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“The future is something which everyone reaches at the rate of sixty minutes
an hour, whatever he does, whoever he is”

C.S. Lewis





Numerical and experimental investigations of fluid-surface
interaction

Aidan Rinehart

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

Abstract
Fluid-structure interactions play a central role in an overwhelming number of
physical phenomena. All fluid dynamic students are familiar with the common
assumption of a “smooth boundary”. While this assumption often is enough
to provide a high level understanding of the dynamics and physics at hand in
practice this is not true. Much of the detail and the unique phenomena can be
traced back to surface properties that deviate from this elementary assumption.
In this work we investigate three problems all motivated by the existence of
non-smooth surfaces.

The first paper considers how inhomogeneous surfaces can generate a lift
force for lubricated contacts. This work showcases how subtle changes to surface
texture or chemistry modeled by a slip length can invoke non-trivial forces.
These forces result in striking particle trajectories not possible in the presence
of a smooth no-slip wall.

The next work focuses on porous surfaces. Often the geometry of surfaces
in nature and industry are complex covering a wide range of length scales.
Resolving all the scales of motion arising from fluid interaction with such
surfaces are computationally expensive. Effective equations are often applied to
reduce the cost of such simulations. The Brinkman equation is one common
model choice for free-fluid and porous surface interface. Despite the common
application of the Brinkman equation, fundamental questions about what the
effective viscosity should be remain open. We compare pore-scale Stokes flow
solutions to the Brinkman model for several porous surfaces. This study provides
a scaling for the effective viscosity as well as error quantification of the Brinkman
model.

Lastly, we investigate how porous surfaces modify a turbulent boundary
layer. Streamwise preferential porous surfaces have recently been suggested as a
surface modification that has the potential to reduce drag. We compare particle
image velocimetry measurements with direct numerical simulations focusing on
the near wall features that are modified from the canonical smooth wall case.
We present some preliminary turbulent statistics and flow visualizations in the
current report.

Key words: surface, Brinkman, slip length, porous material
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Numerisk och experimentell undersökning av interaktion
mellan vätskeytor

Aidan Rinehart

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

Sammanfattning
Interaktionen mellan fluider och strukturer spelar en central roll i ett överväldigande
antal fysikaliska fenomen. Alla studenter i strömningsmekanik är bekanta med
antagandet om en slät yta”. Detta antagande är ofta tillräckligt för att skapa en
djup först̊aelse av dynamiken och fysiken hos ett problem, men är i praktiken
inte sant. Många detaljer och unika fenomen kan kopplas till egenskaper hos
ytor som skiljer sig fr̊an detta enkla antagande. I det här arbetet tittar vi p̊a
tre problem som alla är motiverade av förekomsten av ojämna ytor.

Den första artikeln beskriver hur icke-homogena ytor kan generera en
lyftkraft i kontakten mellan tv̊a ytor där det finns smörjning. Detta arbete visar
hur subtila förändringar av ytstruktur eller ytkemi, som modelleras med en
ändlig hastighet vid ytan (genom en s̊a kallad glidlängd), kan ge upphov till
icke-triviala krafter. Dessa krafter resulterar i partikelbanor som inte är möjliga
vid en slät vägg.

Nästa arbete fokuserar p̊a porösa ytor. Ofta är geometrin hos ytor i naturen
eller i industrin extremt komplex och inneh̊aller ett stort antal längdskalor. Det
är många g̊anger extremt dyrt att beskriva alla längdskalor hos dessa ytor i
simuleringar. För att minska kostnaden används istället modeller. Brinkman-
ekvationen är en vanlig modell av gränsskiktet mellan en fluid och en porös yta.
Trots att Brinkman-ekvationen ofta används s̊a är fortfarande grundläggande
fr̊agor obesvarade vad gäller parametern som beskriver den upplevda viskositeten.
Vi jämför flödeslösningar av Stokes ekvationer p̊a porniv̊a med Brinkman-
modellen för flera porösa ytor. Denna studie ger en skalning för den upplevda
viskositeten, men ocks̊a en uppskattning av felet hos Brinkman-modellen.

Slutligen undersöker vi hur porösa ytor p̊averkar ett turbulent gränsskikt.
Porösa ytor med lägre motst̊and i strömningsriktningen har nyligen föreslagits
ha potential att minska flödesmotst̊andet. Vi jämför experimentellt uppmätta
hastighetsfält (gjorda med particle image velocimetry”) med numeriska simule-
ringar, och fokuserar p̊a ändringen av flödet nära väggen jämfört med fallet med
slät vägg. Vi presenterar preliminär turbulensstatistik och flödesvisualiseringar
i den nuvarande rapporten.

Nyckelord: yta, Brinkman, glidlängd, poröst material
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Preface

This thesis deals with the investigation of how surfaces interact and modify
overlying and internal flows. A brief introduction of the main ideas and ap-
proaches are presented in the first part. The second part contains three articles.
The first paper is published in Physical Review of Fluids, the second paper will
be submitted shortly and the final paper is an internal report. The papers are
adjusted to comply with the present thesis format for consistency, but their
contents have not been altered as compared with their original counterparts.

