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Interaction of flows with slender structures and liquid-
infused surfaces

Johan Sundin

FLOW Centre, Department of Engineering Mechanics
KTH Royal Institute of Technology
SE–100 44 Stockholm, Sweden

Abstract
Surface textures and protrusions can be used to control or gain information
about a flow. We investigate the solid-flow interaction of filamentous structures
and liquid-infused surfaces (LIS). Both filamentous structures and LIS are used
by organisms and can be exploited in technical applications.

Numerical simulations show that the filament resonance frequency is central
to the interaction of a filament bed with turbulent flows. This frequency can
be changed by varying filament mass or elasticity. Heavy filaments are only
affected by slow turbulence structures and can be used to obtain information
about those. Light filaments can create regions of high permeability, increasing
drag. The thesis explores a sensor concept consisting of a doubly supported
filament made of a soft material. The soft material makes the filament durable
as it can sustain large strains.

LIS consist of a solid texture infused with a lubricant. The lubricant can
decrease drag, increase heat transfer or be a protective coating. LIS with
longitudinal grooves subjected to turbulent flow are investigated by numerical
simulations using a volume-of-fluid (VOF) method. The capillary waves on the
interfaces are more prominent for lower surface tension or wider grooves. For an
inappropriately designed LIS, capillary waves can increase drag. Design criteria
are constructed to avoid such waves. The VOF method is also compared to
molecular dynamics simulations to assess its accuracy.

Drag degradation might occur because of surfactant traces in the flow.
The surfactants adsorb onto the interfaces and produce Marangoni stresses.
Surfactant-contaminated laminar flow over LIS with transverse grooves are
investigated numerically and described using an analytical model. The external
flow also induces recirculation of the LIS lubricant. The lubricant flow can
be used to increase the surface heat flux. This mode of heat transfer can be
relevant if the solid and liquid conductivities are similar, both for laminar and
turbulent external flows.

Key words: flow-structure interactions, flow control, turbulent boundary layers,
soft sensors, drag reduction, capillary waves, surfactants, Marangoni stress,
mixing enhancement.
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Interaktion av flöden med smala strukturer och
vätskeimpregnerade ytor

Johan Sundin

FLOW Centre, Institutionen för Teknisk Mekanik
Kungliga Tekniska högskolan
SE-100 44 Stockholm, Sverige

Sammanfattning
Ojämnheter och strukturer p̊a en yta kan användas för att reglera och f̊a
information om flöden. Vi undersöker flödes-strukturinteraktion för filament och
vätskeimpregnerade ytor (LIS). B̊ade filament och LIS används av organismer
och kan utnyttjas i tekniska tillämpningar.

Numeriska simuleringar visar att filamentens resonansfrekvens är central
för interaktionen mellan en filamentbädd och turbulenta flöden. Denna frekvens
kan justeras genom filamentens massa eller elasticitet. Tunga filament p̊averkas
bara av l̊angsamma turbulenta strukturer och kan ge information om dessa.
Lätta filament kan ge upphov till omr̊aden med hög permeabilitet, vilket ökar
flödesmotst̊andet. Ett sensorkoncept som undersöks i avhandlingen är filament
fastsatta i b̊ada ändar. Filamenten är tillverkade i ett mjukt material, vilket
gör dem stött̊aliga d̊a de tolererar stora töjningar.

LIS best̊ar av en ytstruktur fylld med olja. Oljan kan minska flödesmotst̊and,
öka värmeöverföring eller vara en skyddande beläggning p̊a ytan. Genom nume-
riska simuleringar med en multifasmetod (volume-of-fluid, VOF) undersöker vi
LIS med längsg̊aende sk̊aror p̊averkade av ett turbulent flöde. Amplituden av
kapillärv̊agor p̊a oljeytan är större för lägre ytspänningar eller bredare sk̊aror.
Om LIS:en är olämpligt utformad kan kapillärv̊agor öka flödesmotst̊andet. Vi
ger designkriterier för att undvika s̊adan v̊agor. VOF-metoden jämförs ocks̊a
med molekylärdynamiska simuleringar för att bedöma dess noggrannhet.

Ett ökat flödesmotst̊and kan uppst̊a p̊a grund av sp̊ar av ytaktiva ämnen i
flödet. De binder till oljeytan där de ger upphov till gradienter i ytspänningen
som motsverkar flödet. Laminärt flöde kontaminerat med ytaktiva ämnen över
LIS med tvärg̊aende sk̊aror undersöks numeriskt och beskrivs med en analytisk
modell. Det externa flödet ger även upphov till ett flöde i oljan. Detta flöde kan
öka ytans värmeöverföringsförm̊aga. Den extra konvektionen som oljan ger kan
vara betydelsefull b̊ade i laminära och turbulenta flöden om ytstrukturernas
och vätskans värmeledningsförm̊agor är jämförbara.

Nyckelord: flödes-strukturinteraktion, flödesreglering, turbulenta gränsskikt,
mjuka sensorer, kapillärv̊agor, ytaktiva ämnen, ytspänningsgradienter, ökad
omblandning.
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Preface

This thesis deals with the interaction between flow and filaments and liquid-
infused surfaces. The first part gives an overview of the present studies in the
context of the existing scientific literature, summarising methods, results, and
significance of the results. The second part contains six articles. Four of them
have been published, one has been accepted for publication, and the remaining
article will be submitted to J. Fluid Mech. The published and submitted
manuscripts have been adjusted to comply with the present thesis format, but
their contents have not been altered compared to their original counterparts.

Paper 1. J. Sundin & S. Bagheri, 2019. Interaction between hairy surfaces
and turbulence for different surface time scales. J. Fluid Mech. 861, 556–584.

Paper 2. J. Sundin, K. Kokmanian, M. Fu, S. Bagheri & M. Hultmark,
2021. A soft material flow sensor for micro air vehicles. Soft Robot. 8 (2),
119–127.

Paper 3. J. Sundin, S. Zaleski & S. Bagheri, 2021. Roughness on
liquid-infused surfaces induced by capillary waves. J. Fluid Mech. 915, R6.

Paper 4. J. Sundin & S. Bagheri. Slip of submerged two-dimensional
liquid-infused surfaces in the presence of surfactants. To be submitted to J.
Fluid Mech.

Paper 5. U. Lācis, M. Pellegrin, J. Sundin, G. Amberg, S. Zaleski,
B. Hess & S. Bagheri, 2022. Nanoscale sheared droplet: volume-of-fluid,
phase-field and no-slip molecular dynamics. J. Fluid Mech 940, A10.

Paper 6. J. Sundin, U. Ciri, S. Leonardi, M. Hultmark & S. Bagheri.
Heat transfer increase by convection in liquid-infused surfaces for laminar and
turbulent flows. Accepted for publication in J. Fluid Mech.

May 2022, Stockholm

Johan Sundin
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Part I

Overview and summary





Chapter 1

Introduction

All around us, fluid flows interact with surface structures. The length scales of
these flows and the structures they interact with span atmospheric scales, where
boundary layers develop over different types of terrain, down to microscopic
scales. Surface structures can have a significant impact on flows. Roughness
leads to increased drag on, for example, ships and aeroplanes, resulting in higher
costs and emissions (Chung et al. 2021). The interaction between flows and
vegetation can influence wind turbine efficiency, the dispersion of seeds and
pollen, and climate and weather models (Belcher et al. 2012).

The examples mentioned above are unwanted or natural phenomena. How-
ever, the knowledge about flow-structure interaction can be used to design
surfaces with desired properties. Riblets are longitudinal surface grooves that
can decrease friction drag by turbulent flows. They displace streamwise vor-
tices in the turbulent flow further from the wall, thereby reducing wall-normal
advection of streamwise momentum (Garcia-Mayoral & Jiménez 2011). Surface
roughness increases turbulence intensity and drag but can be used to increase
the heat transfer in heat exchangers (Rohsenow et al. 1998). Porous surfaces
allow an exchange of momentum, energy, and other quantities between a porous
medium and the external flow (Lācis et al. 2020). In fuel cells, fluid flows in
porous surfaces at the electrodes supply fuel and oxidant and remove heat and
water (Ma et al. 2005).

Filamentous, slender structures are promising candidates for controlling
and sensing fluid flows. Filaments can influence the wake flow behind a bluff
body (Bagheri et al. 2012; Pinelli et al. 2017) or affect wall-bounded turbulent
flows (Brücker 2011). Whisker-like structures can be used as flow sensors (Gul
et al. 2018). Interactions of slender structures and flow are further explored in
chapter 2 of this thesis.

A surface texture may also be lubricated with a liquid. In the presence
of an external immiscible fluid, fluid-liquid interfaces are formed between the
structures. The interfaces give a protective coating and induce a slip velocity
of external flows. The solid texture keeps the infusing liquid in place. Liquid-
infused surfaces (LIS) attracted interest in 2011 (Wong et al. 2011; Lafuma &
Quéré 2011), mainly because of their ability to repel other liquids. However, the
infusing liquid and the texture also provide many degrees of freedom to tune

1



2 1. Introduction

Figure 1.1. A pitcher of a Nepenthes alata plant. Insects glide down from the
slippery upper rim (peristome) into the pitcher, where they are digested. The rim has
inspired artificial liquid-infused surfaces (LIS). Adapted by permission from Springer
Nature Customer Service Centre GmbH: Nature Publishing Group, Nature (Chen
et al. 2016). Copyright © 2016, Nature Publishing Group, a division of Macmillan
Publishers Limited. All Rights Reserved.

flow-surface interaction. These surfaces are inspired by carnivorous Nepenthes
pitcher plants, which use similar surfaces to capture insects (Bohn & Federle
2004). An image of a Nepenthes alata pitcher is shown in fig. 1.1. LIS are also
known as slippery liquid–infused porous surfaces (SLIPS).

Super-hydrophobic surfaces (SHS) use air bubbles captured in the solid
textures to prove drag reduction for liquid flows instead of a lubricating liquid.
They are biomimetics inspired by lotus leaves (Rothstein 2010). Due to the
low viscosity of air, the air-water interfaces appear almost shear free to an
external flow, forming a promising technique for drag reduction. However,
a lack of robustness obstructs their applicability. For example, increased
pressure compresses the air bubbles, and air diffusion can be considerable in
turbulent flows (Ling et al. 2017). Since LIS use effectively incompressible
liquids immiscible with the external fluid, they avoid these problems (Wong
et al. 2011). However, LIS must also be designed to sustain a stable interface
when subjected to stress from the external flow. Such forces might give rise to
drainage (Wexler et al. 2015) or the emergence of large capillary waves (paper
3, Sundin et al. 2021).

The aim of this thesis is to describe some fundamental interactions of flows
with filaments and LIS. We intend to characterise the underlying mechanisms
and their consequences and provide guidelines for designing structures that
produce favourable behaviours or reduce detrimental effects. The studies
mainly used numerical simulations and analytical estimations, but we included
a few experimental observations. Turbulent flows have been described using
direct numerical simulations. Solid structures were implemented numerically
using immersed boundary methods (IBM) or boundary-conforming meshes, and

https://www.nature.com/articles/nature17189
https://www.nature.com/articles/nature17189
https://www.nature.com/articles/nature17189
https://www.nature.com/articles/nature17189


1. Introduction 3

deformable fluid-fluid interfaces were described using a volume-of-fluid (VOF)
method.

