, since Teflon exhibits a positive spreading
parameter in water that promotes lubricant spreading and retention.

Figure 4.10: 10 wp! Milli-Q water droplet on infused TW sample with 10 ¢St Silicone oil.

After lubricant infusion, the CAH decreases to approximately ~ 3°, resulting in reduced lig-
uid—surface friction. Achieving high droplet mobility requires an optimal oil volume. This can
be verified by observing a limited droplet meniscus. Excessive oil may form a thin lubricating
film that partially cloaks the droplet, thereby reducing its mobility.

The structure is composed of smaller nano-cavities of approximately 200 nm in width and
height and larger ones of about 1 pm, together forming a multi-scale architecture that enhances
lubricant stability. The surface topography is characterized by atomic force microscopy (AFM)
over a scan area of 10 x 10 um?. Measurements were performed in tapping mode, a high-
resolution imaging technique in which a microcantilever oscillates near its resonance frequency
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ACA[°] RCA[°] CAH [°]

116 113 3

Table 4.3: Wettability properties of Silicon-oil infused Teflon-Wrinkles surfaces.

and intermittently contacts the sample surface. This operational mode minimizes lateral forces
and reduces the risk of structural damage while preserving high spatial resolution. The figure
4.11 shows surface characterization obtained by AFM. The image on the left qualitatively re-
veals the wrinkled morphology of the surface, including the presence of localized defects, such
as darker voids and linear features, indicating a degree of structural heterogeneity. By selecting
one line (dashed red line), through a specific software is possible to obtain the corresponding
height profile. The y-diagram on the right shows a representative cross-sectional line extracted
from the scan area, providing quantitative information on the amplitude and spatial distribution
of the surface features.

200

100 |

Height [nm]
o

-100 1

-200
0

X [pm]

Figure 4.11: On the left, an Atomic Force Microscopy image shows TW topography. On the right, y-
diagram representation presents the surface profile with valleys and peaks.
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4.3. Experimental apparatus

4.3.1. Taylor-Couette flow cell and visualization system

The experimental apparatus is a custom-built meso-scale Taylor-Couette flow cell. The main
part of the design consists of two coaxial cylinders: a stationary outer cylinder and a rotating
inner cylinder. The outer cylinder, fabricated from transparent acrylic, enables visual observa-
tion of the interior. The inner cylinder is made of opaque black anodized aluminum to avoid
light reflections. It is shaft-connected to a stepper motor (ISV-57T) that rotates up to 3000 rpm,
supported by two precision ball bearings. A 3D-printed substrate holder is designed to prop-
erly keep the sample in place, avoiding leakages and resisting fluid motion, even under high
pressure, and to ensure tangential alignment of the substrate with the internal lateral surface,
allowing a correct interaction between the rotating flow and the LIS. The sample is placed at
half the cylinder’s height to minimize the effects of the upper and lower walls.

Green LED —
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Figure 4.12: Schematic of the Taylor-Couette flow cell built in this project. On the right, a magnified
view of the liquid-infused surface’s location and a representative sketch of the visualisation system.
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R, [mm]
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Table 4.4: Experimental setup dimensions.
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The visualization system (Fig. 4.12) is mainly composed of two objects: the green LED,
a light source device, and a camera. The Light Emitting Diode (LED) provides green light,
filtered by using an optical bandpass filter (Edmund Optics - Filter BD OD4 525 + 25 nm), to
exclude lower and upper light wavelengths, ensuring to enlighten the sample. The illumination
passes through the refractive index-matching box to minimize diffraction effects before reach-
ing the sample. The green light excites the Nile Red, dissolved in the lubricant oil, leading to an
orangish-emission light, absorbed by a coloured camera (Panasonic Lumix DC-GHS5) equipped
with a red filter installed (BrightLine Basic Fluorescence Filter, Central Wavelength CWL of
620 nm and a Guaranteed Minimum Bandwidth GMBW of 52 nm). The filter suppresses all
the other wavelengths, enabling selective imaging of the thin lubricant layer. The dye plays
a crucial role in capturing oil dynamics during the test, whose oil film thickness, ~ 1-2 um,
would otherwise be undetectable by an optical system.

The following figure shows the final experimental apparatus developed for this study. The
system is entirely designed and built from scratch, in order to perform controlled experiments on
lubricant depletion from Teflon-wrinkled surfaces. The apparatus is specifically developed and
engineered to investigate lubricant depletion on Teflon-wrinkled surfaces, in real conditions,
using a complex hierarchical surface. Figure 4.13 shows five transparent rectangular overlays
highlighting the main components of the experimental setup, which are described below.

* Green box: The Taylor—Couette cell represents the core of the system. It generates
the desired flow conditions, hosts the liquid-infused sample, and its design enables the
visualization of the lubricant motion.

* Orange box: A colour camera used to acquire high-quality videos of the experiments.
The picture 4.14 shows the camera’s point of view through the observation window of the
Taylor—Couette cell, providing a direct view of the test section inside the apparatus.

* Blue box: The LED illumination system provides green light that illuminates the surface
and excites the dye within the lubricant.

* Purple box: The control system consists of a function generator, which produces a peri-
odic electrical signal (a square wave in this study) to modulate the LED brightness, and
a computer interfaced with an Arduino and the stepper motor. This setup enables con-
trol of the motor rotational speed while simultaneously recording the electrical intensity
feedback and other experimental signals.

* Yellow box: Additional auxiliary devices required to perform the experiments, including
a peristaltic pump used to fill the cell, a scientific digital thermometer to monitor the
temperature of the solution, and adhesives used to secure the sample inside the cell.
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Figure 4.14: Photograph of the Taylor—Couette apparatus used in the experiments. The camera is oriented
with the lateral window, providing optical access to the test section (yellow circle) and enabling the
recording of lubricant distribution and redistribution on the sample surface under shear flow.
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4.3.2. Refractive Index Matching solution