Paper 1. A. Rinehart, U. Lācis, T. Salez, S. Bagheri, 2020. Lift induced
by slip inhomogeneities in lubricated contacts. Phys. Rev. Fluids 5 (8), 082001.

Paper 2. A. Rinehart, U. Lācis, S. Bagheri. Validation of Brinkman
equation for a steady shear flow over porous media. To be submitted.

Paper 3. A. Rinehart , S. Habib Khorasani, C. Efstathiou, M. Luhar,
S. Bagheri. Experimental and numerical investigation of turbulent boundary
layer over an anisotropic porous plate. Internal report.

March 2021, Stockholm

Aidan Rinehart

vii



Division of work between authors

The main advisor for the project is Prof. Shervin Bagheri (SB). Dr. Ugis Lacis
(UL) acts as co-advisor. Additional contributions came from Prof. Thomas
Salez (TS), Samuel Sirot (SS), Seyed Habibi Khorasani (SK), Dr. Christoph
Efstathiou (CE), and Prof. Mitul Luhar (ML).

Paper 1. The code has been developed by Aidan Rinehart (AR) with support
from UL. Simulations were run by AR. Analytical derivations were carried out
by AR with feedback from UL and TS. The scaling analysis was carried out by
UL with feeback from AR, TS and SB. The paper was written by AR, UL, and
SB with feedback from TS.

Paper 2. The code was developed by AR and SS with support from UL. The
simulations were run and data processing conducted by AR. The paper was
written by AR with input from UL and SB.

Paper 3. Experiments were conducted by AR with CE providing assistance.
Experimental data processing was conducted by AR with support from CE
and ML. SK conducted the DNS code and processed the numerical results.
All authors discussed the results. The paper was written by AR and SK with
feedback from CE, ML, and SB.

Conferences

Part of the work in this thesis has been presented at the following international
conferences. The presenting author is underlined.

Aidan Rinehart, Ugis Lacis, & Shervin Bagheri. Validation of Brinkman
Equation for a simple shear driven flow over porous media. American Physical
Society Division of Fluid Dynamics. Chicago, Illinois USA (Online), 2020.

Aidan Rinehart, Ugis Lacis, Thomas Salez, & Shervin Bagheri. New
repulsive lift force between objects due variations of wall slip. American Physical
Society Division of Fluid Dynamics. Chicago, Illinois USA (Online), 2020.

Aidan Rinehart, Ugis Lacis, Thomas Salez, & Shervin Bagheri. Spon-
taneous Lift of Particles Through Inhomogeneous Slip Surfaces in Lubricated
Contacts. American Physical Society Division of Fluid Dynamics. Seattle,
Washington USA, 2019.

Aidan Rinehart, Ugis Lacis, & Shervin Bagheri. Particle drift from
inhomogeneous slip length wall. Liquids at Interface. Bordeaux, France, 2018.

viii



Contents

Abstract v

Sammanfattning vi

Preface vii

Part I - Overview and summary

Chapter 1. Introduction 1

Chapter 2. Numerical investigations 3

Chapter 3. A lubrication problem 5

3.1. Description of the problem 5

3.2. Selected Results 7

Chapter 4. A porous problem 9

4.1. Description of the problem 9

4.2. Selected results 11

Chapter 5. A turbulent problem 14

5.1. Description of the problem 14

5.2. Selected results 17

Chapter 6. Conclusions and outlook 19

Acknowledgements 21

Bibliography 23

ix



Part II - Papers

Summary of the papers 33

Paper 1. Lift induced by slip inhomogeneities in lubricated
contacts 35

Paper 2. Validation of Brinkman equation for a steady shear
flow over porous media 59

Paper 3. Experimental and numerical investigation of turbulent
boundary layer over an anisotropic porous plate 83

x



Part I

Overview and summary





Chapter 1

Introduction

The interaction between surfaces and overlying flows is responsible for many
critical phenomena. One such example in nature is how porous surfaces like soil
or bone tissue allow for the transport of nutrients essential for vital processes.
Industrial applications consider surface design essential for efficient transport
in internal flows ranging from small bio-medical devices to large scale oil pipe
lines. Increasingly, multifunction surfaces are sought after that can enhance
certain features without significant losses in other functions. One such trade-off
can be observed in heat exchangers or ship hulls where transport is enhanced
or bio foiling limited while minimizing the drag increase (Sundin & Bagheri
2019). From this short list it is obvious that surfaces can play a significant
role in a vast range of applications. Understanding how surfaces modify their
overlying flow can provide insight into naturally occurring processes as well as
help develop tools for design choices involving the transport of fluid.