We hope that the results contribute to more efficient technical systems:
LIS and filament beds affect surface drag, surface heat transfer, and mixing.
The filament sensor design discussed in the thesis may aid the implementation
of more precise vehicle control algorithms. Since living organisms use similar
flow-structure interactions, the results are also relevant for understanding their
roles in ecosystems.

Thesis structure. In the following chapter, we explore how a filament bed can
be used to sense and control turbulent flows and how an elastic ribbon can be
used as a flow sensor. Chapters 3 and 4 are devoted to LIS, discussing their
ability to reduce drag and how they can be used for other purposes, especially
heat transfer enhancement. Conclusions and possible future directions are
provided in chapter 5. Corresponding papers are included in part II of the
thesis.



Chapter 2

Slender bodies as sensors and actuators

Interactions between filamentous surface textures and flows are ubiquitous.
Planetary boundary layers are affected by forests and buildings (Tampieri 2017),
and aquatic vegetation interacts with flows in oceans and freshwater systems
(Nepf 2012). Animals use filament-flow interactions to their advantage. Seals
use whiskers as flow sensors (Miersch et al. 2011), and seal fur has been observed
to reduce drag (Itoh et al. 2006). Fish have neuromasts in canals on their sides
and superficially on their skin, termed the lateral line, enabling them to sense
flow velocity and pressure distributions. Flows over filament structures at even
smaller scales are present in biological systems such as blood vessels (Weinbaum
et al. 2007).

Animals’ usage of filament-flow interactions has given rise to biomimetic
flow sensors and actuators. The lateral line has inspired artificial underwater-
sensing technology, termed artificial lateral lines (ALL), and hairs of terrestrial
arthropods airflow sensors (Tao & Yu 2012). These sensors are usually of
cantilever beam type. The deflections of cantilevers on a surface relate to the
velocity gradient at the wall and can be used to determine wall-shear stress
(Brücker et al. 2007; Brücker 2008; Grosse & Schröder 2009). Brücker (2011)
used a filament bed in turbulent flow to affect turbulent structures.

Another filament sensor type uses a ribbon suspended between two supports.
An exotic doubly supported flow sensor has been constructed using spider silk
(Zhou & Miles 2017). Due to the small diameter of the silk thread, the sensor
had high temporal and spatial resolution. The elastic filament velocimetry
(EFV) sensor is also of this type (Fu et al. 2016; Byers et al. 2018). A soft
material version of this sensor is presented in sec. 2.2, where we discuss the
advantages of this design.

2.1. Compliant filament beds in turbulent flows

The interaction between a turbulent flow and a filamentous bed depends on
properties such as filament geometry, arrangement, and dynamics. We consider
filament deformations governed by the Euler-Bernoulli equation,

ρsA
∂2q

∂t2
+ EI

∂4q

∂y4
= fbody. (2.1)

4



2.1. Compliant filament beds in turbulent flows 5

where q = q(y, t) is the filament displacement in the streamwise or spanwise
direction at height y, t is the time, and fbody is the drag force on the filament
in the considered direction. The filament properties constitute the solid density
ρs, the cross-sectional area A, Young’s modulus E, and the area moment of
inertia I. The first term of (2.1) accounts for filament inertia and the second
for its rigidity. The filaments are cantilever beams clamped to the wall (q = 0,
∂q/∂y = 0) and subjected a shear force Ftip at their ends (but no bending
moment; ∂2q/∂y2 = 0, EI∂3q/∂y3 = −Ftip).

The filament dynamics has a characteristic time scale. Such a time scale
appears because the filament speed is limited by inertia or viscous damping; we
assume inertia-dominated filaments. From eq. (2.1), the characteristic inertial
time scale is

T ∼ l2
√
ρsA+ χ

EI
, (2.2)

where l is the length of the filaments and χ is an added mass. The added mass
accounts for displaced fluid by the filament movement (Brücker et al. 2007). In
air flows, the displaced fluid typically has a negligible mass compared to the
filament, but the added mass can be significant in liquid flows.

Turbulence also has dominant time scales. The wall-shear stress is partic-
ularly relevant for the interaction with the filament bed, as it relates to the
forcing on the filaments. The frequency-weighted spectrum of wall-shear stress
fluctuations over smooth walls has a global maximum at f+ ≈ 0.012 (streamwise
component) (Hu et al. 2006). A single superscript + refers to normalisation in
wall units. The wall-shear stress fluctuations are related to the turbulent struc-
tures; two near-wall structures are high and low-speed flow regions, so-called
streaks. We associate a dominant turbulence time scale Tf with the flow near
the wall, and define it by the dominating wall-shear stress frequency. It is then
possible to investigate the behaviour of the bed-flow interaction for different
T/Tf . Light and stiff filaments with T ≪ Tf are expected to quickly adapt to
the forcing imposed by the flow, whereas heavy and soft filaments with T ≫ Tf
are too slow.

We performed simulations of filaments attached to one wall in a turbulent
channel flow. The geometry of the filaments in the channel is shown schematically
in fig. 2.1. These simulations were then compared to simulations of smooth-wall
flow. The friction Reynolds number was Reτ = ρhuτ/µ ≈ 180, where ρ is
the fluid density, h is the channel half-height, µ is the dynamic viscosity, and
uτ =

√
τw/ρ is the friction velocity with effective wall shear stress τw. The flow

was driven by a constant volume forcing (equivalent to a pressure gradient),
resulting in Reτ = 180 for the symmetric smooth-wall flow. The filaments were
assumed to have a circular cross-section, a radius a, and pitch s (centre-to-centre
distance). We used s = 4a so that the filaments affect each other by their
motion but rarely touch each other. Hence, it is possible to resolve individual
filament motions. The filament aspect ratio was fixed to l/a = 10. The filament
radii were a+0 = 2, where +0 indicates normalisation by the smooth-wall flow
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2h

2a

l

x

y

s

E, ρs

y = 0

(a)

(b)

Figure 2.1. Filament bed in a channel configuration, seen from (a) the side and (b)
the top. The filament parameters are illustrated in (a). The dashed-dotted rectangles
in (a) and (b) show a filament unit cell.

wall units (nominal wall units). We focused on one heavy and one light bed
(ρs/ρ = 300 and 1, respectively) with the same Young’s modulus.

2.1.1. Numerical methods

We considered a flow described by the incompressible Navier-Stokes equations,

ρ
∂u

∂t
+ ρ (u · ∇)u = −∇P +∇ · µ

(
∇u+ (∇u)T

)
+ f , (2.3a)

∇ · u = 0, (2.3b)

where u is the flow velocity, P is the pressure, and f is a volume forcing.

The Navier-Stokes equations (2.3) were solved using the lattice-Boltzmann
method (LBM); the LBM models incompressible flow but allows small fluc-
tuations in density. It reproduces continuum dynamics by discretising the
Boltzmann equation. The discretised form is (Krüger et al. 2017)

fi(x+ ci∆t, t+∆t)− fi(x, t) = Ωi + Si, (2.4)

where fi are discrete distribution functions, x is the position vector, ∆t is the
time step, Ωi is the collision operator, and Si gives the applied forcing. Each
discrete distribution function corresponds to a direction given by the velocities
ci with indices i = 1, . . . ,m. They are part of a discrete velocity set of size m.
With n spatial directions, a set is commonly denoted DnQm. The set D3Q19
was used for this study, and the implementation was based on the Palabos
library (Latt et al. 2021). Density and flow velocities correspond to

ρ =

q∑
i=1

fi and u =
1

ρ

q∑
i=0

cifi +
f∆t

2ρ
, (2.5)

respectively. There are several alternatives for the collision and forcing opera-
tors; we used the Bhatnagar-Gross-Krook collision operator and Guo forcing
(Bhatnagar et al. 1954; Guo et al. 2002).



2.1. Compliant filament beds in turbulent flows 7

Figure 2.2. Illustration of a filament described by rods and hinges. Rods (blue)
connect the hinges (green), at which the filament bends. There are sets of Lagrangian
boundary nodes (red) around the hinges and on the tip of the filament.

The coupling between filaments and fluid was implemented with an IBM
called the external boundary force method (EBFM) (Wu & Aidun 2010b).
In this method, solid surfaces are described by Lagrangian grids. A forcing
proportional to the velocity difference between a Lagrangian node and the flow
is applied at each node. The forces accelerate the solid objects and enforce the
no-slip and impermeability conditions. This method has earlier been used to
simulate freely moving particles (Wu & Aidun 2010b; Rosén et al. 2015) and
fibres (Wu & Aidun 2010a; Do-Quang et al. 2014).

The filaments were described using a rod-hinge structure, illustrated in
fig. 2.2. The filament can bend at the hinges, which give rise to bending
moments. These bending moments correspond to the second term of the Euler-
Bernoulli equation (2.1) and can be expressed as forces on the hinges. When
the (massless) rods connecting the hinges compress or extend, they also give rise
to forces on the hinges following Hooke’s law. The details on how these forces
were computed are given in paper 1 (Sundin & Bagheri 2019). Accelerations
were computed from the sum of the force contributions from the EBFM, the
bending moments, and the rods.

2.1.2. Analytical estimations

If the fluid velocity at the filament tips is small, there must be a high shear-stress
region around the tips. Such regions are present for dense filament beds (Nepf
2012). The limiting situation is a no-slip impermeable wall. The tip force
corresponds to the shear stress acting on one filament unit cell in this limit,
which on average is

Ftip ≈ s2µ
∂U

∂y

∣∣∣∣
tip

, (2.6)
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(a ) (b )

Figure 2.3. Isosurfaces of streamwise velocity fluctuations u′+ = ±3 for the (a)
heavy and (b) light beds. Streaks are absent above the light bed, and the velocity
field has high isotropy compared to the heavy bed. Filaments are shown in grey, and
the mean flow is into the page.

where U = ⟨u⟩ is the time and plane averaged streamwise velocity. Neglecting
fbody, the static problem of eq. (2.1) has the solution

q =
1

3

l3

EI
Ftip

1

2

[
−
(y
l

)3
+ 3

(y
l

)2]
(2.7)

where y = 0 at the base of the filaments. This expression estimates the mean
displacement of the filaments.

As a more exact estimation of the time scale (2.2), we consider the period
of free movement of a filament (i.e. the inverse of the natural frequency),

Tn = αl2
√
Aρs + χ

EI
. (2.8)

where α = 2π/1.8752 for the slowest mode (Dym & Shames 2013). Since
adjacent filaments move similarly, the fluid of the filament unit cell is assumed
to be displaced with them. The added mass is hence modelled as χ = ρ(s2 −A).
With the current filament geometry, we approximated χ ≈ ρs2.

2.1.3. Effects of slow and fast beds

The flows over the heavy and light beds are illustrated in fig. 2.3, showing
isocontours of streamwise velocity fluctuations. The isocontours show streaks
over the heavy bed, similar to what is found in smooth-wall flows. However,
the streaks are absent in the flow over the light bed.

The different time scales of the beds can be visualised by tracking the
streamwise displacement of a single filament tip, shown in fig. 2.4. The filaments
of the heavy bed have significantly larger time scales than the light bed. The
dominating period of the heavy filaments is T+ ≈ 300, corresponding to a
frequency f+ = 0.004. This value agrees roughly with the prediction (2.8)
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t+
0 500 1000 1500 2000

q̃ x
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-3

0
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0

2

4
(b)

Figure 2.4. Time series of the streamwise tip displacement of a single filament in
the (a) heavy and (b) light bed. Notice the difference in the time scale. The measured
(— — —) and predicted (· · · · · ·) mean displacements are also shown.