A refractive index matching (RIM) box filled with a solution is placed around the outer
cylinder to correct the optical distortion and eliminate refraction caused by the curvature of the
outer cylinder. The solution has a refractive index RI of 1.4893, closely matching the acrylic
one, equal to RI = 1.49. The solution consists of 45 wt% of Ammonium Thiocyanate (Sigma-
Aldrich), 30 wt% of Glycerol (Thermo Fisher Scientific), and 25 wt% of Milli-Q Water. 1°1-102
The Ammonium Thiocyanate solution presents two issues: it tends to decolorize, due to iodine
precipitation, it is acidic (pH ~ 5), and it can corrode some cell materials. To overcome these
problems, ~ 0.2 wt% of Sodium molybdate is added as a corrosion inhibitor to protect metallic
components in contact with the RIM solution. >~ 0.05 wt% of Ascorbic acid is included as an
agent to stabilize and neutralize the solution, limit oxidative degradation, and maintain long-
term optical clarity and transparency. Solution properties, such as density p and viscosity p, are
essential for defining the flow regime conditions. Density measurements are performed using
a Density Meter DMA 4100 M (Anton Paar), with the temperature increased stepwise from 10
°C to 40 °C in 2 °C increments. The density decreases by approximately 0.05 % at each step,
following the expected linear trend with temperature. Dynamic viscosity is measured using an
Anton Paar rheometer as a function of shear rate, v, at fixed temperatures. The measurements
are then averaged to obtain a single representative viscosity value for each temperature. In
particular, the test is run by increasing ~y from 1 [] to 750 [1], at a static temperature, performed
between 10 °C and 40 °C, with 5 °C steps. The chosen bottom plate is PLS55-C0147-SS, and
the top cone-plate is CP4/40-SR0730-SS. For each temperature, the average dynamic viscosity
is calculated.

Temperature [°C] | Density [kg/m’] |

1.66 - - 10 1657.4
. 12 1655.7

1.655 | 14 1654.0

_ 16 1652.3
"8 15| . 18 1650.5
E] . 20 1648.8
‘o 22 1647.1
=, 1.645 24 1645.4
£ . 26 1643.6
2 164f . 28 1641.9
A 30 1640.2
1.635} 32 1638.5

. 34 1636.7

|63 | | b 36 1635.0

10 20 30 40 38 1633.3
Temperature [°C] 40 1631.5
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15 6.28
20 5.32
25 4.57
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35 3.62
40 3.33

Figure 4.15: RIM solution properties, density and viscosity, as a function of temperature. The figures on

the left show the experimentally measured trends, while the tables report the values.
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Figure 4.16: Constant temperature rheometric test: dynamic viscosity vs shear strain rate.
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4.3.3. Setup and operating conditions

Before the experiments, both the laboratory ambient temperature and the temperature of the
solution are recorded. The sample is permanently glued to a removable component of the sub-
strate grip, which is designed to accommodate different samples. Once the substrate holder is
correctly mounted, sealing the outer opening, the cell is filled with the refractive index matching
(RIM) solution up to the top plate. Particular care is taken to avoid trapping air inside the cell,
as this would generate bubbles during the test. After filling, the Taylor—Couette cell is ready for
operation. The next step involves setting up the visualization system. Specifically, the position
and orientation of the green LED and the camera are adjusted to ensure proper light emission,
reflection, and capture through the optical windows. Both the light intensity and the camera
settings, including the aperture, are kept constant throughout the experiment. The stepper mo-
tor is controlled via the StepperOnline iSV software. The rotational speed can be defined either
manually, by specifying the acceleration ramp and the final rotational velocity, or automatically
via an Arduino, appropriately programmed and electrically connected to the motor. Once the
stepper motor is programmed and ready, the camera begins recording to capture the initial con-
dition. The experiment is then started, and the camera continues recording until the end of the
test. All experiments are recorded at a constant frame rate of 50 fps.

The experimental campaign can therefore be divided into two main categories.

In the first experimental investigation, a constant rotational speed is imposed in order to study
the quasi—steady-state behaviour of the lubricant at a fixed shear rate. It aims to reproduce
operating conditions in which a slippery surface is exposed to a constant shear flow, allow-
ing the investigation of how the lubricant layer evolves and adapts to steady external forcing.
To investigate long-term lubricant depletion, experiments are performed at constant rotational
speeds: low shear-condition (500 rpm) and high-shear condition (1500 rpm), corresponding to
two distinct flow regimes. These tests aim to characterize the lubricant response under moder-
ate/sustained and extreme shear conditions and to identify the primary effects induced by the
flow. In particular, the analysis focuses on the existence of transitional and quasi—steady states,
the duration of the transient phase, and the dependence of these features on the imposed flow
regime.

In the second, a stepwise rotational speed protocol is applied to investigate the dynamic re-
sponse of the liquid-infused surface under progressively increasing shear-rate conditions. The
stepwise velocity protocol starts from O rpm and increases up to 2000 rpm in increments of
250 rpm, with an acceleration ramp of 200 “2*. Each speed step is maintained for 1 minute.
This experimental investigation aims to mimic situations in which the surface is subjected to
progressively increasing shear conditions, as would occur for a body accelerating in a fluid,
thereby enabling the study of the transient response of the liquid-infused surface. Finally, in
order to investigate lubricant depletion under dynamic conditions, experiments are performed
using two different lubricant viscosities. This comparison enables assessment of the role of
viscosity in governing the response of the liquid-infused surface under progressively increasing
speed.
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Two distinct surface types are investigated in this study: a liquid-infused surface, specif-
ically the previously described Teflon-wrinkles material, and a regular grooved surface. To
evaluate the effectiveness of the lubricant system, a grooved sample is specifically designed
and impregnated with lubricant oil. The geometry and dimensions of the periodic elements
are illustrated in the following figure. This well-defined and easily recognizable geometry is
intentionally chosen to facilitate the observation and analysis of lubricant distribution through-
out the tests. By providing clear visual images of oil retention and motion, the design ensures
that the experimental results are both reproducible and interpretable, enhancing confidence in
the reliability of the lubricant visualization method. Moreover, the regular pattern allows for a
systematic assessment of how the lubricant behaves under different shear conditions, providing
quantitative and qualitative insights into the performance of the liquid-infused system.

1.5mm 0.5 mm

1.5mm

1.5mm

Figure 4.17: Left: grooved sample design. Right: Magnified side-view of the periodic element, with the
geometric dimensions.
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4.4. Results and Discussion

4.4.1. Data Postprocessing

The fluorescence intensity emitted by the lubricant-infused sample is assumed to be propor-
tional to the local lubricant thickness. The measured light intensity results from a combination
of fluorescence emission from the dye dissolved in the lubricant and reflections from both the
oil and the substrate surface. However, the analysis procedure is developed to remove the con-
tribution of surface reflections, as their intensity remains constant throughout the experiment.
Based on this signal, the lubricant motion is investigated by tracking and quantitatively evalu-
ating the fluorescence intensity averaged in both time and space. The objective of this analysis
is not to determine the absolute lubricant volume from fluorescence intensity, as the imaging
system is not calibrated for quantitative thickness measurements; rather, the intensity is used as
a relative indicator of lubricant distribution. Instead, the analysis focuses on two main aspects:
quantifying lubricant loss at different rotational speeds and tracking depletion phenomena by
examining the raw image sequences. In particular, the recordings allow observation of the lu-
bricant structures and their interaction with the external flow, which leads to the formation of
vortices, streaks, and rounded bubble-like structures.