We begin with a simple departure from the smooth wall case to motivate the
following thesis. Students of fluid dynamics are often introduced to the concept
of the no-slip condition. This idea originates from continuum mechanics where
a viscous fluid is treated as a continuous material and not distinct particles.
In the continuous assumption one can consider a flow near a solid stationary
wall. It follows that the flow closest to the wall must decay to exactly zero
velocity at the wall, the no-slip condition. This is visually depicted in Fig.
1.1(a) where the velocity vectors shown as blue arrows decay while approaching
the stationary wall in grey. This assumption is particularly useful as a simple
boundary condition that captures the most dominate features of many viscous
flows. However the simplest model is not alway the most accurate. There are
several simple examples that show the no-slip condition is not the appropriate
description. One such class of examples are rough surfaces shown in Fig. 1.1(b).
When the roughness height is appropriately sized the surface can then be
modeled as a smooth wall with a slip velocity at the interface. This can be
understood as an average velocity over patches of solid and fluid that result
in a non-zero fluid velocity at the effective surface shown in Fig. 1.1(b) with
the dashed line. Figure 1.1(c) is the resulting model problem where the rough
wall is replaced with a smooth wall and slip condition shown as a non-zero
velocity indicated by the green arrow. This description is called the Navier slip

1



2 1. Introduction

a) b) c)

Figure 1.1: Visual representation of the no-slip and slip boundary condition
at surfaces. a) Flow over a smooth surface that has a no slip condition at the
surface. b) Flow over a rough surface where velocity profiles vary due to the
change in location of the surface. c) An effective model of the rough surface is
given by a smooth wall with a slip boundary condition shown with the green
arrow.

condition (Navier 1823). The slip surface is often the leading order description
of a non-smooth surface.

The work of this thesis focuses primarily on how surface features can modify
the overlying flow. The thesis can be viewed as a three step progression in
surface features occurring in increasingly complex flows. Part one continues with
an overview of the three projects and some selected results. The first project
involves the force generated within a simple lubrication problem where the
wetted surfaces have inhomogeneous properties. The second project considers
flow over porous media, providing evaluation of the Brinkman equation as an
effective model for various porous surfaces. The final project is a turbulent
boundary layer over an anisotropic flat plate to probe the application of potential
drag reducing surfaces. The overview is concluded with a synopsis of the planned
future work. Part two of the thesis contains the articles and report the thesis is
based on.



Chapter 2

Numerical investigations

The first two projects involve simulation of Stokes flow in simple geometries.
These two projects share similar problem formulation and numerical tools used
to solve the flow fields and as such the numerical method is presented first with
the details of the two problems being introduced in the following chapters. The
finite element method is a tool for solving partial differential equations (PDE).
This is accomplished by translating the PDE to a variational formulation. This
can be considered a four step process and will be briefly described by applying
the formulation to a Stokes flow problem defined as,

∇p = µ∇2u, (2.1)

∇ · u = 0, (2.2)

where p is the pressure µ the fluid viscosity and u the velocity vector. The first
equation is Stokes equation and the second is the conservation of mass where
density is assumed constant. First multiply the PDE by the test functions v
and q,

∇p · v = µ∇2u · v, (2.3)

q∇ · u = 0. (2.4)

Second integrate over the domain Ω,
∫

Ω

∇p · v =

∫

Ω

µ∇2u · v, (2.5)

∫

Ω

q∇ · u = 0. (2.6)

Third apply integration by parts to move the derivate to the test functions,
∫

Γ

pn · v −
∫

Ω

p∇ · v =

∫

Γ

v∇u · n−
∫

Ω

µ∇u : ∇v, (2.7)

∫

Ω

q∇ · u = 0, (2.8)

where the boundary is defined as Γ, and n is the outward pointing normal unit
vector. Lastly boundary conditions are applied. At this point the PDE has
been transformed into a variational form. The next step applies the Galerkin
method which searches for an approximate solution within a finite-dimension

3



4 2. Numerical investigations

a)                                                                             b)                                                                             c)

Figure 2.1: Example Stokes flow problem solution with FEM solver. (a) Domain
discretization into triangle elements over the fluid domain. (b) Stream wise
velocity component of stokes flow solution. (c) Wall normal velocity component
to the Stokes flow problem.

space. The domain is decomposed with a mesh that defines the piece-wise
elements of the problem to be solved. Additionally within the Galerkin method
basis functions are selected. Linear combinations of the basis functions are
then used to construct the test functions. Basis functions typically are simple
polynomials.

The particular software tool used within this thesis is an open source package
called FreeFem++ (Hecht 2012). The variational form shown in Eq. 2.8 is coded
within the FreeFem environment with associated boundary conditions to define
the problem. The mesh and matrix building are accomplished internally. The
problems addressed in this thesis make use of body fit meshes as shown in Fig.
2.1(a) where a porous geometry is modeled from Chapter 4. Stokes equations
are modeled with quadratic basis functions (P2) for velocity and linear basis
functions (P1) for pressure. Boundary conditions can be given as either velocity
or stress conditions depending on the problem being modeled. A representative
problem from Chapter 4 is shown in Fig. 2.1. Here a porous domain is modeled
with an overlying free fluid driven by a fixed velocity at the top boundary and
periodic vertical boundary conditions to represent a repeating porous structure.
More detailed discussion of the physics of this problem will be addressed in
Chapter 4 and paper 2. Here the intent is simply to introduce the framework
for modeling flow within the FreeFem tool that is utilized within this thesis.