Case Refτ ∆D q̃x,rms/a q̃z,rms/a

A 183 0.02 — —
B 204 0.76 — —
heavy bed 186 0.06 2.61 1.39
light bed 200 0.48 0.90 0.87

Table 2.1. The friction Reynolds number of the wall with filaments Refτ , the relative
change of the friction coefficient ∆D, and root-mean-squared filament tip fluctuations
in the streamwise and spanwise directions (q̃x,rms and q̃z,rms, respectively).

(with a factor of 2 difference1). The corresponding value for the light bed was
f+ = 0.03. Both the measured and predicted (using eq. 2.7) mean displacements
are given in the figure, showing good agreement.

However, the displacement of a single filament gives an incomplete picture
of the bed behaviour. By looking at the instantaneous wall-normal filament
displacements, it is revealed that the heavy bed show streak-like patterns.
These appear since adjacent filaments move in phase. The light bed has a
more isotropic pattern, with patches of large displacements. For both beds,
the structures resemble the flow structures in fig. 2.3. The root-mean-squared
wall-parallel filament tip fluctuations are reported in tab. 2.1. They confirm the
increased isotropy of the light bed since the heavy bed has a more significant
difference between the streamwise and the spanwise component than the light
bed.

Another measure of the beds’ effects on the flow is the drag. It was expressed
by the friction Reynolds number of the bed Refτ , reported in tab. 2.1. We also

1The filaments of paper 1 were confined to a refined grid. However, they were not updated

during the subiteration performed for the finer grid (Lagrava et al. 2012). Thereby, their
time scales were effectively reduced by a factor of 2, corresponding to an increase of ρs by a

factor of 4 (eqs. 2.1 and 2.2). With this correction, there is a better match to the theoretical

estimation (2.8). The filament velocities also enter the IBM. However, since mainly the
filament tip displacements, not the tip velocities, impact the turbulence, it should not affect

any conclusions.
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Figure 2.5. Mean velocity profiles in (a) outer units and linear axes and (b) wall
units and logarithmic horizontal axis. The top of the bed is located at y = 0.

computed the change in the friction coefficient, defined by

∆D =
cf
c0f

− 1, with cf =
1
2 (τ

f
w + τ tw)
1
2ρU

2
b

, (2.9)

where c0f is the friction coefficient of the smooth-wall flow, Ub =
∫ 2h

0
Udy/(2h)

is the bulk velocity, and τfw and τ tw are the effective total shear stresses of the
bottom wall with filaments and the top wall, respectively. The sum of the shear
stresses is constant because of the constant imposed pressure gradient. Hence,
the change in cf is due to the change in the bulk velocity. Tab. 2.1 also includes
results for two rigid filament beds. These correspond to rigid filaments with
the same geometry as the light and heavy beds (A) and rigid filaments with
twice the pitch, s = 8a (B). The results in tab. 2.1 show that the light bed and
case B increase drag substantially, whereas the heavy bed and case A only give
minor increases.

Fig. 2.5 shows mean velocity profiles for the smooth-wall flow and sparse
rigid (B), heavy, and light filament bed flows. They are shown using outer
and wall units (figs. 2.5a and 2.5b, respectively). The difference between the
smooth-wall flow and the heavy bed flow is small. In comparison, the mean
velocity profiles for the light bed and B are in outer units significantly higher
close to the upper wall and in wall units reduced over most of the channel.
These phenomena reflect the considerable drag these beds induce (tab. 2.1).

The root-mean-squared velocity fluctuations provide additional details of
the bed-flow interaction, shown in fig. 2.6. All three components are similar
for the smooth wall and the heavy bed. The light bed reduces the streamwise
component significantly close to the bed but increases the wall-normal and
spanwise components. This behaviour is similar to what is seen above the
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Figure 2.6. Comparison of (a) streamwise, (b) wall-normal, and (c) spanwise root-
mean-squared velocity fluctuations (with lines as in fig. 2.5). The light bed and B
(rigid bed) increase the isotropy of the velocity field.

rigid sparse bed (B). The reduction of the streamwise component reflects the
reduction of streaks. The increase of the wall-normal component at the bed
implies a higher fluid exchange between the interior of the bed and the external
flow. In total, the flow has become more isotropic near the bed.

The similarity between the light bed and the sparse rigid bed indicates an
increased permeability of the light bed compared to the heavy. A closer study of
the instantaneous filament deformation reveals regions of significant separation
of adjacent filaments; an example of such an event is presented in fig. 2.7a.
Locally, the tip centre-to-centre distance in the spanwise direction stip,z can
reach up to 8a, enabling a significant transport of mass and momentum between
the flow and the bed. We also show the probability density function of stip,z for
the light and heavy beds in fig. 2.7b. The long tail of the light bed distribution
manifests large tip separation events. The heavy bed has a tighter distribution
around the mean value (s = 4a).

In conclusion, a bed with a large enough time scale may be useful for
obtaining information about large-scale flow structures at the wall. Essentially,
there is a one-way coupling from the flow to the filaments since they do not
disturb the flow but conform to the streaks. Beds with smaller time scales are
likely to induce significant drag and are unsuitable as sensors.
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Figure 2.7. (a) Top view of an event of large filament displacements of the light
bed (mean flow to the right). The filament tip centre-to-centre distances are locally
enlarged, increasing the permeability. (b) Probability density function of the tip
centre-to-centre distance in the spanwise direction stip,z for the light (——) and heavy
(— — —) beds.

2.2. Doubly supported ribbons as sensors

Flow sensors consisting of doubly supported ribbons can conceptually be made
simpler than sensors based on cantilevers (Fu et al. 2016). An incoming flow
deflects the ribbon, inducing axial strain, which, for conductive ribbons, can be
measured by a change in resistance. Hence, there is no need for additional strain
gauges or measurements of deflections typically used for cantilever sensors (Tao
& Yu 2012).

Soft material sensors can withstand large strains. For example, they can
be mounted on deformable surfaces. Such sensors can be used on the skin to
measure pressure (Schwartz et al. 2013; Lee et al. 2016) or strain (Lu et al.
2012; Amjadi et al. 2015). Typically, they consist of composites of a conductive
component and a polymeric binding agent, for example, polydimethylsiloxane
(PDMS). The polymer predominantly determines the mechanical properties of
the composite. The conductive component may be silver nanowires (AgNW)
(Hu et al. 2012; Amjadi et al. 2014; Liu et al. 2017), silver particulate (Zhang
et al. 2018), carbon nanotubes Lu et al. (2012); Amjadi et al. (2015); Lee et al.
(2016), or graphene (Lee et al. 2016; Jang et al. 2016; Gul et al. 2018). As the
material deform, its electrical properties changes. Silver particle composites can
be designed to reduce particle connections and tunnel effects when the material
is stretched, creating a piezoresistive material.

We have used the benefits of piezoresistive soft materials to design a simple
and durable airflow sensor, shown in fig. 2.8. This sensor is of AgNW-PDMS
type and can be manufactured without the need for a clean room using standard
laboratory tools and low-cost materials. The manufacturing process is described
in paper 2 (Sundin et al. 2021b) and therefore not repeated here. Since the
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(a) (b)

Figure 2.8. (a) A schematic of the sensor design and (b) a photograph of a sensor
subjected to a flow velocity U∞ = 11 m/s.

soft material can undergo large strains without yielding (ϵ ∼ 1), the sensor can
withstand strong impulses. It may also be operated using a lightweight circuit.
The durability, low weight, and small size make it suitable for micro air vehicle
applications (Petricca et al. 2011).

2.2.1. Model of ribbon strain and deflection

In order to predict and explain the behaviour of the sensor, we constructed an
analytical model of the ribbon deflection. The model is based on the Euler-
Bernoulli equation (2.1) with an additional term to describe the effects of the
ribbon elongation,

ρsA
∂2q

∂t2
+ EI

∂4q

∂x4
−N

∂2q

∂x2
= fbody, (2.10)

where x is the axial coordinate and N is the axial tension.

We expect the ribbon to be exposed to mean flow velocities around U∞ = 10
m/s. The corresponding Reynolds number of the ribbon is Red = U∞d/ν = 200
for a ribbon width d = 300 µm and kinematic air viscosity ν = 1.5 · 10−5 m2/s
(Batchelor 1967). At this Reynolds number, inertial effects can be expected to
dominate, and the drag force is proportional to U2

∞. Due to the large aspect
ratio of the ribbon, the flow around it is approximately two-dimensional. We
write the drag force as

fbody =
1

2
ρairdU

2
effCd, (2.11)

where ρair = 1.2 kg/m3, Cd is the drag coefficient, and Ueff is the effective flow
velocity. In steady conditions, Ueff = U∞, but in general Ueff = U − ∂q/∂t with
(instantaneous) flow velocity U .
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The sensor mechanism is based on the axial tension of the ribbon. If the
doubly-supported ribbon deflects much more than its thickness b, the Euler-
Bernoulli term can be neglected (second term of eq. 2.10, see Fu et al. 2016).
We are mainly interested in such deflections, so we disregard this term. The
leading order ribbon deflection is approximated as a parabola,

q = δ

(
1− 4x2

L0

)
, (2.12)

where L0 is the distance between the two supports, δ is the deflection at the
centre, and −L0/2 ≤ x ≤ L0/2 (fig. 2.8a).

The axial tension is assumed to be

N = AEϵ+Aσ0, (2.13)

where ϵ is the strain, and σ0 is a pre-stress accounting for material imperfections.
The strain is equal to the relative axial elongation of the ribbon,

ϵ =
∆L

L0
=

1

L0

∫ L0/2

L0/2

√
1 +

(
∂q

∂x

)2

− L0

dx

≈ 1

2L0

∫ L0/2

L0/2

(
∂q

∂x

)2

dx ≈ 8δ2

3L2
0

, (2.14)

where the first approximation is ∂q/∂x ≪ 1 and the second the parabolic
assumption (2.12).

In the stationary state, eq. (2.10) becomes

64

3
δ3 + 8

σ0
E
L2
0δ =

L0ρairdU
2
∞Cd

2EA
L3
0. (2.15)

The dynamic motion of the ribbon is more intricate to describe analytically,
and details are given in paper 2. Assuming quasi-static motion and linearising
around δ, eq. (2.10) can be re-written as a mass-spring-damper system,

m
d2q̃′

dt2
+ c

dq̃′

dt
+ kq̃′ = F, (2.16)

where q̃ = δ + q̃′ is the ribbon centre deflection (δ ≫ q̃′) and m, c, and k are
coefficients determined by the material properties (ρs, E, and σ0), the ribbon
dimensions (L0, d, and b), ρair, Cd, and U∞. The natural (angular) frequency
and the damping ratio are

ωn =

√
k

m
and ζ =

c

2
√
km

. (2.17)

A similar analysis can also be made for the filament beds (paper 1, Sundin &
Bagheri 2019).
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Figure 2.9. Experimentally measured strain and velocity relation. Model predictions
by eqs. (2.14) and (2.15) with and without a finite pre-stress σ0 are also shown.
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Figure 2.10. Results of a FEM simulation and analytical predictions for a ribbon
exposed to a step input. The transient is damped out after a characteristic time scale
1/(ζωn), and the ribbon oscillates with an angular frequency close to ωn (dotted line).

