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Abstract

In this Thesis an efficient and robust numerical model for the analysis of fluid
dynamic problems has been developed, validated and applied to two novel fluid flow
configurations: (1) the waves generated by a submerged foil and (2) the dynamics of
microcapsules in pulsating shear flows. The model is based on the Boundary Element
Method (BEM). The fluid equations are formulated in a boundary integral form and,
therefore, the model is completely defined by the boundary surfaces that enclose
the fluid domain. Unlike numerical domain methods, as Finite Element Method,
only the boundary surfaces need to be discretized and this reduces significantly the
complexity of the model and the computational requirements. The Non Uniform
Rational B-splines (NURBS) and the T-spline frameworks are used to represent both,
the geometry and the physical variables. This technique is known as Isogeometrical
Analysis (IGA) and it offers several advantages. The most attractive is that it allows
a direct integration between modern Computer Aid Design geometric systems and
numerical engineering analysis tools. This technique removes intermediate steps,
as the generation of the mesh, and it allows the analysis of the exact geometry. In
addition, the high order and smoothness of the basis functions make the NURBS and
the T-spline to be suitable to deal with complex non-linear dynamic problems. This
Thesis is divided into two blocks in which different applications of the IGA-BEM are
analyzed.

The first block deals with the simulation of the propagation of non-linear gravity
waves and of the wave-structure interactions. Wave propagation is a topic of great
interest in the coastal and marine engineering. The analysis of this phenomenon is
useful to predict the generation and propagation of tsunamis and it is indispensable for
the design of breakwaters and floating structures. The flow is assumed to be inviscid
and irrotational and the resulting Laplace’s equation is solved using BEM. A mixed
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xiv Abstract

Eulerian-Lagrangian technique in combination with a 4th-order explicit integration
scheme is used to update the free surface and the hydrodynamic force is efficiently
computed using an auxiliary boundary equation. Some benchmark examples are
considered to show the accuracy and stability of the method. In addition, simulations
of the waves generated by submerged foils are reported and analyzed. This system has
important implications in some wave generator mechanisms installed in surf parks.

In the second block of this Thesis the IGA is applied to analyze the behavior
of deformable microcapsules in shear flows. The dynamics of deformable capsules,
which are constituted by a liquid enclosed by a deformable membrane, have important
implications in a wide range of biological and industrial applications. For instance,
capsules are being used for sophisticated therapeutic treatments and many cells, as red
blood cells, can be modelled as capsules. In microcirculation problems the Reynolds
number is very low and the flow can be modelled with the Stokes equation. For the
simulations, the IGA-BEM is used to solve the flow equation and an IGA-FEM is
developed for the analysis of the capsule mechanics. Both formulations are coupled
in the time domain using a 2nd-order implicit integration scheme. Some benchmark
examples are solved to demonstrate the accuracy and stability of the approach, even
for large deformations of the capsule. This is achieved thanks to the suitable properties
of the basis functions and to the ability to dynamically adapt the mesh according to the
needs of the problem. Finally, the dynamics of a capsule in a tube under a pulsatile
flow is analyzed with focus on the determination of the influence of capillarity number
and frequency of the pulse in the deformation of the capsule.
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Resumen

En esta tesis se desarrolla un modelo numérico eficiente y robusto para el andlisis de
problemas fluido-dindmicos, que posteriormente se valida y se aplica a dos nuevas
configuraciones: (1) la generaciéon de ondas de gravedad mediante una hidroala
sumergida y (2) la dindmica de una microcdpsula en un flujo cortante pulsatil. El
modelo se basa en el Método de los Elementos de Contorno (MEC). La ecuacién que
gobierna el fluido se formula en una forma de integral de contorno, por tanto el modelo
numérico queda completamente definido por las superficies de contorno que encierran
el volumen fluidico. A diferencia de los métodos basados en el dominio, como por
ejemplo el Método de los Elementos Finitos (MEF), solamente las superficies de
contorno necesitan ser discretizadas, lo que reduce significativamente la complejidad
del modelo y el coste computacional. La tecnologia basada en NURBS and T-spline
se use para discretizar tanto la geometria como las variables fisicas del problema. Esta
técnica es conocida como Andlisis Isogeométrico (AIG) y tiene ciertas ventajas. La
mads atractiva es que permite una directa integracion entre modernos programas de
diseno grafico (CAD) y herramientas de andlisis numérico. Esta técnica elimina as{
laboriosos pasos intermedios, como la generacion de la malla, y permite realizar un
andlisis sobre la geometria exacta del modelo. Ademas, el alto orden y suavidad de las
funciones bases hacen que la tecnologia basada en NURBS and T-spline sea idénea
para tratar con problemas dindmicos complejos. Esta tesis se divide en dos bloques en
los cuales se describen diferentes aplicaciones del método AIG-MEC.