A MATLAB script was developed to analyze the recorded videos. Figure 4.18 shows the se-
lected region of interest (ROI): a rectangular area corresponding to the textured surface.

Figure 4.18: Screenshot of the full recorded image displayed in MATLAB. The magenta rectangle indi-
cates the region selected for cropping.
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This region is manually defined before running the code and is applied consistently to all frames
of the video. Each frame is initially imported as an RGB image, where each pixel is character-
ized by three color channels representing the intensities of red, green, and blue. The MATLAB
function rgb2gray converts the RGB image into a grayscale image by combining the three chan-
nels into a single intensity channel that represents pixel brightness. As a result, each frame is
converted into a grayscale image. This step is commonly performed in image processing to
facilitate the analysis of pixel intensity values.

250 — 250

200 1200

150 150

100 100

Figure 4.19: Left: Instantaneous image in grayscale. Right: mean initial image as reference state -
average of the first 100 images.

A reference state is defined by averaging the first ny = 100 frames acquired under stagnant
conditions. A mean initial intensity field I,(x, z) is generated by summing the first ny frames
and then dividing them by the total number, obtaining the image on the right in the following
Figure 4.19. This reference image depicts the undepleted lubricant distribution; it shows the
initial oil distribution, highlighting its non-uniformity due to surface inhomogeneities. Darker
regions indicate areas where the lubricant has been partially depleted, for example, during the
filling of the cell with the RIM solution, or locations where the surface topography retains less
lubricant within the nano-wrinkled cavities. In contrast, lighter regions correspond to areas
where the lubricant layer is thicker. It interestingly provides a direct visualization, a realistic
snapshot, of the oil distribution over a hierarchical structure in contact with an external fluid,
thereby revealing the complexity of a liquid-infused surface.

For each subsequent frame, the instantaneous intensity field /;(x, z,t) is processed, and the
mean intensity over time, the average along the flow and axial direction have been computed.
There are various ways to represent, analyze, and visualize the results. First, a list of them is
provided below.
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 Instantaneous images - a representative frame extracted from the video. The lubricant
distribution is effectively frozen at a specific moment in time. This allows for a direct
comparison between different stages of the experiment by examining how the main oil
distribution and structural patterns evolve.

» Spatial-temporal field - intensity fields averaged along the streamwise (x) and axial (z)
directions to characterise spatial configuration, yielding spatiotemporal depletion maps.
These contours are visualised using diverging colour scales centred at zero, which allows
for clear differentiation between lubricant depletion (negative values) and accumulation
or redistribution (positive values).

* Global depletion percentage rate DR - global parameter to evaluate the global lubri-
cant depletion effect. It is quantified by, firstly, averaging over time (t) and space (z, )
each frame, yielding a single representative value, and secondly subtracting the initial
condition [ (z, z,t) = I;(x, z,t) — I,(z, ) and normalising the intensity difference by the
initial condition:

I(x,2) . N Li(x,2) — I,(x, z)
I,(x,z) 100 %] I,(x,z)

DR[%) = - 100 [%] @.1)

The flow regime is determined by the Reynolds number, which is defined as:

. (,L)RZd

14

Re 4.2)
The following sections summarize the main results, organized by surface type (grooved sample
or Teflon-wrinkles) and by speed conditions (constant shear or stepwise-increasing shear flow).

4.4.2. Grooves sample case

The grooved sample is designed as a reference case to demonstrate the correct operation
of the system. The objective is not to develop an optimized groove design, but rather to select
dimensions and geometries capable of retaining the oil. Therefore, the purpose is to demonstrate
the effectiveness of the system rather than to evaluate the intrinsic performance of the surface.
Three consecutive tests, at a constant shear rate, have been run, all starting from O rpm up to
three different speeds: 100 rpm, 900 rpm, and 1800 rpm, in order to investigate low, moderate,
and high shear conditions.

Instantaneous images

The initial and final images are captured by the code, corresponding to the beginning and the
end of the video recording. By observing the lubricant configuration on the 3D-printed grooved
sample, lighter lines can be identified where the oil is retained, showing a higher concentration
in the central region of the sample. In contrast, the darker and wider lines correspond to the
groove tips, which are likely covered only by a thin lubricant layer. A comparison between the
two images reveals the presence of oil at the start of the test and its almost complete depletion
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by the end, mainly due to the shear stress exerted on the surface. A particularly relevant aspect
is the presence of linear patterns, clearly visible to the naked eye, which provide a direct in-
terpretation of the fluorescence signal captured by the camera. The following three groups of
images present snapshots of the initial and final conditions for all the investigated flow regimes.
These images represent the evolution of the sample at key moments of the experiment, qualita-
tively illustrating the lubricant’s resistance under low and moderate shear conditions, while also
highlighting the collapse of the liquid-infused surface when subjected to high shear stresses.
The quantitative results will be presents in the following sections.

50

Flow direction

Figure 4.20: Initial (left) and last (right) instantaneous images for a grooved sample. Inner cylinder’s
rotational speed = 100 rpm.
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Figure 4.21: Initial (left) and last (right) instantaneous images for a grooved sample. Inner cylinder’s
rotational speed = 900 rpm.
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Flow direction

Figure 4.22: Initial (left) and last (right) instantaneous images for a grooved sample. Inner cylinder’s
rotational speed = 1800 rpm.
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Spatial-temporal field

The intensity fields are averaged along both the streamwise and axial directions, allowing the
temporal evolution of lubricant depletion to be observed. When examining the plots from left
to right, the effect of low, moderate, and high shear conditions becomes evident. At the lowest
rotational speed, the intensity values remain close to zero, with small positive and negative
fluctuations that can be attributed to the intrinsic measurement uncertainty of the system. In the
central contour, corresponding to 900 rpm, two main regions of pronounced depletion gradually
expand over time, resulting in significant lubricant loss. Finally, under the highest speed setting,
representing the most extreme flow condition, an almost complete loss of oil is observed. In
this case, the sample appears to be nearly entirely drained by the flow.

-30

Figure 4.23: Spatiotemporal evolution of the axial z-averaged intensity in time, three different shear
conditions while moving from left to right.