2.2.2. Experimental and simulation results

The steady-state behaviour of the sensor was tested experimentally using flow
velocities U∞ = 0 to 11 m/s created by a low turbulence rectangular air jet.
The flow velocity was measured by a Pitot-static tube while measuring the
ribbon resistance; the strain was computed from the resistance using the gauge
factor (GF ). Fig. 2.9 shows the measured strain-velocity relation together with
the analytical model. There is a good agreement between the model and the
measurements if a pre-stress is included.

The simplified description of the sensor (2.16) was validated by comparison
to the result of a finite element method (FEM) simulation of the ribbon with
a prescribed drag force, fig. 2.10. The ribbon was described by truss elements
and exposed to U∞ = 10 m/s when in the stationary unstrained state. There
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is a good agreement for the oscillation frequency (ωn

√
1− ζ2) and damping

(e−ζωnt) of the transient around the new steady state δ.

The lowest measurable flow velocity is around 4 m/s (fig. 2.9). However,
the sensitivity can be modified by changing the ribbon dimensions (eq. 2.15)
and could therefore be adapted to specific applications. The same applies to
the sensor time scales given by the mass-spring-damper system (2.16).

The analytical model shows how the ribbon strain and deflection relate
to the flow velocity, validated by the experimental and simulation results. It
also shows how to adjust the sensor to achieve desired behaviours. We believe
that the sensor’s adaptability, durability, and simplicity make it an interesting
complement to more traditional sensor designs.



Chapter 3

Liquid-infused surfaces for drag reduction

LIS provide a passive means to reduce drag. The external flow causes the
infusing liquid to move, providing a slip velocity at the fluid-liquid interfaces.
Therefore, the external fluid flows more easily over the LIS than over a smooth
surface. An effective slip length b characterises the drag-reducing capability of
a LIS. It is defined by

Us = b
dU

dy

∣∣∣∣
y=0,∞

(3.1)

and illustrated in fig. 3.1. Here, Us = U |y=0 is the slip velocity, y = 0 is the
location of the crest of the texture, and the subscript ∞ indicates evaluation
in the external fluid. The slip length depends on the viscosity ratio, the solid
texture geometry, and the surface tension of the fluid-fluid interfaces. The drag
reduction DR also depends on the characteristic length scale of the velocity
gradient (Fu et al. 2017). A larger ratio of b to this length scale corresponds to
a higher drag reduction. The flow confinement usually sets the velocity gradient
scale in laminar flows. For turbulent flows, the relevant parameter is b+.

Across a fluid-fluid interface, the velocity is commonly assumed to be
continuous (Leal 2007). The tangential stress is continuous in the absence of
surface tension gradients. For an idealised flat interface (such as in fig. 3.1),

µ∞
∂u

∂y

∣∣∣∣
y=0,∞

= µi
∂u

∂y

∣∣∣∣
y=0,i

. (3.2)

The subscript i indicates evaluation in the infusing liquid, and µ∞ and µi are
the (dynamic) viscosities of the external and infusing fluids, respectively. If
µi/µ∞ ≈ 0, then ∂u/∂y|y=0,∞ ≈ 0 (shear-free condition), which can be used to
model SHS. For LIS with the purpose of drag reduction, it is common to have
µi/µ∞ ∼ 1. Therefore, the velocity gradient inside the infusing liquid needs to
be taken into account to determine the shear stress of the external flow. The
interface curvature and surface tension give the difference in normal stress over
the interface.

We have considered surfaces with rectangular grooves (aligned in the stream-
wise or spanwise direction). The slip length can be approximated analytically
as a function of the groove dimensions (depth k and width w), the pitch p, and
µi/µ∞ for these surfaces (Schönecker et al. 2014). The approximation assumes

17
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Us = b
dU

dy

Usb

Figure 3.1. Effective slip length b of LIS. The external fluid is blue, the infusing
liquid green, and the solid brown. The mean flow of the external flow is indicated
with arrows. The velocity profile is extrapolated to zero into the surface to find b.

an infinite external domain, Stokes flow (eqs. 2.3 without the advection terms),
and that the fluid-fluid interfaces are uniform shear-stress boundaries. The
groove flow is described by a local slip length ζ,

us = ζ
∂u

∂y

∣∣∣∣
y=0,i

, (3.3)

where us = u|y=0 is the streamwise velocity on the interface. The local slip
length has a spatial distribution given by the assumptions, and its maximum
value is modelled heuristically.

The drag reduction by LIS or SHS in turbulent channel flows (corresponding
to −∆D of eq. 2.9) may be estimated from the slip length by (Rastegari &
Akhavan 2015)

DR ≈ b+0

b+0 + U+0
b

. (3.4)

This relationship neglects changes in Reynolds shear stress, typically reducing
DR. Interface deformations can cause such reductions, discussed in the next
section.

3.1. Waves on liquid-infused surfaces

We have investigated the stability of LIS with longitudinal grooves subjected to
liquid turbulent channel flow at Reτ ≈ 180 using numerical simulations. The
turbulent fluctuations deformed the liquid-liquid interfaces. These interface
deformations propagated along the grooves in the form of capillary waves, driven
by the surface tension. Large waves, not considered here, would be dominated
by gravity instead of surface tension (Acheson 1990).

Wave amplitudes are not constant in time. Viscosity has a dampening effect,
and several mechanisms can make them grow (Jeng et al. 1998; Boomkamp &
Miesen 1996). The Miles instability is of particular interest. It is an inviscid
mechanism explaining the generation of gravity water waves by the wind (Miles
1957). Even though relevant LIS viscosity and density ratios and length scales
are different from those of the original air-water system, the same theory can
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Figure 3.2. Illustration of the channel configuration used for the LIS-turbulent flow
simulations (interfaces in green and solids in grey).

be applied to such surfaces. We have adopted this theory to capillary waves
developing on the longitudinal grooves, showing good agreement with numerical
results.

A central concept for Miles instability is the critical layer. The critical
layer is the plane at the height yc with a mean velocity equal to the wave
phase speed, U = c. Provided that the critical layer is not too high above
the surface and holds a negative mean velocity curvature, there is an energy
transfer from the mean flow that amplifies the wave. Lighthill (1962) gave a
physical interpretation of the instability mechanism: travelling waves induce
negative and positive pressure fluctuations over crests and troughs. Above yc,
the mean flow is faster than the waves. The fluid that overtakes a crest faces
an increase in pressure, forcing the fluid back towards the crest at a lower level.
The opposite situation occurs behind a crest. These velocity variations give a
net force that amplifies the waves.

3.1.1. Numerical methods

We considered an open channel flow configuration with constant Ub, as shown
in fig. 3.2. The solid fraction was set to ϕs = 1/2, the density ratio to 1,
whereas the viscosity ratio was varied. The width of the grooves was w+0 = 18.
In-domain solid boundaries were described by a grid-conforming IBM, suitable
for rectangular grooves (Breugem & Boersma 2005). The simulations used
the finite volume code PArallel, Robust, Interface Simulator (PARIS) with a
staggered velocity-pressure discretisation and a VOF method to describe the
liquid-liquid interfaces (Aniszewski et al. 2021). A short introduction to the
VOF method is given below.

We can define a Heaviside function H with values 0 or 1 depending on
which fluid is present at a specific location. The advection of an interface is
described by

∂H

∂t
+ u · ∇H = 0. (3.5)
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The VOF method considers the volume fraction (or colour function) C as the
average of H in a computational cell. It represents the fraction of the cell
occupied by one of the fluid phases (the volume fraction of the second fluid is
1 − C, correspondingly). Eq. (3.5) can be integrated over one cell to give an
equation for C (Tryggvason et al. 2011). In cells occupied only by one fluid, C
equals 0 or 1. In mixed cells, it assumes intermediate values, giving the interface
location.

Two steps are typically used to update C in time: (i) approximating the
interface from the volume fractions (interface reconstruction) and (ii) computing
fluxes and advecting the interface correspondingly. A standard interface recon-
struction method is ”Piecewise Linear Interface Calculation” (PLIC), where
the interface in each cell is assumed to be a plane (line in two dimensions).
Weymouth & Yue (2010) described one VOF method using PLIC, implemented
in PARIS and used in these studies. An alternative to geometrical interface
reconstructions is algebraic VOF methods (Xiao et al. 2005).

Apart from being advected by the flow, interfaces also affect the flow through
the surface tension. PARIS considers a constant surface tension γ. An interface
with curvature κ and normal n gives a surface force γκn acting on the flow. The
standard way to implement this forcing is the continuous surface force (CSF)
method (Brackbill et al. 1992). However, the CSF requires an approximation
of κ. The primary curvature computation algorithm of PARIS is the height
function method. Height functions provide the distance to the interface from a
grid-aligned reference plane. The curvature can be computed by approximating
the interface elevation as a quadratic polynomial (Aniszewski et al. 2021). The
values of the height function in specific cells (heights) are found by integrating
C. This method removes minor inconsistencies in the C field and is an accurate
way of computing κ. However, as this method might fail (e.g. if the region of
mixed C cells has become too diffuse), PARIS has fallback methods.

With no-slip conditions, fluid-fluid-solid contact lines should not move with
respect to the walls. However, C at a contact line is advected by the velocity
half a cell (∆/2) away from the wall. Correspondingly, the velocity is not equal
to the wall velocity and provides an ”implicit” slip length (Afkhami et al. 2009).
As a consequence, the contact line speed is cell-size dependent. A method to
surmount this problem while retaining the no-slip condition for the velocity
field is to use a dynamic contact angle model inspired by Cox’s hydrodynamic
theory (Cox 1986). The model can be expressed by (Legendre & Maglio 2015)

G(θnum) = G(θ0) + Cacl ln

(
∆/2

λ

)
, (3.6)

where θnum is the numerically imposed dynamic contact angle, θ0 is the static
(equilibrium) angle, G is a function given by Cox’s theory, λ is a microscopic
length scale, and Cacl is the capillary number based on the contact line velocity.
The expression for G is provided in the supplementary material of paper 3
(Sundin et al. 2021). In analogue to hydrodynamic theory, ∆/2 can naively
be interpreted as the length scale at which the interface has the angle θnum
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Figure 3.3. Drag reduction expressed as a function of the slip length (in nominal wall
units). Symbols indicate µi/µ∞ = 0.5 (□), µi/µ∞ = 1 (◦), and µi/µ∞ = 2 (♢), and
colours We = 100, 150, and 200 (blue, red, and yellow, respectively). The analytical
relation (3.4) is shown as a black line.

(Afkhami et al. 2018). A reasonable value of the microscopic length scale is
λ ∼ 1 nm, but the exact value depends on the solid material and the liquid. Slip
lengths of similar magnitudes would be challenging to resolve in macroscopic
systems.

The contact angle may be imposed using height functions (Afkhami &
Bussmann 2008, 2009). In the LIS simulations, θ0 = 45° for the lubricant.
We return to the VOF method in sec. 3.3, where it is compared to molecular
dynamics (MD) simulations.