Chapter 3

A lubrication problem

3.1. Description of the problem

The first study addressed in this thesis is a classic lubrication problem. The main
feature within lubrication theory is a thin layer of liquid that facilitates wear
reduction by preventing the two solid objects from making contact. Lubrication
plays a vital role in biological processes including joint motion and even red blood
cell location in blood vessels. It also is a critical tool in industrial applications
facilitating motion of heavy objects and high rotation speeds. Additionally,
lubrication is the governing physical description for many thin films such as
those observed in printing processes. Classic lubrication assumes a perfectly
smooth surface. In this work we consider how simple discrete surface changes
modify the lubrication effect. The changes in surface are modeled generically
with a slip length that could represent surface changes induced from; roughness,
chemistry or electromagnetics. We consider a simple two dimensional problem
where a circular cylinder travels near a wall. We then impose discrete surface
changes on the neighboring wall or the cylinder surface as show in Fig. 3.1.

The Reynolds equation is the governing differential equation for lubrication
problems. The Reynolds equation is obtained due to the exceedingly small
length scale found in lubrication problems. The small length scale, δ can be a
thin gap between solid objects or a film thickness. The ratio of length scales
is ε = δ/r with r representing the macro length scale in this case the cylinder
radius. If we consider the case where the cylinder is traveling parallel to the
wall the non-dimensonalization takes the following form,

x = lcX, z = δ0 Z, h = δ0H, u = V ‖ U, w =
ε1/2V ‖√

2
W, p =

lcηV
‖

δ2
0

P,

where lc =
√

2δ0r is the length scale associated with the region lubrication
theory is valid. Then, expansion of the Stokes equation with the above non-
dimensonalization and keeping only ε terms ofO(1) yields the Reynolds equation,

∂P

∂X
=
∂2U

∂2Z
,

∂P

∂Z
= 0,

∂U

∂X
+
∂W

∂Z
= 0. (3.1)
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6 3. A lubrication problem
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Figure 3.1: Two lubrication models. (a) 2D solid cylinder moving near a flat
wall with a transition from a slip (blue) to a no slip (grey). (b) 2D cylinder
half-coated with a slip region and moving near a wall. (c),(d) Sketches of
cylinder trajectories for the two systems with δ0 = 0.05r, ` = 1.79δ0 and
cylinder density ρc = 8.77ρ. The particle experiences a small rotation that is
not visually observable. (e) Gap thickness versus the transverse displacement
of the cylinder. Inset shows the trajectory over a larger spatial extent.

Additionally the boundary conditions for the wall parallel case in the laboratory
frame of reference are,

W |Z=0,H = 0, U |Z=H = 1, U |Z=0 = L∂ZU |Z=0 S. (3.2)

There is no wall normal velocity, W , at either cylinder or wall surface due to
the impermeable condition. The cylinder has a prescribed velocity at Z = H.
The wall, Z = 0, has a surface change modeled with the Navier slip boundary
condition. Here the wall surface is modeled with two distinct sections by the
step function S, when X < 0, S is equal to one (modeling a finite slip) and
when X > 0, S is zero (resulting in a no-slip condition). The transition from
slip to no-slip occurs at S = 0. From the solution of Eqs. 3.1 and 3.2 one can
project the fluid stress on the cylinder surface to obtain the fluid forces acting
on the cylinder,

f‖x =
√

2ε−1/2

∫ ∞

−∞
(2XP + ∂ZU) dX, (3.3)

f‖z = 2ε−1

∫ ∞

−∞
PdX, (3.4)

t‖ =
√

2ε−1/2

∫ ∞

−∞
∂ZUdX. (3.5)

Two simple examples of the particle dynamics are provided in Fig. 3.1(c-
e), where cylinders travel under the influence of gravity along a wall. Both
cylinders are displaced away from the wall due to the inhomogeneous slip
surface generating a lift force. Due to the simple nature of these problems exact
solutions can be obtained for the forces and torque in Eq. 3.5 that are only
functions of slip length. These exact force and torque solutions can be further
simplified through expansions in the slip length and keeping only the leading
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order term. Thus scaling arguments are obtained specifically for the wall normal
displacement through a balance of the leading order lift and drag force.