Global depletion percentage rate

Considering the results from a more quantitative perspective, the following plot shows the tem-
poral evolution of the lubricant depletion rate, D R, combining all the experimental data in a
single graph. The reference parameter /, is determined from the sample configuration before
the experiments begin. The duration of the individual tests varies because, during the first
experimental campaign, the objective is to investigate the lubricant’s evolution over time and
identify the point at which the system appears to reach a stable condition. Under the low-speed
regime, at 100 rpm, the recorded depletion rate remains nearly constant. Small fluctuations
are observed; however, considering the uncertainty associated with the camera acquisition and
image processing, these variations are within an acceptable range. Under these low shear con-
ditions, the lubricant remains stable, as capillary forces are sufficiently strong to retain it within
the grooves and counteract the shear stress applied at the oil-solution interface. Moving to
the moderate shear flow regime, a transitional phase is observed. At the beginning of the test,



144

the depletion percentage rate decreases more rapidly, as indicated by a steeper slope, and then
gradually approaches a more stable condition. From the surface perspective, during this tran-
sitional phase the upper lubricant layer is progressively removed by the action of the rotating
flow, exposing the deeper oil regions to shear. As a result, the system eventually reaches a new
equilibrium state, characterized by a more stable configuration between the remaining lubri-
cant and the external fluid. During this second stage, the global lubricant loss is about -30 %.
Finally, under high shear conditions, at 1800 rpm, an even steeper and faster depletion is ob-
served, resulting in nearly an 80 % loss of lubricant—potentially even greater if the test has been
extended. The strong external shear almost completely removes the oil, exposing the grooved
surface directly to the rotational flow. As a consequence, the surface progressively loses its
slippery properties, highlighting the limitations of this rough configuration under extreme shear
conditions.

20 T T T T
==0-100 [rpm]
0-900 [rpm]
0 A =—0-1800 [rpm]

Depletion Percentage Rate [%]
A
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Figure 4.24: Lubricant depletion rate as a function of time under three constant rotational speed regimes
(from O to 100 rpm, from O to 900 rpm, and from 0 to 1800 rpm).



145

4.4.3. Teflon-Wrinkles case: constant shear flow conditions

This section presents the results obtained for the Teflon-Wrinkles surface, which constitute
the core contribution of this research project. Building upon the observations previously re-
ported for the regular grooved sample, the objective is to investigate the behaviour of a more
complex hierarchical surface when subjected to two different shear conditions. Particular atten-
tion is devoted to understanding how the multiscale topography influences lubricant redistribu-
tion and stability. In the following sections, the oil distribution within the surface texture, the
structure and evolution of lubricant depletion, and the overall behaviour of a realistic slippery
surface are analysed and discussed.

Several consecutive tests are performed on the same sample infused with 10 ¢St silicone oil.
The surface is progressively stressed by exposing it to different shear-rate conditions, while
monitoring the oil dynamics and the redistribution of the lubricant over the textured surface.
The velocity values adopted for the constant-shear-flow experiments can be summarized as:
low speed (100 rpm), intermediate speed (500 rpm), and high speed (1500 rpm). These tests
can be divided into two main categories.

The first group, referred to as depletion data, includes experiments in which the system starts
from rest, and the inner cylinder is accelerated up to a constant rotational speed.

The second group, referred to as recovery/displacement data, includes experiments that begin
at a prescribed rotational speed; the inner cylinder is then stopped while the camera continues
recording, allowing observation of the subsequent lubricant redistribution and relaxation pro-
cesses occurring on the surface.

Based on these two types of experimental campaigns, the two main datasets—detailing the ve-
locity settings and the corresponding purpose of each test—are listed below. These datasets are
analysed and discussed in the subsequent sections. In particular, the first dataset consists of
six different experimental conditions designed to explore the lubricant response to consecutive
shear-rate variations imposed on the surface.

* from O to 100 rpm

from O to 500 rpm

from 500 to O rpm

from O to 1500 rpm

from 1500 to O rpm

The second dataset consists of four experimental conditions defined by different rotational speed
sequences:

* from O to 1500 rpm - clockwise rotation
e from 1500 to O rpm

e from O to 1500 rpm - counterclockwise rotation
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e from 1500 to O rpm

These tests are designed to investigate the lubricant behaviour under high-shear conditions.
In addition, reversing the rotation direction allows a qualitative assessment of how the shear
orientation influences the oil distribution and redistribution across the surface.

Instantaneous images

Through a selection of instantaneous images, two representative and particularly relevant phe-
nomena are illustrated in this section. These examples provide a qualitative insight into the
governing mechanisms of lubricant redistribution on the textured surface under external shear
conditions.

Figure 4.25 presents a sequence of consecutive snapshots acquired during a depletion test per-
formed at high shear rate (inner cylinder’s rotational speed equal to 1500 rpm), taken from the
first dataset. The images illustrate the temporal evolution of the lubricant distribution on the
surface. As the flow develops, the oil is displaced in the direction of the imposed shear, from
left to right, progressively reorganizing into a different spatial configuration. This process leads
to the formation of localized regions of lubricant accumulation, redistribution within the sur-
face texture, and partial disruption of previously stable oil features. A noticeable decrease in the
overall image intensity is also observed throughout the sequence. This change is clearly visi-
ble upon visual inspection: darker regions progressively expand and become more pronounced,
occupying areas that were initially characterized by brighter tones. This behaviour suggests a
progressive depletion or thinning of the lubricant layer in certain regions of the surface.

On the other hand, Fig. 4.26 presents a sequence of consecutive snapshots acquired during a
recovery/displacement test. In this experiment, the system initially operates at a high shear rate,
corresponding to an inner cylinder rotational speed of 1500 rpm. The rotation is then stopped,
while image acquisition continues to monitor the subsequent lubricant motion and redistribution
on the surface. The recording is maintained until no further visible changes can be detected. As
time progresses, the darker regions observed in the images gradually become less pronounced,
indicating a partial redistribution of the lubricant. In particular, the oil that accumulated on the
right side of the sample during the high-shear phase slowly migrates back across the surface,
gradually approaching the initial configuration.

A comparison between the first image in Fig. 4.25 and the final snapshot in Fig. 4.26 reveals that
several characteristic features of the original lubricant distribution reappear over time. This be-
haviour suggests that, once the external shear is removed, the lubricant tends to reorganize into
a configuration that is more favourable and consistent with the underlying surface topography.
In other words, the initial state appears to represent a relatively stable equilibrium configuration
for the oil within the textured surface.