3.1.2. Drag and Weber number

The Weber number,

We =
ρU2

b h

γ
, (3.7)

quantifies the LIS surface tension in a turbulent channel flow. An increase in
the Weber number indicates a decrease in surface tension compared to the flow
inertia. Taking a channel half-height of h = 0.5 cm, Ub = 1 m/s, ρ = 1000
kg/m3, and a typical alkane-water surface tension γ = 50 mN/m (Zeppieri et al.
2001), we have We = 100. We have performed simulations for We = 100, 150,
and 200 with viscosity ratios µi/µ∞ = 0.5, 1, and 2.

Fig. 3.3 shows DR as a function of b+0 for the nine simulations. Smaller
viscosity ratios give higher b+0 and DR. For We = 100, the deviations from the
ideal relation (3.4) are minor, indicating that the slip length is the drag-reducing
mechanism. As We increases, the slip length does not change significantly, but
there is a major decrease in DR. The two highest viscosity ratios induce drag
increase (DR < 0) for We = 200.

The more significant drag at We = 200 can be understood from an instan-
taneous snapshot of the surface, shown in fig. 3.4 for µi/µ∞ = 1. This LIS
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Figure 3.4. Snapshot of a LIS with We = 200 at one instant (µi/µ∞ = 1, colours as
in fig. 3.2). Large waves can be seen on the interfaces.
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Figure 3.5. Interface height profiles at the centerline of a groove for interfaces with
(a) We = 100 and (b) We = 200 (µi/µ∞ = 1). The time difference between the
profiles is ∆t = 0.2h/Ub. Note the difference in vertical scale between (a) and (b).

has developed large capillary waves that make the interfaces uneven. Interface
height profiles at different times are shown in fig. 3.5. The We = 100 interfaces
also have waves, but these waves have low amplitudes (a+ ≲ 1). The amplitude
of the waves for We = 200 can achieve amplitudes a+ > 5, extending outside of
the viscous sublayer (Pope 2001). Surfaces with roughness structures of this
height induce drag (the flow being transitionally rough, see Chung et al. 2021).
The wave amplitudes initially grow exponentially, corresponding to positive
imaginary wave speeds.

A small wave-like perturbation on an interface can be assumed to be on
the form

η = Aeikx(x−ct) cos(kzz), (3.8)
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where x and z are the streamwise and spanwise coordinates (z = 0 in the groove
centre), A is the initial wave amplitude, and c is a complex wave speed. The
wave travels in the streamwise direction, and the real part of η corresponds to
the physical interface height. The streamwise and spanwise wavenumbers are
2π/λx and kz = 2π/λz, respectively. The spanwise wavelength is limited by the
width of the grooves, λz ≤ 2w. The maximum value corresponds to a single
crest or trough in the spanwise direction, which can be seen to dominate in
fig. 3.4. We use this wave perturbation to describe how the Miles instabilities
can occur on the longitudinal grooves. The (positive) wave growth rate is
indicated by the (positive) imaginary part of kxc. A summary is given here, but
a more detailed derivation is provided in the supplementary material of paper 3.

Both wavenumbers contribute to the curvature, resulting in a pressure
difference over the interface,

∆pcap = γ

(
∂2

∂x2
+

∂2

∂z2

)
η = −γk2η, (3.9)

where k =
√
k2x + k2z . Neglecting viscous and non-linear effects, a wall-normal

velocity perturbation v with the same (x, z, t)-dependence as η satisfy the
Rayleigh equation

1

k2
v′′ −

[
1 +

1

(U − c)

1

k2
U ′′
]
v = 0, (3.10)

where ′ denotes a derivative with respect to y. The equation for the correspond-
ing pressure perturbation is

p

ρ
= −ikx

k2
[(U − c)v′ − U ′v] . (3.11)

The velocity perturbation is assumed to vanish at infinity (y → ∞). Fluid
parcels located at the interface must stay at the interface, which gives the
kinematic condition (Acheson 1990)

∂η

∂t
+ U

∂η

∂x
= v =⇒ v

U − c
= ikxη at y = η ≈ 0. (3.12)

Following Miles (1957), we assume the approximate solution

v = ikxη(U − c)e−ky, y ≥ 0. (3.13)

We also assume an exponentially decaying solution inside the grooves and neglect
the mean flow; v = −ikxcηeky (y < 0). Eq. (3.11) gives the corresponding
pressures. The pressure difference at the interface must equal (3.9), which
gives a condition for the wave speed. Neglecting the contribution from the slip
velocity and the shear rate (corresponding to a wave without external flow), the

(real) phase speed is cw =
√
γk3/(2ρk2x). Its minimum value, determining the

onset of the instability, can in wall units be approximated as

c+w,min ≈
√

π

We+w+
, (3.14)
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Figure 3.6. (a) The growth rate coefficient β as a function of kyc, with the region
1/2 < kyc < 3/2 indicated in grey. (b) Parameter space of We+ and w+. It also serves
as a design map for LIS. Smooth and rough regions are separated using eqs. (3.14)
and (3.16). The symbols and the colours are the same as in fig. 3.3 for the earlier
presented simulations. Additional simulations comprise We = 25, 50, and 400 (purple,
green, and turquoise circles, respectively). They had DR = 9% and −15% (w+0 = 18,
We = 50 and 400) and 18%, 17%, and 2% (w+0 = 36, We = 25, 50, and 100).
Black lines correspond to linear and logarithmic velocity profiles (— — — and — · —,
respectively).

where We+ = ρu2τδν/γ = µ∞uτ/γ.

To first order, the imaginary phase speed becomes

ci = cw
1

4
β
U2
1

c2w
, (3.15)

where β is a coefficient quantifying the wave growth and U1 is an arbitrary
reference. We have used a logarithmic velocity profile to evaluate β, for which
it is convenient to set U1 = uτ/κ, where κ is the von Kármán constant. This
estimation of β is shown in fig. 3.6a as a function of kyc. There is a sharp
decrease in β around kyc ≈ 1, marked by a grey region (1/2 < kyc < 3/2).
Since k > kz ≥ w/π, a condition for significant wave growth is

y+c ≲
w+

π
. (3.16)

The simulations can be illustrated in the parameter space of We+ and w+.
This space is shown in fig. 3.6b, where we also include results of wider grooves
and more extreme values of We+. The DR of these additional simulations
confirmed the trend seen in fig. 3.3. The limit (3.16) is also shown, however, as
a region of finite width (with boundaries w+/(2π) and 3w+/(2π)), separating
”smooth” and ”rough” regions. The simulations in the smooth region have
drag reductions similar to those predicted by eq. (3.4). In contrast, simulations
closer to the rough region (however, in the grey transitional area) tend to have
small or negative DR.
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Figure 3.7. Illustration of dissolved surfactant molecules adsorbing onto a water-
alkane interface. Liquid and solid colours are the same as in fig. 3.1. The surfactants
correspond to sodium dodecyl sulfate (SDS), having hydrophilic head groups (red) and
hydrocarbon tails consisting of 12 carbon atoms. The alkane molecules also consist of
hydrocarbon chains.

When designing LIS for drag reduction, the groove width should be max-
imised while keeping roughness effects to a minimum. Fig. 3.3 can be used as a
design map to place the LIS in the smooth region by adjusting w+ for a specific
We+.

3.2. Performance reduction due to Marangoni stresses

Another possible source of drag degradation is surface tension gradients, also
called Marangoni stresses, induced by surfactants. Even if surfactants have
not been added artificially to the flow, the flow may have been contaminated
by surface materials or contiguous fluids (Peaudecerf et al. 2017). Already at
minuscule concentrations, surfactants can significantly impact the effective slip
length of the surface interfaces. Therefore, it is relevant to understand how LIS
behave in the presence of surfactants.

Surfactant molecules consist of two groups, one lyophobic and one lyophilic
(hydrophobic and hydrophilic for aqueous solutions, respectively). This structure
enables the adsorption of surfactants onto fluid-fluid interfaces, where they
alter the surface tension. The lyophobic group makes it energetically more
favourable for the molecules to be at an interface, and the lyophilic group
hinders complete repulsion from the solution (Rosen & Kunjappu 2012). A LIS
interface contaminated by surfactants is sketched in fig. 3.7.

We have investigated the effects of surfactant contamination on LIS with
transverse grooves. This geometry has stagnation points where surfactants
adsorbed onto the interfaces accumulate, giving rise to concentration gradients
and corresponding surface tension gradients. Infinite longitudinal grooves,
having no stagnation points, avoid this problem and do not face the same
detrimental effects.

Simulations were performed with FreeFem++ using a boundary-conforming
triangle mesh (Hecht 2012). FreeFem++ is a finite element solver for partial
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Figure 3.8. (a) An interface unit cell, showing the balance of stresses. The external
flow velocity profile is also sketched (red, other colours as fig. 3.1). (b) The surfactant
transport mechanisms in the bulk flow and on the interface, together with adsorption
and desorption (red, black, and blue arrows, respectively).

differential equations in weak form. We considered a unit interface cell and
an imposed shear stress τ∞ driving the flow. Such interface cell is shown in
fig. 3.8. The grooves had a depth k = 50 µm, a width w = 2k, and a pitch
p = 3k. The Stokes equations described the flow since low flow velocities were
used. Interface deformations were neglected, equivalent to imposing v = 0 at
the interfaces. At a liquid-liquid interface, the balance of shear stresses (3.2)
transforms to (Leal 2007)

µ∞
∂u

∂y

∣∣∣∣
y=0,∞

= µi
∂u

∂y

∣∣∣∣
y=0,i

− dγ

dx
. (3.17)

Henceforth, the infusing liquid shear stress and the surface tension gradient are
abbreviated by

τLIS = µi
∂u

∂y

∣∣∣∣
y=0,i

and τMa = −dγ

dx
, (3.18)

respectively (fig. 3.8a).

An advection-diffusion equation governed the bulk surfactants

∇ · (uc) = D∇2c, (3.19)

where c is the (bulk) surfactant concentration, and D is the diffusivity. Far from
the surface, it is assumed that c = c0. The interfacial surfactant concentration
was also governed by an advection-diffusion equation, having an interface
diffusivity Ds = D. The adsorption and desorption fluxes, expressed by a source
term S, balance the diffusive flux at the interface,

D
∂c

∂y

∣∣∣∣
y=0

= S. (3.20)
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We have considered two different models for S. The first model is classical
Frumkin kinetics, earlier used to model surfactants on SHS (Peaudecerf et al.
2017; Landel et al. 2020). However, measurements have revealed an initial
decrease of water-alkane surface tensions for minute surfactant concentrations.
We used a more advanced model that considers interactions between alkane and
surfactant molecules to capture this effect. These models are described in detail
in paper 4 (Sundin & Bagheri 2022).

By assuming uniform τLIS and τMa on the interfaces, the effective slip
length can be modelled analytically as

b = bSHSβLIS

(
1− τMa

τ∞

)
, (3.21)

where bSHS is the ideal SHS slip length (µi/µ∞ = τMa/τ∞ = 0), and βLIS
corresponds to infusing liquid viscosity effects. This expression contains the
modelling of eq. (3.3). The balance of interfacial surfactant fluxes can be used
to form an expression for τMa. We consider classical Frumkin kinetics here, but
the correspondence for the advanced model is given in paper 4. The expression
for the slip length becomes

b ≈ bSHSβLIS

(
1− 1

αdiff + αS + 1

)
, (3.22)

where we have introduced

αdiff = c1
1

Pe′s

1

2Mack
and αS = c2

Bi′

1 +Daδ

1

2Mack
, (3.23)

with c1 ≈ 2 and c2 ≈ 1/4. The non-dimensional parameters Pe′s, Bi
′, Daδ, and

Ma are interface Péclet, Biot, Damköhler, and Marangoni numbers, respectively,
and ck is normalised bulk surfactant concentration (with detailed definitions in
paper 4). The physical interpretations of αdiff and αS are

αdiff ∼ diffusion rate of inter. surf.

advection rate of inter. surf.

imposed shear stress

Marangoni stress scale
, (3.24)

αS ∼
adsorption/desorption rate
advection rate of inter. surf.