El primer bloque trata sobre la simulacién de propagacién de ondas de gravedad
(olas) e interaccion olas-estructuras. La propagacion de ondas de gravedad es un tema
de gran interés en el campo de la ingenieria de costas e industria maritima. El andlisis
de este fenémeno es util para predecir la generacién y propagacién de tsunamis asi
como también es indispensable para el disefio de rompeolas o sistemas flotantes. Se
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xvi Resumen

asume que el fluido es inviscido e irrotacional, resultando una ecuacién de Laplace que
se resuelve mediante el MEC. Se usa una fomulacion mixta Euleriana-Lagrangiana
en combinacién con un esquema de integracién explicito de 4° orden para actualizar
la superficie libre, mientras que las fuerzas hidrodindmicas se calculan eficientemente
mediante una ecuacién auxiliar de contorno. Se resuelven varios ejemplos en los que se
demuestra la precision y estabilidad temporal del modelo numérico. Adicionalmente
se simula el frente de olas generados por una hidrala sumergida. Este sistema tiene
importantes implicaciones en el disefio del mecanismo generador de olas en parques
de surf.

En el segundo bloque el AIG se aplica al estudio del comportamiento de
microcdpsulas deformables suspendidas en flujos cortantes. La dindmica de
microcdpsules deformables, las cuales estdn constituidas por un liquido encerrado por
una deformable membrana, conlleva importantes implicaciones en un amplio rango de
aplicaciones bioldgicas e industriales. Por ejemplo, las cdpsulas estdn siendo usadas
en avanzadas tratamientos farmacolégicos y muchas células, como los glébulos rojos,
pueden ser modelados como cdpsulas. En el campo de la micro-fluidica el nimero
de Reynold suele ser muy bajo y el flujo puede ser simplificado a la ecuacién de
Stokes. Para las simulaciones, el AIG-MEC se usa para resolver la ecuacion del fluido
mientras que se desarrolla una formulacién basada en el AIG-MEF para el anélisis
de la mecéanica de la membrana. Ambas formulaciones se acoplan en el dominio del
tiempo usando un esquema de integracién implicito de 2° orden. Se resuelven varios
ejemplos en los que se demuestran la estabilidad y precision del método, incluso para
largas deformaciones de la cdpsula. Esto se debe en parte a las inherentes propiedades
del las funciones de forma, y en otra parte a la capacidad adaptativa de la malla de
acuerdo con las necesidades del problema. Finalmente, se estudia la dindmica de
una capsule encerrada en un tubo e implusada por un flujo pulsatil, con el interés de
determinar la influencia de la capilaridad y frecuencia del pulso en el comportamiento
de la cépsula.
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Chapter 1

Introduction

1.1 Isogeometric analysis applied to the fluid dynamics

In the last decades the use of the Isogeometric Analysis (IGA) has experienced a fast
grown in the engineering analysis field. The concept of IGA was originally introduced
by Hughes et al. [7,[8] and Cottrell et al. [9,[10] in the Finite Element Method (FEM)
context. Initially based on the Non-Uniform Rational B-spline (NURBS), the idea
consists in using the same class of functions for the discretization of the geometry and
the physical variables of the numerical model. This establishes a tight link between
the Computer Aided Design (CAD) geometry and the engineering analysis tools. This
technique presents multiple advantages. The most promising one is related to the fact
that the geometry is directly embedded in the numerical analysis. This is, the geometry
is preserved and no additional steps are needed to translate the CAD geometry to
the numerical analysis. Other advantages emanate from the NURBS, such as: (1)
quadratic and cubic surfaces can be represented exactly; (2) advanced construction
techniques and shape modification tools are available; (3) the high continuity and
smoothness of the basis can be managed via knot vector (4) h, p and k-refinement
can be applied without modifying the geometry. These characteristics, in combination
with other mathematical properties, give to NURBS the ability to handle complex
geometries and provide suitable basis for numerical analysis.