3.2. Selected Results

Most important in our results in the lift force that is generated. We show
through simple scaling arguments that the lift force generated from a single
discrete surface change holds the following relationship,

Fz ∼ ηV ‖ε−1L, (3.6)

where Fz is the wall normal lift force and V ‖ is the wall parallel speed of the
particle. The non-dimensional slip length is L = `/δ0 where δ0 is the initial
gap thickness and finally the scale separation parameter ε = δ0/r � 1 with
r being the radius of the particle. To probe the significance of this force it
is insightful to compare with other forces that exist in a similar environment
and may even be mutually present. We take for example elastohydrodynamic
forces. Davies et al. (2018) have shown experimentally that deformations of
soft walls can produce a wall normal lift force through a pressure asymmetry.
They go on to quantify the elastohydrodynamic force one could encounter for
typical red blood cells traveling near soft blood vessel walls as FEHD = 0.15 pN.
If we assume the same typical cell and flow parameters: red blood cell radius
r = 3 µm, cell-wall gap δ = 0.5 µm, fluid viscosity η = 1.5 mPa s, and speed
V ‖ = 0.286 mm s−1 estimated by multiplying the 100 s−1 shear rate and the
cell radius then our force scaling also generates comparable lift forces with slip
length as small as a few nanometers. This suggest that the force generated by
surface variations could be contributing to fundamental biological processes.

Another intriguing result arose from a simple extension. Initial simulations
utilized a gravity force to drive the cylinder; however, one might equally wonder
about neutrally buoyant cylinders. Perhaps the most visually appealing result
comes from such consideration. A Janus particle, one that has two distinct
faces or surfaces, shown in Fig. 3.1(b) was made neutrally buoyant and driven
at a constant rotational velocity. The real world implication might not be so
significant, the particle trajectory in Fig. 3.2 is a rather beautiful spiral that
slowly migrates along the wall and even slower away from the wall. The complex
spiral motion results from the inhomogeneous slip generating a wall normal
force that changes direction due to the imposed rotation. The more detailed
discussion of the physics driving this motion are saved for the first paper.
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Figure 3.2: Neutrally buoyant janus particle with a constant imposed rotation.
Left panel shows the particle orientation in time from A to E. The right panel
shows the particle trajectory over several rotations.



Chapter 4

A porous problem

4.1. Description of the problem

The second problem investigated is Stokes flow through a porous material. The
porous surface modifies the flow by allowing penetration below the interface
between the free fluid and solid structure as well as a slip along the interface
between the free fluid and porous region. Porous surfaces are prevalent in
nature: soil, rock and even vegetation create structures that allow through flow
(Shavit et al. 2004). Porous materials are often implemented to enhance heat
transfer or used as filtering devices for industrial applications (Zhao et al. 2006).
One of the main challenges with porous surfaces is the dependence on geometry
of the structure which make universal models difficult or impossible to obtain.
Simulations of geometry resolved porous structures are often prohibitive due to
the vast range of length scales required to resolve the small geometries of the
pore domain and the large scales found in overlying flow. A method for solving
these types of flows is to provide an effective model for the porous domain, such
as the Brinkman equation (Brinkman 1949). The Brinkman equation has found
wide application as a simple model to couple porous flows to overlying flows.
Despite its wide usage, the key parameter in the Brinkman equation, effective
viscosity, remains a source of controversy (Lévy 1983; Auriault et al. 2005;
Auriault 2009; Angot et al. 2017). The literature on the Brinkman equation
seems to have advocates in every possible camp on what value the effective
viscosity could take. In this study we seek to provide quantitative evaluation of
the Brinkman equation as an effective model. We also suggest a scaling that
holds over large solid volume fractions for the effective viscosity based on slip
length and permeability.

We investigate several simple porous geometries created from regular re-
peating cylinders of various cross-sectional geometries these are shown in Fig.
4.1. The porous structures are exposed to shear and pressure driven flows.
To evaluate the Brinkman equation we first calculate a pore scale solution to
the Stokes flow problem using numerical methods outlined in Chapter 2. The
streamwise velocity solutions to the pore-scale resolved flow are then averaged
using a combination of plane (near the interface) and volume (below the top
solid structure) averages generating a representative velocity profile, up, in the
porous domain.

9
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Figure 4.1: The porous model problems considered within this work. a) Rep-
resentative model problems showing geometry resolved porous domain with
imposed shear flow (blue) or pressure driven flow (green). b) A close up of the
representative volume element defining the porous domain. Where l2 is the
volume of the element and r is the dimension associated with the solid volume.
c) Shows the model problem where the porous domain, Ωp, is modeled with an
effective equation and Ωf being the free fluid domain. d) Shows the computation
domain and associated boundary conditions. The upper wall has Ut equal to
1 (shear driven) or zero (pressure driven). Periodic boundary conditions on
the vertical boundaries. No slip condition on the bottom boundary and solid
surfaces, Γc. A volume forcing Fv in the fluid domain to model the pressure
gradient that is zero for the shear driven case. e) The porous geometries consid-
ered with the first column containing rough surfaces and the second column
containing the smooth surfaces.