1 + adsorption/desorption rate
diffusion rate of bulk surf.

imposed shear stress

Marangoni stress scale
. (3.25)

For b to decrease notably, it is required that αdiff ≲ 1 and αS ≲ 1. A reduction
by half corresponds to αdiff + αS = 1.

Slip lengths of LIS with water-dodecane interfaces, exposed to the surfactant
sodium dodecyl sulfate (SDS) and τ∞ = 0.33 mPa, are shown in fig. 3.9. SDS
is, for example, used in personal care products (Rosen & Kunjappu 2012).
We adopted equilibrium parameters from Fainerman et al. (2019), but the
non-equilibrium model needs one additional parameter, κd, to characterise the
adsorption and desorption rates. Here, κd = 500 1/s and 5 1/s were used for
the classical model; they only resulted in minor differences. The former has
been used for SHS (Peaudecerf et al. 2017). The lower value was used for the
advanced model. The figure also shows results from SDS on water-air interfaces,
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Figure 3.9. (a) Slip lengths of a SHS (blue) and a LIS (red classical model, yellow
advanced model) as a function of bulk SDS concentration c0. Results of an analytical
model are also included (dashed lines). A zoom-in is given in (b). The symbols indicate
κd = 5 (◦) and 500 (+) 1/s, and the vertical dashed-dotted lines correspond to a
decrease of the analytical model by half (αdiff + αS = 1).

corresponding to SHS. Both bulk exchange models indicate a larger relative
slip length decrease for LIS than SHS for the same surfactant concentration.
The advanced model gives a more considerable decrease than the classical,
reflecting the additional surface tension decrease it describes. The analytical
model (3.22) is also shown. It agrees well with the simulation results. We show
at what concentrations the slip length model has decreased by half, indicating a
significant slip length decrease (c0 = 5 · 10−5 mol/m3 for the classical Frumkin
model with κd = 500 1/s and 4 · 10−4 mol/m3 for SHS).

If the imposed shear stress τ∞ increases, the assumption of uniform τMa

used in the analytical model can become invalid. Uniform τMa corresponds to
an approximately linearly varying interfacial surfactant concentration. Such
distributions might not be compatible with higher τ∞. If incompatible, most
interfacial surfactants get swept towards the stagnation points. The surfactants
form a so-called stagnant cap on a fraction of an interface (borrowing terminology
from rising bubbles, see Palaparthi et al. 2006). Partial stagnant caps can form
if

CSC = c1
1

Pe′s
+ c2

Bi′

1 +Daδ
< 1, (3.26)

but only for high αdiff and αS (corresponding to low concentrations). The lower
limit for αdiff and αS is

αdiff + αS ≈ 1

1− CSC
− 1. (3.27)
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Figure 3.10. (a) Simulation results and the analytical model (3.22) (dashed line)
at τ∞ = 0.33 Pa. Eq. (3.27) gives the lower boundary of the grey region, in which
interfacial surfactant concentration distributions cannot be linear. (b) Distributions of
normalised interfacial surfactant concentrations (surface coverage over ck), showing a
non-linear (blue), an intermediate (red), and a linear (yellow) distribution, correspond-
ing to large, intermediate, and small αdiff + αS , respectively. The inset is a zoomed-in
view, having a reduced vertical axis maximum value.

We illustrate this limit in fig. 3.10a (τ∞ = 0.33 Pa, CSC = 0.059 < 1, advanced
model). In the partial stagnant cap regime (grey area), some slip has been
regained compared to what a uniform τMa would give. This regime could
therefore be beneficial to achieve. A linear, an intermediate, and a highly
skewed interfacial surfactant distribution are shown in fig. 3.10b, the latter two
manifesting partial stagnant caps.

3.3. Comparison of volume-of-fluid to molecular dynamics
simulations

LIS interface fluctuations can result in the depinning of contact lines from
the solid texture corners for large We (cf. fig. 3.4 and see paper 3 for an
extended discussion). Realistic contact line motion is challenging to implement
numerically; the spreading of a contact line is governed by molecular processes
that continuum models effectively must describe. VOF methods typically use
different contact angle models and slip lengths to achieve a satisfying behaviour
(Legendre & Maglio 2015). Here, we compare the dynamic contact angle model
(3.6) to MD benchmark simulations of a nanoscale droplet to evaluate its
accuracy.

The flow configuration is shown in fig. 3.11a. The system is effectively
two-dimensional and considers a droplet sheared between two walls of opposite
velocities of magnitude Uw. The distance between the two walls was H =
29.22 nm. The droplet corresponded to water, and the surrounding fluid was
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Figure 3.11. (a) The sheared droplet configuration. The droplet displacement is
given by the distance between receding and advancing contact lines and characterises
the droplet state. Due to symmetry, ∆xl = ∆xr = ∆x in VOF simulations. (b) The
droplet displacement for λ = 0.47, 0.66, 0.94, 1.87, and 3.74 nm, with the direction of
increase indicated by the arrow (cell height ∆ = 0.91 nm). The capillary number is
Ca = 0.20 < Cac, and the static contact angle is θ0 = 95◦.

water vapour. It is possible to define a capillary number for the system,

Ca =
2µlUw

γ
, (3.28)

where µl is the liquid viscosity. The droplet was initialised in its equilibrium
configuration with static walls. As the walls move, they deform the droplet.
When Ca is not too large, the droplet eventually reaches a steady state, as in
fig. 3.11a. The droplet is torn apart if Ca exceeds a critical capillary number
Cac.

The droplet deformation is measured by the displacement ∆x, equal to
the wall-parallel distance between receding and advancing contact lines. The
displacement of the left and right droplet interfaces are equal due to symmetry
for VOF (∆xl = ∆xr = ∆x), and ∆x is the average of the two in MD. Fig. 3.11b
shows how ∆x varies with the numerical parameter λ (eq. 3.6), using Ca = 0.20
and θ0 = 95°. A larger λ corresponds to a smaller ∆x (similarly to a slip length).
For all tested λ, the droplet reaches a steady state for this capillary number.

The four static contact angles θ0 = 127°, 95°, 69°, and 38° were considered.
For each θ0, one capillary number was selected to calibrate λ, matching the
steady-state MD ∆x. The best matching results are shown in fig. 3.12. For all
four θ0, there are only minor differences in the steady-state ∆x between MD and
VOF results. Phase-field (PF) simulation results are also included in the figure.
This multiphase model is described in paper 5 (Lācis et al. 2022). The most
challenging configuration to match was θ0 = 127°; for θ0 = 127°, we extended
the finite difference stencil used for the curvature computation to improve the
behaviour at large angles. It is also the static angle giving the worst transient
agreement. However, for all contact angles, VOF captures the essential features
of the MD simulations. Simulations for θ0 = 127° had a non-zero slip length
ls = 0.44 nm, obtained from the MD.
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Figure 3.12. The droplet displacement for calibration configurations, showing MD,
PF, and VOF results.

For θ0 = 127° and 95°, we set λ > ∆/2. This condition implies that the
logarithm in eq. (3.6) is negative. Correspondingly, the dynamic contact angle
becomes larger than the static contact angle for the receding contact line and
smaller for the advancing. This behaviour is somewhat unphysical. However, it
is motivated by seeing the dynamic contact angle as a numerical tool to achieve
the desired displacement. A coarser grid with λ < ∆/2 would have the expected
behaviour.

Henceforth, we focus on θ0 = 95° with λ from the calibration simulation
in fig. 3.12b. The droplet displacement evolutions for other Ca are shown
in fig. 3.13. Statistics for the other contact angles showed similar agreement
between MD and VOF and are given in the supplementary material of paper 5.
The dynamics of the droplet deformation and the steady-state ∆x are well
captured by the VOF method. The critical capillary number was exceeded for
Ca = 0.30 (fig. 3.13f ), and the droplet never reached a steady state. VOF
managed to describe these dynamics. It over-predicted MD ∆x slightly for
times larger than 5 ns. However, the qualitative behaviour was also captured
for longer times.

Interface shape for the steady configurations of fig. 3.13 are shown in fig. 3.14.
The results are presented in terms of the interface angle θ(y), corresponding to
the slope of the interface (fig. 3.11). The MD data does not extend down to the
wall; its dynamic angle cannot be accurately determined. There is generally
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Figure 3.13. Droplet displacements for θ0 = 95°. The line colours are the same as in
fig. 3.13 (and d is the same as fig. 3.12b.)

a good agreement between MD and VOF. Deviations are the most significant
close to the upper wall. The capillary number giving the worst agreement
is the highest, Ca = 0.25. A possible explanation for this dissimilarity is
fluctuations of ∆x present in the MD (stick-slip oscillations). However, the
current agreement is considered satisfactory.

Apart from comparing VOF and MD simulations, this chapter has described
how LIS reduce drag and how this effect can deteriorate due to surfactants
and waves caused by turbulent flow. The design map 3.6b indicates how LIS
with longitudinal grooves should be constructed to avoid drag increasing waves.
For transverse grooves exposed to surfactant-contaminated laminar flow, the
analytical model (3.22) shows how the slip length depends on the surfactant
concentration. We hope that fig. 3.6b and eq. (3.22) can be tools to account for
these effects.
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Figure 3.14. Steady interface shapes for θ0 = 95°. Dashed and dotted lines indicate
the wall locations and the static angle, respectively.



Chapter 4

Multifunctional liquid-infused surfaces

Up until now, we have only considered LIS for drag reduction. Other active
research areas include using the lubricant as a repellent coating and increasing
heat transfer by condensation. A few different LIS applications are summarised
below and in fig. 4.1.

The lubricant can repel water, biofouling, and ice, among other things. LIS
have been shown to have outstanding anti-fouling properties (Epstein et al.
2012). Biofouling leads to drag degradation in marine applications. The cost of
biofouling for one US Navy ship class (Arleigh Burke-class destroyer DDG-51)
was estimated to be $1B over 15 years, mainly attributed to increased fuel
consumption due to a drag increase on the order of 10% (Schultz et al. 2011).
LIS do have the ability to reduce biofouling in marine environments (Xiao et al.
2013a). Other applications where biofouling causes problems include medical
implants and food processing (Veerachamy et al. 2014; Chmielewski & Frank
2003).

As the lubricant can prevent water from coming in contact with the solid
surface material, it can reduce corrosion (Tuo et al. 2017). Prevention of bacteria
adhesion also diminishes microbiological corrosion (Wang et al. 2015). LIS can
reduce ice adhesion and formation as ice particles and water droplets easily
slide off the surface (Latthe et al. 2019).