Finally, Fig. 4.27 shows a sequence of representative snapshots from the counterclockwise high-
speed test (from right to left in the snapshot). By observing the evolution of the lubricant distri-
bution, it can be seen that the region of accumulated oil initially located on the right side of the
sample progressively migrates toward the left, following the direction of the imposed rotation.
The images also highlight the presence of an end effect, which appears to limit the displacement
of the lubricant. In particular, this boundary condition acts as a physical constraint that prevents
the oil from being further swept along the surface, leading to a localized accumulation near the
edge of the sample.
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Figure 4.25: Nine instantaneous images from high shear depletion test (dataset 1). Starting from the top
left images, those snapshots have been recorded at consecutive times, in particular: 0s,4 s, 6s, 10 s, 30
5,605,908, 120, 260 s.
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Figure 4.26: Nine instantaneous images from high shear recovery/displacement test (dataset 1). Starting
from the top left images, those snapshots have been recorded at consecutive times, in particular: 0 s, 4 s,
65s,10s,30s,60s,90s, 120 s, 260 s.
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Figure 4.27: Nine instantaneous images from high shear depletion test (dataset 2) in counter-clockwise
rotation direction. Starting from the top left images, those snapshots have been recorded at consecutive
times, in particular: 0s,35s,65s,8s,10s,20s,30s,45s, 50s.
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Global depletion percentage rate

The following results show the global depletion rate over time quantitatevely analyzing the be-
haviour of the lubricant in two consecutive cases. Both depletion and recovery/displacement at
different flow regimes have been investigated in the first dataset (Fig. 4.28), and at high speed
different rotation directions in dataset 2 (Fig. 4.29).

The results are obtained using the same initial reference condition, /,, recorded at the beginning
of each experimental campaign. As expected, each dataset starts from the final state reached in
the previous test, since the experiments are performed consecutively on the same sample.

The plot presented below shows that low and moderate shear conditions do not significantly
affect the overall lubricant quantity on the surface. The observed fluctuations remain within the
experimental uncertainty range, indicating that the lubricant distribution is relatively stable un-
der these shear levels. The most pronounced effect is observed during the fourth test, conducted
under high-shear conditions, where a rapid decrease in the measured signal indicates significant
lubricant depletion.
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Figure 4.28: Lubricant depletion rate as a function of time - dataset 1.

The final dataset does not perfectly match the previous measurements. This discrepancy
arises because an additional recording was performed in the meantime, and by error, using dif-
ferent acquisition settings. In particular, the video was recorded at 2 fps and the image intensity
was adjusted during acquisition, preventing a direct quantitative comparison with the previous
datasets. Nevertheless, the sequence remains qualitatively relevant, as it shows a clear positive
trend, indicating an effective redistribution of the lubricant even after exposure to extreme shear
conditions.
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Figure 4.29: Lubricant depletion rate as a function of time - dataset 2.

The first test shows an initial decrease in the measured quantity associated with lubricant
depletion, followed by the establishment of an approximately constant rate, suggesting that
the system reaches a new quasi-stable condition under the imposed shear. The second record-
ing begins at high shear; the inner cylinder is then suddenly stopped while image acquisition
continues. During this phase, the measured signal gradually increases, indicating a partial re-
distribution of the lubricant and a limited recovery of the oil layer across the surface. The third
test again subjects the system to a high-speed regime, but with the rotation direction reversed
(counterclockwise). A similar qualitative behaviour is observed during both the third and the
fourth tests. It is important to emphasize that, before the data presented here, several additional
experiments had already been performed on the same sample (dataset 1). Consequently, the
actual cumulative lubricant depletion is greater than what is directly indicated by the present
measurements.

4.4.4. Teflon-Wrinkles case: stepwise increasing shear flow conditions

Several consecutive tests are performed on two different samples infused with 10 ¢St and 50
cSt Silicone oil, each one is reinfused before running another test. A stepwise rotational speed
protocol is implemented to examine the dynamic response of the liquid-infused surface under
progressively increasing shear conditions. The protocol begins at O rpm and increases in 250
rpm steps up to 2000 rpm, with an acceleration rate of 200 rpm/s. Each speed step is maintained
for 60 seconds, which is much larger than the capillary time scale. The corresponding Reynolds
numbers for each rotational speed are summarized in the table below.
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Rotational speed [rpm] \ Reynolds number [-] \

250 5885
500 11771
750 17656
1000 23542
1250 29427
1500 35313
1750 41198
2000 47084

Table 4.5: Corresponding Reynold numbers at different rotational speeds.

The surface is progressively subjected to increasing shear-rate conditions while the lubri-
cant dynamics and its redistribution across the textured surface are continuously monitored.
This experimental campaign is designed to replicate scenarios in which a surface experiences
gradually increasing shear, such as a body accelerating in a fluid, allowing for the investigation
of the transient behavior of the liquid-infused surface. The influence of lubricant viscosity is
also an insight studied by looking at the surface’s response as the shear rate increases. Each
horizontal line represents the lubricant intensity extracted from a single frame, collapsed into a
one-dimensional profile and stacked sequentially to show its temporal evolution.

Spatial-temporal field

Figure 4.30 presents the spatiotemporal representation describing the behavior of a sample in-
fused with 50 cSt silicone oil. The vertical axis corresponds to time, while the horizontal axis
represents the streamwise direction.
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Figure 4.30: Spatiotemporal evolution of the axial z-averaged intensity.
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Each horizontal line represents the lubricant intensity extracted from a single frame, col-
lapsed into a one-dimensional profile and stacked sequentially to show its temporal evolution.
There is an initial phase of lubricant motion on the surface, redistribution and accumulation,
lead to a “virtual” increase of the intensity. It is important to emphasise that the formation of
new lubricant on the surface is physically impossible. Therefore, a positive intensity value does
not represent the generation of additional oil, but rather the local accumulation of lubricant that
has been redistributed during testing. Conversely, negative intensity values indicate a net loss
of lubricant from the surface. Observing the spatial-temporal contours, there are several spots
of accumulation up to £ ~ 150 s. This time corresponds to a Reynolds number Re = 17 656,
rotational speed of 750 rpm, and defines what appears to be a threshold above which intense
lubricant depletion occurs. This then progressively increases as the velocity rises. Notably,
the colour distribution shifts towards progressively darker blue tones at higher rotational speed
regimes, reflecting severe lubricant depletion under these conditions.

Global depletion percentage rate

The depletion rate behaviour is plotted in the next figure, showing the temporal evolution across
different speed regimes by comparing two cases of study.