While the research community has paid much attention to the IGA based on the
FEM, few works based on the IGA-Boundary Element Method (BEM) has been
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2 1 Introduction

reported in the literature. The BEM is an elegant alternative to solve partial differential
equations (PDE). The key of the BEM is that only the boundary surfaces enclosing the
domain of the problem have to be discretized. This feature has important implications
in the engineering analysis as: (1) the dimensionality of the model is reduced and the
computational requirement is considerably lower than the FEM; (2) the complexity
of the geometric model is simplified to the boundary surfaces which are precisely
the data imported from the CAD systems; (3) refinements and modifications of the
mesh can be applied without excessive computational cost; (4) 3D dynamic meshes
can be easily managed; and (5) the Sommerfeld condition is implicitly satisfied in
the formulation that simplifies the applications of the boundary conditions in external
problems with infinite phsysical domain. In Fig. [I.I]it is shown a typical mesh for
a generic solid using the BEM. These features make the IGA-BEM analysis to be
especially attractive in the engineering analysis. The extension of the NURBS-based
IGA to the BEM was introduced by Politis et al.[11]] and Simpson et al. [12], who
applied the technique to the 2D potential flow and elastostatic field, respectively.
Recent advances of the IGA-BEM analysis have appeared in the literature applied
to acoustics [[13} [14], Laplace’s equation [13} [16], elastostatic [12]], wave resistance
[17, 18] and fluid-structure interaction [[19]. These studies have demonstrated the
higher accuracy of the IGA-BEM in comparison with the traditional formulation of
the BEM based on the Lagrange polynomials. This advantage is based on the superior
geometric approximation and high order of continuity of the basis functions .

mEmR S
___j!!ﬂ!!!!!!m!ﬂ&~

S
S\ \ |
L &% Sl

) /111

Figure 1.1: Mesh of a solid connecting rod for the BEM. The view represents a horizontal cut
of the solid. Note that only the boundary surfaces have to be discretized.

Although the NURBS is widely used by the CAD industry, it has some limitations
associated with the fact that only surfaces with four edges can be represented. This
causes that the representation of complicated geometries may require many NURBS
patches and the smoothness between patches can be lost. The T-spline technology has
been introduced to overcome these limitations [20]]. T-splines are a generalization of
the NURBS, in which several NURBS patches can be integrated into a unique T-spline.
Moreover, unlike the NURBS, T-splines allow local refinements and unstructured
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1.1 Isogeometric analysis applied to the fluid dynamics

meshes. In Fig. [[.2] a example of mesh on an air-foil is shown. The mesh is
unstructured and a local refinement has been applied to the trailing edge where the
curvature is very high and complex phenomenons are expected to happen.

(a) (b)

Figure 1.2: (a) Asymmetric foil modeled with a T-spline surface. (b) Detail of refinement on
the trailing edge

The implementation of T-spline in the IGA requires a more advanced development.
Scott et al. and Li et al. formulated the analysis-suitable T-spline in which
the necessary mathematical properties of the basis (as the linear independence) are
guaranteed. Adopting the idea of the Bézier extraction operation, presented by Borden
etal. and Scott et al. [24], the T-spline and NURBS can be incorporated efficiently
via modifying the shape functions in the classical BEM and FEM. Thomas et al.
developed a generalization of this technique. In recent years, the application of the
T-spline in the IGA framework to different areas has been developed [26-30]. In
the context of IGA-BEM analysis, Scott et al. [24] extended the analysis-suitable
T-spline to unstructured meshes for elastostatic problems and developed a collocation
procedure based on a generalization of the Grenville abscissae. Simpson et al.[31]]
applied this method to acoustic problems and demonstrated the higher accuracy in
comparison with the conventional Lagrange discretization. Ginnis et al. [32] used an
IGA-BEM analysis, based on the T-spline, to analyse the ship wave resistance problem
and Kostas et al. [33]] used this method to optimize the hull shape.

Other alternatives to the analysis-suitable T-spline are appearing in the literature.
These alternatives include hierarchical spline (B-splines, NURBS and T-spline),
PHT-splines and LR-splines. In addition to the limited works cited above, the
interested reader can be found an overview of the IGA in [34].