One method to transfer heat is to let vapour condensate at a cold surface,
releasing energy. There are two main types of condensation, namely dropwise
and filmwise condensation. Dropwise condensation is preferable for condensation
heat transfer since no condensate film forms that resist the heat transfer (El Fil
et al. 2020). LIS can be used to enable this condensation mode (Xiao et al.
2013b; Tsuchiya et al. 2017). Since LIS induce high droplet mobility, they also
effectively clear the surface from the condensed droplets.

In the next section, we explore another way to enhance heat transfer with
LIS, namely by using the recirculation inside the cavities of the surface to
convect heat.

4.1. Heat transfer increase

If there is a temperature difference between the external flow and the surface,
the lubricant flow in the texture cavities convects heat. This mode of heat

34
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Figure 4.1. Compared to (a) a smooth surface, (b) LIS can reduce drag and biofouling
while increasing heat transfer. The colours are the same as in fig. 3.1, with the addition
of microorganisms (dark green) and arrows to indicate flow, wall-shear stress (τw),
and surface heat flux (q).
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Figure 4.2. (a) The considered heat transport mechanisms of the LIS system, and
(b) a LIS unit interface cell. The colours are the same as in fig. 3.1.

transfer is significant for some surfaces, being around 10% of the total heat
transfer. In contrast to rough surfaces, LIS can reduce drag (or have similar
drag) compared to smooth surfaces. Thus, these surfaces can increase surface-
liquid heat transfer while maintaining a low power input needed for driving
flow.

Using numerical simulations, we have studied this heat transfer mode. We
used a setup with two isothermal boundaries, considering transverse grooves in
a periodic array as in sec. 3.2. The heat transfer mechanisms of this system
and an interface unit cell is shown in fig. 4.2. We have considered both laminar
and turbulent external flows. The flow was described by eqs. (2.3) and the
temperature governed by

ρcp
∂T

∂t
+ ρcpu · ∇T = ∇ · κ∇T, (4.1)

where T is the temperature, κ is the thermal conductivity, and cp is the specific
heat capacity. Eq. (4.1) is also valid inside the solid with u = 0 imposed (i.e. no
convection).
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Figure 4.3. (a) LIS heat transfer compared to a smooth surface q/q0 for varying solid
conductivity κs. The Prandtl numbers were Pr∞ = 1, 10, and 100 and Re∞ ≈ 100. A
marker represents one simulation; lines connect markers of simulations with equal Pr∞
and µi/µ∞. The arrow indicates an increase in Pr∞, and the dashed line is q/q0 = 1.
(b) Filled temperature contour plot for µi/µ∞ = 1, Pr∞ = 10, and κs/κi = 1, together
with streamlines (white dashed lines). The temperature ranges from Tu to Tl (0 and
1, respectively). Heat fluxes in and out of the groove, normalised by q, are also shown.

Like the surfactant-contaminated flow simulations (sec. 3.2), the laminar
flow simulations were performed with FreeFem++. We used a unit interface
cell with a shear-stress driven flow (fig. 4.2b). The grooves had p = 2k and
w = k, and we defined a velocity U∞ as the (mean) streamwise velocity at the
upper boundary. The corresponding Reynolds number is Re∞ = ρU∞h/µ∞,
where h = 2k is the channel height. We also introduce a Prandtl number
Pr∞ = cpµ∞/κ∞, where κ∞ is the conductivity of the external fluid. The
infusing liquid conductivity was set equal to the external, κi = κ∞, but we
varied the conductivity of the solid. The turbulent simulations were performed
using a finite difference method and a channel flow configuration with a LIS on
one wall. The Reynolds number was Reτ ≈ 180, achieved by keeping the mass
flow rate constant. Interface fluctuations were neglected.

Fig. 4.3a shows the LIS surface-averaged heat flux compared to a smooth
surface, q/q0, for laminar flow. The viscosity ratio was µi/µ∞ = 0.1, 1, and 10,
and the Reynolds number Re∞ ≈ 100. The figure shows results for Pr∞ = 1,
10, and 100. The LIS heat flux is higher for poor solid conductors (κs/κi ≪ 1),
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primarily because of the increased average conductivity. In contrast, if κs/κi ≫
1, the increased convection cannot compensate for the low liquid conductivity.
However, the increase in q/q0 when κs/κi = 1 is due to convection. Therefore,
we will limit the discussion to this situation. It corresponds approximately to
alkane lubricants and polymer solids (such as polydimethylsiloxane, PDMS) or
liquid gallium and steel.

If κs = κi, the heat flux can be expressed as

q =
κ∞

h+ 2k
(Tl − Tu)︸ ︷︷ ︸
qcond

+
ρcp

h+ 2k

∫ h

−k

〈
ṽT̃
〉
dy︸ ︷︷ ︸

qconv,d

+
ρcp

h+ 2k

∫ h

−k

⟨v′T ′⟩dy︸ ︷︷ ︸
qconv,r

. (4.2)

This decomposition is based on the Fukagata, Iwamoto, and Kasagi (FIK)
identity of eq. (4.1) (Fukagata et al. 2005). The first term, equal to q0, represents
heat transfer by conduction and is proportional to the temperature difference
between the lower and upper walls (Tl − Tu). The second term is due to

dispersive convective heat flux. Dispersive fluctuations (T̃ and ṽ) are time-
averaged deviations from the plane mean value caused by the surface texture.
The convective heat flux gives q/q0 > 1 in fig. 4.3a for κs = κi. The remaining
term of eq. (4.2) is due to random (turbulent) fluctuations (T ′ and v′), which
are zero in the laminar simulations.

A temperature contour plot is shown in fig. 4.3b. The temperature levels
are distorted by the convection in and around the groove. The recirculation
increases the temperature in the left part of the cavity and decreases it in the
right part. We also show heat fluxes through the different groove walls and
the interface; heat enters the groove from the bottom and left walls and leaves
through the interface and the right wall. The interface heat flux is slightly
higher than the surface average (1.071 and 1, respectively).

4.1.1. Surface Péclet number

The variation in qconv,d with Reynolds number is shown in fig. 4.4a for µi/µ∞ =
1. This figure also illustrates the increase in qconv,d/q for increasing Pr∞ (0.1,
1, 10, and 100). Alternatively, the results can also be plotted as a function
of the Péclet number Pe∞ = Re∞Pr∞, shown in fig. 4.4b. In this figure,
the curves collapse for a specific µi/µ∞. As the Péclet number represents the
convection to conduction rate, it accounts for the variations in Pr∞. However,
the velocity scale U∞ used for Pe∞ does not characterise the groove flow. A
more appropriate velocity scale is the interface velocity. We use Us to form the
Péclet number

Pei =
ρcpUsk

κi
. (4.3)

Expressed as a function of Pei, q/q
0 collapses even for different µi/µ∞, as

shown in fig. 4.4c.
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Figure 4.4. The normalised convective heat flux qconv,d/q as a function of (a) Re∞, (b)
Pe∞, and (c) Pei with Pr∞ = 0.1, 1, 10, and 100. In (a), only results for µi/µ∞ = 1
are shown, whereas (b) and (c) also include results for µi/µ∞ = 0.1 and 10 (colours
and symbols as in fig. 4.3a). Figure (c) also shows the logarithmic fit (4.4) (black
dash-dotted line).
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Figure 4.5. Illustration of the channel used for turbulent simulations of LIS heat
transfer. The lower wall has a transverse groove LIS, whereas the upper wall is smooth.
The grooves give a solid fraction ϕs = 1/4.

When Pei ≳ 1, the increase in qconv,d/q is notable. A logarithmic fit
approximates the dispersive contribution for 101 < Pei < 103,

qconv,d
q

≈ k

h+ 2k
0.11 ln(Pei − 7.6), (4.4)

shown in fig. 4.4c. This range corresponds to significant heat transfer increases
being attainable in practice.

4.1.2. Turbulent flow

The channel flow configuration used for the turbulent simulations is shown in
fig. 4.5. The lower boundary is a LIS, but the upper wall is smooth. As shown
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Figure 4.6. Comparison of simulation results to eq. (4.8), with ϵ = 0 and ϵ = 2.3·10−3

(solid and dotted lines, respectively). Simulation results are shown with circles. The
colours correspond to Pr∞ = 1, 2, and 4 (blue, red, and yellow). The Reynolds
number of the horizontal axis is Rei = ρUsk/µi.

in paper 6 (Sundin et al. 2021a), eq. (4.4) is also valid for the grooves used
in these simulations, having a slightly lower solid fraction (ϕs = 1/4). The
viscosity ratio was µi/µ∞ = 0.4 (similar to heptane-water), and we performed
simulations for Pr∞ = 1, 2, and 4. We also did simulations with only smooth
walls.

For the turbulent flow, all terms of eq. (4.2) are non-zero. The conduction
term is the same as in the smooth-wall flow,

qcond
q0

=
q0cond
q0

=
κ∞(Tl − Tu)

(h+ 2k)q0
=

1

Nu0
, (4.5)

where Nu0 is the corresponding Nusselt number. For the laminar flow simula-
tions, with no random fluctuations, Nu0 = 1. We also introduce

ϵ =
qconv,r
q

− q0conv,r
q0

(4.6)

as the difference in the random heat flux contributions between the LIS and the
smooth-wall configurations. The three expressions (4.2), (4.5), and (4.6) lead to

q

q0
= 1 +Nu0

(
qconv,d
q0

+ ϵ
q

q0

)
. (4.7)

The parameter ϵ can be assumed to be small. In this situation, eq. (4.7) shows
that Nu0 acts as an amplification factor for qconv,d/q

0. With measured values

Nu0 ∼ 10, this amplification is significant. Therefore, even if the grooves only
occupy a small part of the domain, they still result in a notable increase in
q/q0. The grooves occupy a much larger part of the domain in the laminar
simulations, resulting in larger qconv,d/q (cf. eq. 4.4).
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By using eq. (4.7) in combination with (4.4),

q

q0
=

[
1− q0k

κ∞(Tl − Tu)
0.11 ln(Pei − 7.6)

]−1

+O(ϵ). (4.8)

We compare eq. (4.8) with ϵ = 0 and ϵ = 2.3 · 10−3 to simulation results in
fig. 4.6 (replacing O(ϵ) with the full expression, see paper 6). The latter value
was measured for Pr∞ = 2. A value ϵ > 0 adds a positive contribution to q/q0

on top of the contribution from qconv,d. As the figure shows, q/q0 is on the
order of 10%, increasing with Pr∞.

The drag reduction due to the LIS was 2.8% (based on the total drag of the
lower surface). In comparison, eq. (3.4) predicts 8%. It is a known phenomenon
that LIS with transverse grooves give a lower DR than the ideal value (Fu et al.
2017). A probable explanation is the significant spanwise slip length caused
by this groove orientation, strengthening turbulent structures, but secondary
motion may also contribute. Nonetheless, we achieve a heat transfer increase
and a slight drag reduction. The heat transfer efficiency of the system can be
measured by the Reynolds analogy factor, equivalent to the heat flux to drag
ratio (q/q0)(τ0/τ), where τ0 is the wall-shear stress of the smooth-wall flow
simulations. Rough walls have been seen to have (q/q0)(τ0/τ) < 1 (Leonardi
et al. 2015). For the LIS, it was larger than 1, with a value 1.17 for Pr∞ = 4.
Because of this feature, we believe that heat transfer enhanced by LIS is a
promising approach to improving heat exchangers.