5 T T T T T T T T T 0

50 ¢St
10 cSt

Fractional Depletion Rate [%]
Reynolds number x 1073

_30 1 1 1 1 1 1 1 1 1 50
0 50 100 150 200 250 300 350 400 450 500

Time [s]

Figure 4.31: Lubricant depletion rate as a function of time under stepwise speed increase (from O to
2000 rpm, 250 rpm step for 1 minute long). On the right y-axis, there is the Reynolds number, defined as
Re = % - corresponding values for each step are reported in Tab. 4.5. The RIM solution properties
are taken for a temperature of 24 °C. Red data: 50 cSt Silicone oil. Green data: 10 ¢St Silicone oil.
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Lubricant viscosity is investigated by testing two different samples, one infused with 10 ¢St
Silicone oil and the other with 50 cSt. Each test has been repeated two times, to assess experi-
mental reproducibility.

Interestingly, three distinct regions can be defined in both cases and clearly detected by observ-
ing the next plot 4.31.

During the first phase, the average intensity decreases by only 2—3%, which is effectively neg-
ligible when considering the experimental uncertainty. Although local motion and bubbling
are observed, the lubricant film remains in a stable state, almost completely retained within the
sample’s cavities, up to Re = 11771. In this regime, capillary forces are sufficient to retain the
lubricant on the surface, counteracting the external shear stresses imposed by the moving fluid.
The onset of depletion characterizes the second phase. As a result of continuous exposure
to the rotating fluid and the progressively increasing shear rate, the lubricant — previously
redistributed across the surface during the stable regime — begins to detach. The locally ac-
cumulated regions become excessively thick and are no longer able to resist the imposed shear
stresses, ultimately leading to lubricant removal from the surface.

The last regime is a depletion-dominated phase. Lubricant losses prevail over retention and re-
distribution. The equilibrium is broken by the external shear flow that becomes strongly higher
than the forces that keep the fluid trapped between the micro and nano-cavities of the surface.
Surprisingly, both viscosities exhibit three distinct regimes characterized by a similar rate of de-
crease in the first two regions. Later, the effect of viscosity starts to play a role in the lubricant
depletion phenomenon.

The primary distinction lies in the onset of the transition from the second to the third regime.
In particular, for the 10 cSt case, the final regime is reached at higher operating conditions
compared to the 50 cSt case, indicating a delayed transition. This behavior can be attributed
to differences in surface topography: although both samples are fabricated following the same
procedure, variations in the distribution and morphology of the hierarchical micro- and nanocav-
ities are inevitable. Such differences can lead to varying levels of efficiency in sustaining the
lubrication mechanism, thereby influencing the transition between regimes.

The slopes associated with the three regimes can be evaluated to quantify the transition rate
between successive phases. These values are summarised in the next table.

| Oil viscosity || 10cSt | 50cSt |
I regime —4.0-107° | =7.0-107°
Il regime | —2.7-107* | —2.5-10~*
Il regime || —3.3-107% | —=1.2-1073

Table 4.6: Slope values (unit s~ 1) associated with the three lubricant depletion regimes. From one regime
to the next, there is one order of magnitude difference in fractional depletion rate, highlighting the fact
that the transition is sharp.

They show how the depletion rate changes over time and, from a physical point of view, the
fractional depletion rate represents how fast lubricant losses happen in each regime.

The first and second regimes exhibit comparable slopes, indicating that oil viscosity does not
affect the rate of lubricant depletion during this stage. In contrast, the third regime displays a
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significantly different behaviour: the characteristic fractional depletion rate for the 10 ¢St lubri-
cant is approximately three times higher than that observed for the 50 cSt case.

Interestingly, analysis of the characteristic speed associated with the onset of the third regime
shows that lower viscosity delays the transition between the second and third phases. For the
50 ¢St silicone oil, the transition point of the third regime corresponds to Reynolds numbers
approximately between [29400; 35300]. On the other hand, for the 10 cSt lubricant, the cor-
responding onset condition occurs at higher Reynolds numbers, approximately in the range of
[41200; 47000]. However, once the system enters the depletion-dominated regime, higher vis-
cosity becomes more effective in mitigating the rate of lubricant loss.

4.4.5. Physical interpretation of experimental results

Three distinct depletion regimes were identified during stepwise-increase tests at the two
viscosities. Each regime can be characterized and named based on the physical interpretation
of the measured lubricant depletion rates, as summarized below. The first phase is a capillary-
stabilised regime, characterized by negligible depletion; then, an intermediate regime occurs
with viscosity-independent, approximately linear depletion; and, at high Reynolds numbers,
the third regime with enhanced linear depletion and pronounced viscosity dependence. The
purpose of this section is to explain these experimental observations from lubrication theory,
turbulent near-wall pressure statistics, and thin-film capillary physics.

First of all, it is crucial to determine and describe the flow. Considering the gap width of
the Taylor-Couette apparatus, the critical Reynolds number for the onset of Taylor vortices is
Re, = 68.°! This value corresponds to a rotational speed of approximately 3 rpm, which is
exceeded almost immediately under the operating conditions investigated in the present study.
Consequently, turbulent Taylor vortices are present from the very beginning of the experiments,
with a characteristic axial length scale on the order of the gap width. In 1933, Wendt investi-
gated the dimensionless torque both below and above a threshold Reynolds number of approx-
imately 10*, observing a strong dependence of the torque coefficient on the Reynolds number
relative to this threshold.!®® This behavior was associated with the formation and evolution of
Taylor-Couette cells. Subsequent studies confirmed these findings, and Lathrop et al. further
demonstrated that, for Rer > 10000, the flow exhibits characteristics typical of turbulent wall-
bounded shear flows. !4

In summary, turbulent Taylor vortex structures are observed to dominate the flow throughout all
experimental conditions. Nevertheless, when the Reynolds number exceeds a critical threshold
- identified here as Re = 11700 - smaller-scale turbulent structures progressively emerge and
become increasingly dominant in terms of intensity relative to the large-scale Taylor vortices,
ultimately promoting the onset of wall-bounded turbulence. This flow regime is further charac-
terized by the occurrence of high-pressure peaks.

To provide a rational interpretation of the observed scaling behavior, a characteristic timescale
analysis is required to identify the dominant physical mechanisms governing each regime, tak-
ing into account the underlying flow structures and their relative interactions.

Under the assumption of a thin liquid film, the pressure may be considered uniform across the
film thickness, while inertial effects within the film are neglected. Furthermore, the wall is as-
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sumed to be impermeable, and the external fluid imposes both an interfacial shear stress, 7,, and
an interfacial pressure, p,.