We then seek to evaluate the Brinkman equation as a model for the velocity
within the porous domain. We consider the one-dimension Brinkman equation
in dimensionless form,

u = −kxx
∂p

∂x
+ µkxx

d2u

dy2
, (4.1)

where u is the velocity in the x direction and only a function of y (the wall
normal direction), p is the pressure, and µ is the ratio of the Brinkman viscosity
over the fluid viscosity called the effective viscosity. The permeability, kxx,
defines the resistance the fluid experiences traveling through the porous material
in the x direction. We have simplified Eq. 4.1 by only allowing streamwise
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pressure gradients. Assuming that the permeability is constant through the
porous domain an analytical solution of Eq. 4.1 is obtained,

ub = −kxx
∂p

∂x
+ (us + kxx

∂p

∂x
)ey/δ (4.2)

here us is the slip velocity at the interface, and δ =
√
µkxx. The domain starts

at the interface between the free fluid and porous domain where y = 0 is the top
most point in the solid structure of the porous material. The effective viscosity
is used as a free parameter to minimize the L2 error defined as,

E2 =

√
N∑
i=1

(ub(i)− up(i))2

√
N∑
i=1

(up(i))2

, (4.3)

where N is the number of discrete y locations used to generate the velocity
profiles.

4.2. Selected results

One of the common challenges to applying the Brinkman equation as an effective
model is selection of the effective viscosity. We generated a data base of effective
viscosity results simulating the geometries shown in Fig. 4.1 over a range of solid
volume fractions subjected to both shear and pressure driven flows. This allowed
us to investigate trends in the effective viscosity that best fit the pore-scale
solutions.

One recent observation not yet included within paper 2 is that with rough
type porous surfaces the effective viscosity can be collapsed in a universal curve.
This is accomplished through considering a balance between the Darcy and
Brinkman term in Eq. 4.1 when the pressure gradient is zero,

uc ∼ µkxx
uc
`2
, (4.4)

where uc is a characteristic length scale, kxx is the permeability measure in the
x direction, and ` is a characteristic length scale. An estimate of the effective
viscosity follows as,

µ = C
`2

kxx
(4.5)

where C is a dimensionless proportionality constant of order unity. Selecting
the characteristic length scale ` = ls where ls is the Navier slip length we show
in Fig. 4.2 a good collapse for both pressure and shear driven cases. The
ingredients to estimate the effective viscosity in this formulation are obtainable
through relatively inexpensive computations. Additionally this scaling holds in
the large solid volume fraction range, or small permeability, which is typical of
most realizable porous materials.

The other significant finding is a quantification of the error encountered
when using the Brinkman equation. Figure 4.3 shows the error obtained from
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Figure 4.2: Shear and pressure driven effective viscosities for rough type porous
surfaces. The effective viscosity scales with slip length, permeability and a
constant of order one. Open symbols are shear driven cases and filled symbols
are pressure driven.
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Figure 4.3: Velocity profile L2 norm error as defined in Eq. 4.3 for shear driven
cases.

Eq. 4.3 for the best fit effective viscosity. A subset of the shear driven geometries
is provided to ease readability. The additional geometries and pressure driven
cases show similar trends where rough type porous surfaces have smaller errors
in the limit of large solid volume fraction and smooth surfaces have increasing
error. It is difficult to state from Fig. 4.3 if the Brinkman equation provides
an acceptable model equation with errors spanning three orders of magnitude.
The accuracy required and subsequently the usefulness of the model is likely
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highly dependent on the application. Still, these results allow the practitioner
to have an estimate of the best case scenario for the quality the Brinkman
equation can provide. Presently the prevailing approach often simply assumes
an effective viscosity of unity and hopes for a reasonable model. The results of
this study provide additional tools to allow a more informed approach to when
a Brinkman equation provides an acceptable model.



Chapter 5

A turbulent problem

5.1. Description of the problem

For the final study an experimental and direct numerical simulation (DNS)
approach was utilized to investigate a turbulent flow over a porous plate.
Permeable walls have generated substantial interest due to the potential for
enhanced performance over a smooth wall. Recent studies have suggested that
construction of anisotropic porous walls could generate a drag reducing surface
(Rosti et al. 2018; Gómez-de Segura & Garćıa-Mayoral 2019). Much of the
literature regarding turbulent flows over porous media relies on modeled porous
surfaces due to the computational expense of resolving the pore scale details.
This suggests that experimental work or pore scale resolved simulations are
necessary to confirm whether the modeled conclusions are valid. A combined
experimental and numerical study allows two key issues questions to be addressed.
First are the assumptions in the porous wall models accurately capturing the
physics? Second is it possible to manufacture the idealized porous materials
utilized in the computational studies.

A non-intrusive measurement technique called particle image velocimetry
(PIV) was selected for this study. The fundamental principle behind this method
is the tracking of tracer particles. The flow is seeded with small particles that
are neutrally buoyant such that they passively follow the flow. A laser light sheet
is used to illuminate the measurement field. The tracer particles scatter the
light emitted from the laser. The measurement plane is imaged with a camera
such that the particles register as high intensity pixels and everything else as
low intensity. A series of images are recorded with short fixed time intervals
between recored images. Then pairs of the recorded images are evaluated to
track how the particles are displaced from one image to the next. Schematically
this is represented in Fig. 5.1 where the particles at time t1 are shown in (a)
then at time t2 in (b) the same particles are shown and have moved from their
original position. A correlation that best fits the displacements is computed
that provides a single displacement vector for all particles within the box.