We have in this chapter described how LIS with transverse grooves increase
the surface heat transfer by convection in the texture cavities. This convection is
relevant if the liquid conductivity is comparable to the solid’s (cf. alkane-polymer
solids systems). If they are equal, eq. (4.8) gives the heat transfer increase.
Eq. (4.8) shows that the recirculation heat transport can be significant in both
laminar and turbulent flow systems.



Chapter 5

Conclusions and outlook

This work considers the interaction of filamentous structures and liquid-infused
surfaces (LIS) with flows. Such structures can be used as sensors, decrease
drag, or increase heat transfer. However, they need to be carefully designed to
generate the desired behaviour.

A filament bed-turbulent flow interaction is affected by the filament reso-
nance frequency. Numerical simulations showed that if this frequency is lower
than typical wall-shear stress frequencies, the filament movement is too slow
to influence the flow significantly. However, the filaments conform to slow
structures such as streaks. They can therefore be used as sensors for these
near-wall structures. These filaments had mass densities much larger than the
fluid. Lighter filaments have a higher resonance frequency. Such filaments could
adapt better to the turbulent forcing, creating local regions with high porosity.
The higher porosity gave rise to higher turbulence isotropy and a significant
increase in drag. A simple sensor can also be constructed by suspending a
conductive filament between two supports. The flow velocity relates to the
filament strain, deflection, and electrical resistance. If made from a soft material,
the sensor can be made considerably durable.

LIS consist of surface textures with an infusing liquid, immiscible with the
external fluid. The mobility of the infusing liquid gives rise to a slip velocity at
the fluid-liquid interfaces, decreasing drag. However, waves can develop on the
interfaces if the surface tension is too low or the texture cavities are too large.
We have performed simulations of LIS with longitudinal grooves subjected to
turbulent flows to investigate capillary waves on LIS. The simulations used
the volume-of-fluid (VOF) method. Waves developing on the interfaces could
induce roughness effects that increase drag. The wave growth mechanism was
explained by adapting the theory developed by Miles (1957) for gravity waves.
This theory relates the growth of the waves to an energy transfer from the mean
turbulent flow. Using this theory, we provide criteria for designing LIS without
drag-increasing waves.

Surfactant contaminants can induce Marangoni stresses on LIS and super-
hydrophobic surface (SHS) interfaces, eliminating their drag-reducing capability.
We have investigated the effects of surfactants on LIS with transversal grooves
and water-alkane interfaces using numerical simulations of steady laminar flow.
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Surfactants tend to result in a more significant slip length reduction for such LIS
than SHS. To explain and predict the transport mechanisms of the surfactants,
we developed an analytical model that compared well with the simulation results.
The analytical theory assumed a linear distribution of interfacial surfactants. At
high shear rates, the assumption of linear distributions breaks down. Instead,
most surfactants are swept towards the downstream stagnation point. Some of
the slip is then regained, as the upstream part of the interface does not have
any significant surface tension gradients.

The VOF framework used to investigate the LIS capillary waves has
been compared to molecular dynamics (MD) simulations of a two-dimensional
nanoscale droplet. The wall-parallel distance between the lower receding and
the upper advancing contact lines (droplet displacement) at a specific capillary
number was used to calibrate the dynamic contact angle model. The accuracy
of the VOF simulations could then be investigated by comparing interface
shape and behaviour at other capillary numbers. At a sufficiently high capillary
number, the droplet was torn apart. The VOF algorithm accurately described
droplet shape, the critical capillary number for droplet breakup and unsteady
features. The receding dynamic contact angle had to be set larger than the
equilibrium angle at large contact angles (equilibrium angles 95° and 127°). This
unrealistic behaviour reveals the challenge of modelling high contact angles but
can be justified by using the dynamic contact angle as a numerical tool.

LIS are used for other purposes than drag reduction. We have investigated
the contribution of lubricant recirculation to surface heat transfer. Laminar
simulations showed that for this heat transfer mode to be relevant, the solid
texture needs to have a similar thermal conductivity as the liquids. The recircu-
lation heat transport must also be comparable to the conduction, corresponding
to a surface Péclet number Pei ≳ 1. LIS subjected to turbulent external flow
show similar lubricant convection. However, a turbulent flow contains random
fluctuations that amplify the effects of the groove recirculation.

5.1. Future directions

Finally, we mention some possible continuations of the projects included in this
thesis.

The filament aspect ratio, pitch, and elasticity can be varied in many ways.
Different length and time scales might dominate other filament bed configura-
tions. For example, it is expected that the viscous stresses of the flow between
the filaments can become more important than filament inertia. Identification
of such regimes would enable an easier categorisation of mechanisms in natural
beds and facilitate the design of artificial beds for specific purposes.

The proposed usage of the doubly supported filament sensor restricts mea-
surements to flow in the direction facing the ribbon. Multi-component velocity
measurements would be relevant to, for example, micro air vehicle applications
(paper 2). Byers et al. (2018) combined elastic filament velocimetry and hot-
wire anemometry to obtain two velocity components. A similar combination
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of modes could be explored with the current design. Multiple ribbons might
also be arranged in specific geometrical patterns to enable multi-component
measurements.

The LIS studies presented here have used numerical and analytical methods.
Ideally, experimental studies should complement them, possibly revealing new
challenges in applying the results to real-world applications. A few complications
arise if experiments are performed with finite longitudinal grooves similar to
those of Temprano-Coleto et al. (2021): (i) The capillary waves on the LIS
interfaces were considered for effectively infinite longitudinal grooves (sec. 3.1).
On finite grooves, waves have a finite distance to develop and might therefore
require a higher growth rate to cause drag degradation. The flow fields of finite
grooves are also slightly different, as mass conservation requires a backflow
(Schönecker et al. 2014). Moreover, surfactant contaminants might dampen the
capillary waves; surfactants are known to dissipate wave energy by resisting
interface deformations (Manikantan & Squires 2020). (ii) Three-dimensional
effects can influence the surfactant induced surface tension gradients, and the
analytical theory should be appropriately adjusted (sec. 3.2) (Landel et al. 2020;
Li et al. 2020; Temprano-Coleto et al. 2021). Such effects can also impact the
surface heat flux (sec. 4.1).

Marangoni stresses are not only created by surfactants but also by tem-
perature gradients (Leal 2007). The recirculation in the LIS cavities does give
rise to interfacial temperature differences. Under specific circumstances, these
could result in significant Marangoni stresses and corresponding thermocapillary
flow. It has been proposed that SHS with an applied temperature gradient can
be used for microfluidic pumping (Baier et al. 2010). The LIS heat transfer
mechanism of sec. 4.1 has the potential to be used for similar purposes.
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Papers





Summary of the papers

Paper 1

Interaction between hairy surfaces and turbulence for different surface time
scales

This paper presents results from numerical simulations of turbulent flows over
filamentous beds. The simulations use a lattice-Boltzmann method, and the
filament model is based on the Euler-Bernoulli equation. The flow-filament
interaction is characterised by the difference in relevant time scales between
filaments and turbulence. The filament time scale is varied by modifying the
filament mass and elasticity. Heavy and soft filaments have a low resonance
frequency, whereas light and stiff filaments have a high resonance frequency.
Filaments in the former category do not modify the turbulence to a large extent
but conform to slow flow structures in the vicinity of the wall. Filaments in
the latter category result in regions with increased permeability and induce a
significant flow drag. A simple analytical model of a filament transfer function
is also compared to simulation results.

Paper 2

A soft material flow sensor for micro air vehicles

We consider a novel sensor design consisting of a ribbon made of a soft material
suspended between two static supports. This concept is based on elastic filament
velocimetry, using the strain of the ribbon to measure the flow velocity. The
main advantages of the sensor are the high ribbon durability and the simple
fabrication process. A sensor prototype is manufactured in polydimethylsiloxane
infused with silver nanowires. The nanowires make the ribbon piezoresistive.
We compare experimental results to an analytical model under steady conditions.
An analytical model for the transient behaviour is also developed and validated
by numerical simulations of the ribbon dynamics. The models show that the
sensitivity and time scales of the sensor can be tuned by changing the ribbon
geometry or material properties.
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Paper 3

Roughness on liquid-infused surfaces induced by capillary waves

Liquid-infused surfaces (LIS) may experience shear-driven drainage. This paper
shows that drag increasing waves also can appear on the liquid-liquid interfaces
of submerged LIS. We investigate such waves by numerical simulations of
turbulent flow over LIS with square longitudinal grooves. The simulations use
a volume-of-fluid (VOF) method to describe the interface movements. Wave
amplitudes are larger for lower surface tension and wider grooves, but the
infusing-to-external liquid viscosity ratio does not significantly influence them.
The waves observed in the simulations can be explained by an analytical theory
developed for water waves generated by wind. We provide scaling laws and
design guidelines to limit the wave amplitudes using the theory.

Paper 4

Slip of submerged two-dimensional liquid-infused surfaces in the presence of
surfactants

Surfactants can deteriorate the slip length of LIS even at minuscule concen-
trations. Such concentration can be present in seemingly clean flows due to
contamination from the surrounding environment. This paper shows results
from simulations of contaminated laminar Stokes flow over LIS with transversal
grooves and alkanes as infusing liquids. The surfactants can adsorb onto the
LIS interfaces. Adsorbed surfactants are advected by the flow, diffuses, and can
desorb back into the bulk flow. Two bulk exchange models are used: classical
Frumkin kinetics and a model that considers the interaction of alkane and
surfactant molecules. An analytical model of the effective slip length is also
developed, agreeing well with simulation results at low shear rates. However,
the model fails at high shear rates because interfacial surfactants are swept to
the end stagnation points. We provide a condition for the onset of this regime.

Paper 5

Nanoscale sheared droplet: volume-of-fluid, phase-field and no-slip molecular
dynamics

This paper describes the simulation results of a two-dimensional nanoscale
droplet sheared between two moving walls. The three multiphase methods VOF,
phase-field (PF), and molecular dynamics (MD), are compared, considering
four different equilibrium contact angles. The MD simulations are used as a
benchmark for the two continuum models. First, the unknown parameters of
the continuum models are calibrated against the MD data for specific capillary
numbers. The results of the calibrated models are then compared to the MD
results for other capillary numbers. VOF and PF can accurately describe the
droplet deformation and predict the droplet breakup occurring at high wall
velocities. Some differences are observed, however. Notably, the MD droplet
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shows ”stick-slip” behaviours at high capillary numbers that the current contin-
uum models cannot describe. Hopefully, these results can aid the development
of accurate continuum models for nanoscale phenomena.

Paper 6

Heat transfer increase by convection in liquid-infused surfaces for laminar and
turbulent flows

An external flow gives rise to recirculation in LIS texture cavities. The recircu-
lation convects heat and thereby increases the surface heat flux. Laminar flow
simulations of LIS with transversal grooves show that this additional convection
can be relevant if solid and liquid thermal conductivities are similar. Therefore,
we mainly consider equal solid and liquid conductivities. A surface Péclet
number indicates the magnitude of the cavity convection. This number should
be on the order of unity or larger for the convection to be notable. Turbulent
flow simulations are also performed. The cavity convection in the turbulent
system is similar to the laminar. However, the turbulence also convects heat,
enhancing the effect of the groove recirculation. This system shows a slight
drag reduction and a heat transfer increase of around 10%.