Under these assumptions, the governing equations reduce to the Stokes-flow formulation of the
momentum and mass conservation equations. Their combination yields the Reynolds lubrica-
tion equation, which enables the identification of three characteristic timescales governing the
system dynamics:

S +Aq=S 43)
where ¢ is the local thickness of a thin viscous film, q is a depth-integrated flux per unit length,
and S is a sink term representing volume (per unit area and time) removed by turbulent ex-
traction events. The term  can be defined as a sum of a pressure-driven and a shear-driven
flux:

53 52
4= 77— Vp+—1 4.4)
31ulub 2H’lub
Three timescales can be defined as:
ub 02 T ub A
Toise ™ Plub 7 Tovint ~ HAPP, T ~ Hiub . (4.5)
Liub Ue 7o

The 7, is the time required for the velocity profile to adjust to a change in the boundary con-
ditions; it physically represents the viscous equilibration across the film. The 7, is the rep-
resentative timescale of High Amplitude Pressure Peaks (HAPP), a term introduced by Ghaemi
and Scarano'%, considering a speed of propagation u. ~ 10u,.'% The 7, is the time needed
for the film to redistribute laterally across one cell, and it is obtained by balancing the pressure-
driven lubrication flux against the capillary pressure terms over the characteristic length of a
cell A.
To give an estimation of the timescale factors, the film thickness has been set to 6 ~ 200 nm,
A =~ 10pm, v ~ 4 x 1072 N/m; over the range of Reynolds numbers considered, the following
ordering is found:

Tvisc < Tprint < Tlub (46)

This leads to two main observations: the first one is that since 7,5 < Tprine, the velocity
profile across the film is re-established instantaneously on the timescale of any outer-flow event
and since Ty <K T during a high peak pressure event, the film does not have the time to
redistribute laterally, it is laterally frozen and only the interface can be deformed.
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Regime I - Capillary Stabilisation

During the first phase, the micro- and nano-scale cavities of the surface are filled with lubricat-
ing oil. In this condition, the surface is effectively impregnated, leading to the formation of a
thinner lubricant overlayer that sits on the tip of the solid elements, and a thicker lubricant layer
contained in the hierarchical structure, as schematized in the following image.

The interface is stably pinned at the crest edges by capillarity. This continuous film ensures that
the external flow interacts primarily with the lubricant rather than the underlying solid features.

Outer fluid

/! Oil
" [ sdlid

Figure 4.32: Schematic of a lubricant-infused surface (LIS): a hierarchical solid substrate (grey) fully
impregnated with lubricant oil (yellow) and in contact with an outer fluid (light blue). The surface is
completely infused, with a thin lubricant overlayer that not only fills the micro- and nano-scale roughness
but also forms a continuous film above the structure.

The first regime is characterized by quasi-periodic turbulent Taylor-vortices that act on the
interface without disrupting it, thereby preventing the external fluid from penetrating the LIS
structure.

An analysis of the depletion rate behavior (see Figure 4.31) and the data reported in Table 4.6
indicates that this initial regime is not affected by oil viscosity.

Minimal variations are observed up to a Re = 11771, suggesting that viscous effects play a
marginal role at this stage. Instead, the capillary restoring forces dominate the system, providing
sufficient resistance to counteract the imposed external shear stress and thereby stabilizing the
lubricant within the surface structure.

As mentioned before, a Reynolds number of Rer ~ 10000 corresponds to the critical parameter
associated with the beginning of the disruption of turbulent Taylor vortices, creating a more
chaotic and unsteady environment. In fact, the depletion first threshold - that marks the end of
the first regime and the beginning of the second one - therefore coincides with Re, because
turbulence acquires an intermittent behaviour, required to produce HAPP.
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Regime II - Constant-Rate Turbulent Extraction

As the system transitions to the subsequent regime, the depletion process begins to dominate
the overall behavior under moderate shear flow conditions. In this phase, at approximately Re
~ 10000, shear turbulence dominates the near-wall dynamics, starting to be characterized by
chaotic, irregular, and unsteady motion, with rapid fluctuations in both velocity and pressure.
These fluctuations enhance the interaction with the lubricant interface, which progressively de-
velops ripples and instabilities. In particular, small ripple-like interface deformations are driven
by pressure bursts.

Due to positive and negative high-pressure peaks, the interface is locally deformed, and the
mean film level has receded below the higher crests, while the outer turbulent shear then sweeps
the entrained volume away.

Following the removal of the oil film, the solid asperities of the higher wrinkles’ tips begin to
come into direct contact with the external fluid. The second regime can be summarized as the
phase characterised by extraction events followed by complete capillary recovery of the lubri-
cant interface before the next burst arrives.

From a hydrodynamic perspective, the interface is no longer homogeneous; instead, the flow ex-
periences an alternating pattern of lubricant-covered regions and exposed solid areas. This spa-
tial heterogeneity translates into a combination of slip and no-slip boundary conditions, which
significantly alter the overall flow behavior and contribute to the progressive degradation of the
surface performance.

Outer fluid

/! Oil
" [ sdlid

Figure 4.33: LIS is partially infused: the thin lubricant overlayer has been removed by the external water
flow, exposing the roughness tips to the surrounding liquid.

Interestingly, the second regime appears to be independent of lubricant viscosity. As shown
by the values reported in the previous table, the depletion rates for both 10 ¢St and 50 ¢St sili-
cone oils are comparable throughout this phase.

Viscosity doesn’t play a primary role during this phase, because it is mainly governed by the tur-
bulent fluctuations that started to locally interact with the oil interface, breaking and modifying
it. Moreover, the mean lubricant level is shifted below.
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Regime III - Thin-Film Softening and Enhanced Linear Depletion

When the third regime is reached, 7;,;, starts to become very close to 74,5+, and over time, these
disturbances cause the pinning points to start moving, there is a gradual removal of the lubricant
layer over the wrinkles, and the film is very thin. At this point, molecular van der Waals forces
enter the picture to rupture the film and create molecular clusters, leading to the end of the
validity of the continuum vision. Moreover, disjoining pressure reduces the interfacial stiffness,
enlarging the extracted packet per event and increasing the depletion slope.

In the final regime, the role of lubricant viscosity becomes increasingly significant. An analysis
of the previously reported data reveals a marked difference between the two cases considered:
the fractional depletion rate for the 10 cSt oil is approximately three times higher than that of
the 50 ¢St oil. This clearly indicates that lower-viscosity lubricants are more susceptible to
shear-induced depletion, while higher-viscosity oils provide enhanced resistance to depletion.
Furthermore, the onset of the third regime occurs at two distinct rotational speeds for the two
cases considered. Interestingly, the lower-viscosity lubricant exhibits a delayed transition. This
behavior can be analyzed by considering that 7;,;, & 14,4, indicating that an increase in lubricant
viscosity leads to a corresponding delay in the onset of the final threshold.