A velocity vector is then easily obtained by knowing the time elapsed
between images, t2 − t1, and the average particle displacement. This process
is carried out for the entire measurement area which is subdivided into boxes
called interrogation windows. These interrogation windows dictate the spatial

14
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Figure 5.1: Schematic of particle image velocimetry measurement technique. a)
Shows the initial particle locations at time t1. b) Shows the same particles in a)
at some later time t2. c) Shows the individual displacement vectors for each
particle.

Figure 5.2: Schematic of the entire measurement plane where each box represents
one interrogation window. One velocity vector is computer for each interrogation
window.

resolution of the measurement. This is represented pictorially in Fig. 5.2 where
the interrogation window in Fig. 5.1 would represent the grey box in Fig. 5.2.
In this way each image pair is used to generate a velocity field and the time
evolution of the velocity field is observed over sequential image pairs. For this
work the commercial software package DaVis 8 was utilized to preform the
process described above to compute the velocity fields.

Figure 5.3 shows an example of the 3D printed porous tiles used in this
study. The streamwise preference can be observed by comparing the pore size
shown in Fig. 5.3 where the larges pores are observed in the left most image
and the center image shows the smaller wall normal and spanwise pores. Tiles
were flush mounted on a flat plate to generate a porous surface that covered
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Figure 5.3: One 3D printed porous tile showing permeability in stream wise,
span wise and isometric from left to right.
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<latexit sha1_base64="Drly9pAkGxUE80c5xCS94SvTYpo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0f6DHoxWMC5gHJEmYnvcmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHssHM07Qj+hA8pAzaqxUH/dKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8i8pV/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f6gGNBA==</latexit>

Figure 5.4: Schematic of the experimental setup. Showing the flat plate in
black with the porous tiles mounted flush with the surface in grey and orange
impermeable backing. The laser sheet shown in green with two field of views
indicating the measurement region recorded with the camera.

roughly 75% of the width of the water channel. The experimental setup is shown
schematically in Fig. 5.4 where the flat plate is suspended from above into
the water channel. The flow was seeded with 20 µm silver coated hollow glass
spheres (S-HGS Dantec Dynamics) with specific gravity of 1.4. The light sheet
was generated from a 5W continuous laser aligned to produce a sheet in the
streamwise and wall normal plane. The light sheet thickness was approximately
1.0 mm. Images were captured with a Falcon2 4M (Teledyne Dalsa) camera.
The camera sensor contained 2428 pixels× 1728 pixels with 6 µm pixel size. A
50 mm lens with an aperture f/1.8 was used to obtain the full boundary layer
corresponding to a 64.06 mm (x) by 91.57 mm (y) FOV. Images were acquired
with a frame rate of 140 fps. The camera was capable of storing 4500 images
sequentially. Three sets of 4500 images were recorded. These images were then
processed with a standard PIV procedure in DaVis 8. Images were pre-processed
with a sliding background filter to enhance the particle signature and reduce
noise. The final interrogation windows were 64 pixels with 50% overlap. In total
ensemble averages occur over 13497 vector fields.
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Figure 5.5: Mean turbulent statistics for a turbulent boundary layer (Schlatter

& Örlü 2010) smooth wall and open channel porous surface DNS compared with
PIV measurements. Mean profile shown in (a) root-mean square fluctuations
in stream wise and wall normal given in (b) and (c). Reynolds shear stress is
given in (d). Shaded blue regions indicate 5% error bounds for uτ experimental
estimation.

5.2. Selected results

Some preliminary results of the experiment are presented in the following section.
The mean turbulent statistics for the flow over the stream wise preferential
porous plate is shown in Fig. 5.5 where the experimental results are indicated
with blue circles. The corresponding DNS for an equivalent porous wall is
provided with the solid black line. For completeness a smooth wall turbulent
boundary layer simulation is also given with a dashed line (Schlatter & Örlü
2010). One challenge in several experimental methods is obtaining the friction
velocity. For this study a Clauser method is used where the logarithmic region of
the mean profile is fit to a smooth wall case by variation of the friction velocity,
uτ (Clauser 1954). However, to acknowledge the typical error associated with
this approach a blue window of ±0.05uτ is provided. The mean velocity in
the top left of Fig. 5.5 shows that the experimental results fall on top of the
smooth wall turbulent boundary simulation suggesting that minimal to no drag
modification is observed. There are also minimal changes in the first order
statistics.

There are several forth coming results that will help to clarify some of the
present discussion. First is the initial DNS was based on the model supplied to
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the 3D printer. Investigations that occurred after the DNS simulation had been
run showed that the printed tiles were less permeable in the spanwise and wall
normal direction. New simulations will be run that more faithfully model the
experimental tiles as well as further reduce the non-streamwise permeability
to see if drag reduction is obtained. From the experimental side near wall
measurements where the camera was closer were also collected and are currently
being processed which will allow more near wall detail to be observed.



Chapter 6

Conclusions and outlook

In the current work we have investigated how a simple surface modifications can
produce non-trivial motions within the lubrication regime. We model a wide
class of surface irregularities with an effective slip length. Then show analytical
and numerical forces that arise from these variations. We find several striking
trajectories, oscillations and migrations that emerge from simple step changes
in slip length. The scaling laws that emerge from this analysis suggest that this
force can be the same order as elastohydrodynamic lift that is responsible for
blood flow phenomena. This suggest that simple surface inhomogenities could
be equally relevant mechanisms in cell and biological processes. Additionally,
as bio-medical tools such as cell sorting devices are demanding more efficient
and higher through put, inhomogeneous surface induced lift might be a possible
complement to enhance existing processes.

We have also evaluated the Brinkman equation as a model for the porous
flow subjected to an overlying shear flow. We provide quantitative evaluations
of the Brinkman equations ability to faithfully model the pore flow. We confirm
that the effective viscosity reaches unity in the small solid volume fraction limit.
Furthermore we show that as an interior model the Brinkman equation performs
exceedingly well. In the interface region for moderate solid volume fractions
errors grow and the appropriateness of the Brinkman equation is questionable.
This is an important finding as the Brinkman equation is very popular tool for
coupling free fluid over porous media.

Finally we have investigated a turbulent boundary layer over an anisotropic
porous surface. This study compares experimental measurements obtained from
PIV with DNS to providing a unique perspective. Exact and complete flow
field quantities are provided from the DNS results that can be used to probe
detailed questions of the flow physics. The experimental results provide some
insight into the challenges that come from implementing these types of surfaces
in the real world.

In the future, fluid surface interaction with more complex flows and geome-
tries will be considered. A new experimental facility has been designed and
entering into the early stages of testing and validation. This setup will be used
to measure turbulent channel flow over various surfaces. Measurement tools
with the ability to resolve near wall structures will allow for detailed studies

19
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that can be compared along side direct numerical simulations and effective
boundary conditions models. The coupled approach will allow new tools to
develop that accurately capture the physics in a more efficient manner.
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Papers





Summary of the papers

Paper 1

Lift induced by slip inhomogeneities in lubricated contacts

In this paper we investigate simple modifications to surfaces within lubricated
contacts. We model various surface inhomogeneities with an effective slip
length. These surface inhomogeneities can range from chemical to geometrical
variations. We utilize a model problem of a cylinder traveling near a wall. The
surface of the wall or the cylinder is prescribed a step change in slip length.
Simulations are carried out that solve the cylinder rigid body dynamics coupled
to the Stokes flow problem. Through this change in slip length the cylinder
undergoes non-trivial trajectories that include oscillations and migrations that
would not exist in the presence of homogeneous surfaces. Using lubrication
theory we reveal how the variation in slip length breaks the anti-symmetric
pressure distribution of the homogeneous wall. Projection of the fluid stresses
onto the cylinder surface allow for analytical solutions to the fluid forces acting
on the cylinder. Lastly we provide scaling arguments that suggest this forcing
could be relevant in biological processes and atomic force microscopy.

Paper 2

Validation of Brinkman equation for a steady shear flow over porous media

In this paper we conduct a validation of the Brinkman equation. We consider a
simple model of shear flow over a porous bed. Several regular porous structures
constructed from isotropic and anisotropic cylinders are evaluated. Pore scale
solutions to the Stokes flow are obtained for each porous structure over a wide
range of solid volume fractions. We then take the pore-scale solution and
through a combination of plane and volume averaging create a velocity profile.
The Brinkman equation is then matched to this velocity profile by taking the
Brinkman viscosity as a free parameter. We show that the Brinkman viscosity
can vary greatly as a function of solid volume fraction. In the intermediate
to large solid volume fraction range the Brinkman viscosity shows geometry
dependence. Finally we provide a quantitative evaluation of the accuracy for the
Brinkman model. This paper summarises an intermediate state of the planned
publication.
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Paper 3

Experimental and numerical investigation of turbulent boundary layer over an
anisotropic porous plate

This report presents preliminary results for an investigation of an anisotropic
porous surfaces subjected to turbulent overlying flows. While there have been
several prior numerical studies showing drag reduction with effective models
for the porous surface these results have yet to be substantiated in a real
world setting. A coupled approach using both experiment and numerical tools
investigate the next development step in using porous surfaces to reduce drag.
Particle image velocimetry is used to measure the flow features over a 3D printed
porous surface with streamwise preferential permeability. In complement a
direct numerical simulation looks at a similar porous structure where all flow
details are accessible and no porous model is used. Both results suggest a
reduction in the peak streamwise velocity fluctuations suggestive of disruption
to the near wall streaks. Whereas the experiment work shows negligible drag
modification the simulation suggests a more notable drag increase.