Outer fluid

A —
\/ Qil /
Solid

Figure 4.34: Most of the lubricant has been removed by the external shear, leaving the majority of the
solid surface exposed to the liquid, while some cavities still retain residual oil.

Furthermore, as the intensity of the external flow increases, a progressively larger portion
of the solid surface becomes exposed. The outer fluid begins to penetrate into the surface
cavities and porosities, actively displacing and emulsifying the lubricant trapped within them
and moving the lubricant through the hierarchical structure itself, accumulating it on the edge
side. The strong, rapid, and more frequent turbulent fluctuations interact with the remaining oil
layers, promoting their breaks and consequent losses. Overall, this regime is characterized by a
coupled mechanism of lubricant displacement and depletion, ultimately leading to a substantial
loss of lubrication and a significant degradation of surface performance.
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4.5. Conclusions and future developments

Lubricant-infused surfaces (LIS) are among the most promising passive technologies for
reducing friction between a solid surface and an external fluid. Inspired by natural adaptations
in animals and plants, hierarchical materials infused with lubricant oil have demonstrated sig-
nificant potential, both in numerical simulations and experimental studies.

However, the effectiveness, durability, and functionality of LIS decrease when lubricant deple-
tion occurs. As the viscous fluid trapped in surface cavities drains, the underlying rough solid is
exposed to the external flow, compromising performance. Despite its importance, the physical
mechanisms of lubricant depletion are not yet fully understood, leaving unclear several aspects
and limiting the ability of researchers to optimize LIS designs.

This chapter first highlights the critical role of lubricant retention in determining LIS perfor-
mance. It then proposes an innovative approach to investigating lubricant dynamics under shear
flow conditions. Establishing a clear correlation between lubricant behavior and flow is a key
step toward designing more robust and durable surfaces capable of maintaining functionality
under realistic operating conditions.

Through the investigation of the relation between lubricant properties and flow dynamics, the
results demonstrate that the proposed hierarchical surface maintains high efficacy even under
high-speed flow conditions. This confirms the potential of such architectures for applications in
demanding fluid dynamic environments.

Moreover, the choice of lubricant viscosity becomes increasingly critical at high shear rates,
eventually becoming the dominant mechanism over others. Furthermore, the evolution of oil
flow structures, including streaks and vortical formations, has been observed over time.
Finally, this work reports, for the first time to the best of our knowledge, the real-time obser-
vation of lubricant motion on an anisotropic and complex surface. This achievement provides
valuable insights into the dynamic behavior of lubricants and offers a powerful tool for future
studies aimed at optimizing LIS performance.

Overall, this study represents a starting point for future investigations of LIS, toward a quanti-
tative correlation between surface topography and lubricant properties, and enabling the identi-
fication of optimal configurations for drag reduction.



Summary

The global challenge posed by climate change necessitates coordinated research efforts and
multidisciplinary approaches, integrating different scientific and technological perspectives to
develop effective, scalable, and sustainable solutions.

Addressing this complex challenge requires not only the development of novel solutions but
also the critical reassessment and adaptation of existing systems. Enhancing and optimizing
current technologies - rather than systematically replacing them - allows for a more sustain-
able approach that accounts for the entire life cycle. In this perspective, drawing inspiration
from natural systems, which have evolved over millions of years under constraints of efficiency,
adaptability, and resilience, provides a powerful paradigm for guiding such improvements.

In this context, nature represents an insightful source of inspiration. Biological systems have
been optimized through evolutionary processes to achieve remarkable properties. Consequently,
the study of the natural world offers a valuable framework for identifying strategies that can be
translated into engineering applications.

Researchers have long been fascinated by the capabilities of both animals and plants to adapt
and improve themselves, and they started investigating natural complex systems. From the aero-
dynamic efficiency of insects and birds to the hydrodynamic adaptations of marine animals, and
from the microstructural properties of leaves to the macroscopic features of trees, these natu-
ral systems exhibit optimized solutions for minimizing resistance, enhancing performance, and
achieving specific functional objectives.

The primary motivation of the present research arises from the pursuit of strategies to reduce
drag across various engineering applications, with particular emphasis on the marine environ-
ment. This focus is driven by the increasing need to comply with progressively stringent en-
vironmental regulations, which demand improved energy efficiency and reduced emissions in
maritime operations. By drawing inspiration from nature, this work aims to contribute to the
development of innovative, sustainable, and passive approaches to drag reduction.

In this context, one of the most appealing solutions to address this aim is slippery surfaces. This
field is wide, and many different solutions and approaches can be included, such as rough walls,
ribleted and patterned surfaces, superhydrophobic and lubricant-impregnated materials.

The present thesis has described, through three main projects, three different types of slippery
surfaces: ribleted, superhydrophobic, and liquid-infused surfaces. In particular, through an in-
tegrated theoretical, numerical, and experimental study, it aims to bridge some literature gaps
in this field.

Within the framework of ribleted surfaces, this work aims to advance toward the definition of
a universal scaling and a corresponding functional description capable of capturing the micro-
scopic behavior of structured slippery interfaces and translating it into the performance of the
macroscopic domain. In particular, the objective is to predict and quantify the influence of reg-
ular and periodic patterned surface features on drag reduction, thereby enabling their systematic
design and optimization across different flow regimes.

To investigate the mechanisms through which riblets, superhydrophobic surfaces (SHS), and
lubricant-infused surfaces (LIS) interact with fluid dynamic instabilities and modulate hydro-
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dynamic resistance, a Taylor-Couette apparatus has been designed and constructed. This exper-
imental platform provides a controlled environment to isolate and analyze the relevant physical
processes, thereby laying the groundwork for subsequent studies targeting more complex con-
figurations and increasingly extreme flow conditions.

Finally, particular attention is focused on one of the less understood aspects of LIS technol-
ogy: its degradation under shear flow conditions over time, which compromises durability and
functionality of the infused material. The progressive loss of effectiveness, primarily associated
with lubricant depletion, remains largely unexplored. In this context, the present work seeks to
investigate the underlying failure mechanisms, identify the physical processes responsible for
lubricant loss, and determine the key parameters governing the durability and long-term perfor-
mance of these surfaces.

Over the past three years, this work has provided me with the opportunity to observe, explore,
make mistakes, design, and learn, while allowing me the freedom to express creativity and to
develop my own approach to research. Engaging with the same topic from multiple perspectives
and through a range of methodologies has been deeply enriching, broadening my scientific
understanding, my curiosity, and my way of thinking.
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