The link between the T-spline and the BEM form has several advantages for
the numerical analysis. Very complex geometric models can be constructed using
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4 1 Introduction

T-splines. The geometry can be directly imported from CAD systems and few degrees
of freedom (DoF) are needed due to the high geometric approximation of the T-spline
basis. On the other hand, the BEM has been demonstrated to be a very accurate
numerical method when it is suitable formulated and implemented. Nevertheless, the
formulation of the BEM has to be well understood. The accuracy of the method is
very sensitive to small numerical errors in the implementation of the code. It should
be noted that the method involves the computation of singular integrals. A suitable
treatment should be applied in order to obtain accurate results. An other important
aspect is related to the corners produced by the intersection of several surface because
in this locations the normal is not uniquely defined and it can lead to numerical
problems. A detailed study of the BEM in the context of IGA is addressed in this
document.

An additional advantage is found when the IGA-BEM approach is used in dynamic
problems with large distortions and displacements of the mesh. In this case, the mesh
is more simple in comparison with the domain methods (as the FEM, Volume Finite
Method (VFM), Finite Difference Method (FDM), etc.) and the geometric model is
more easily managed, especially in 3D problems. Several studies of dynamic problems
using the conventional BEM based on Lagrange elements [35H38]] have revealed
instabilities associated to the lack of continuity between elements and saw-tooth effects
have been observed between elements (see Fig. [I.3). The control of the error during
the simulation is an important issue because it is stored along the time and it can lead to
instabilities or inaccurate results. Artificial techniques have been proposed to alleviate
these instabilities but they involve the modification of the geometry and they are made
ad-hoc. Although based on the FEM, Lipton et al. [39] demonstrated the robustness
and accuracy of the IGA approach under severe distortions of the mesh thanks to the
high continuity of the Splines basis functions. Recently, Abbasniaa and Ghiasia [40]
developed a 2D NURBS-based BEM approach in the time domain for the analysis of
non linear wave-structure interaction and they showed stability of the approach for long
time simulations. These studies demonstrate the potential of the IGA to be applied to
dynamic problems with large distortions of the mesh.

The literature review shows that the IGA-BEM based on the NURBS and T-spline
is a very recent topic. This Thesis is focused on the study of selected fluid mechanics
problems using the IGA-BEM based on the NURBS and T-spline framework in the
time domain. The method is developed for two different applications where the fluid
equation can be expressed in a boundary integral form. The first application consists
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1.1 Isogeometric analysis applied to the fluid dynamics

Figure 1.3: Typical instability of dynamic problems with large distortion of the mesh when
C° picewise continuous elements are used.

in the study of the propagation of gravity waves and wave-structure interactions.
Nowadays, this field is very active due to the increasing interest on the ocean renovable
energy in which the generation systems are installed near-shore or off-shore. A suitable
design of the floating and anchorage systems has to consider the wave-structure
interaction. Different numerical models have been presented, most of them are based
on the potential flow theory (see for example [41-48]]). In this line, the fluid is assumed
to be incompressible, inviscid and irrotational. In spite of these simplifications,
experiments have demonstrated agreement with the numerical predictions [49-51].
The simplicity and low computational cost make this model to be ideal in the first
phases of the design process. Moreover, invoking the IGA paradigm complex 3D
geometric models can be simulated with reduced effort due to the integration with
CAD systems. Fig. [I.4] shows the typical waves radiated from a moving submerged
sphere. The figure represents a vertical section of the model. Note that only the
boundary surfaces are discretized.

Free surface
Submerged body

Figure 1.4: Waves generated by a submerged sphere with a sinusoidal vertical movement

As a second application, the hydrodynamic movement of a deformable
micro-capsule in shear flows is analysed. A microcapsule consist in a very thin
deformable membrane enclosing an internal liquid (see Fig. [I.5)). Capsules are present
in nature and in the industrial applications. Red blood cells (or erythrocytes) (RBC)
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6 1 Introduction

are a example of a biological capsule. The membrane is a complex structure that
usually is simplified as a thin elastic shell. This membrane separates and protects
the internal hemoglobin from the external plasma. The main function of the RBC
is the transportation of the respiratory gases (oxygen and carbon dioxide) to the cells
through the circulatory system. In this way, RBCs can passes through micro-capillaries
of small diameters involving large deformation. This deformability is essential for the
correct function of RBCs. Some types of bacteria and other micro-organisms can be
also modelled as biological capsules. In the industry, the micro-encapsulation is a very
common technique. Artificial capsules are made to isolate and protect the internal
active substance from the external ambient. As pharmacologic treatments, these
capsules are used for the transportation of therapeutic substances and the sustained
release to targeted areas. The capsule membrane protects from the attack of the
immune system and it reduces possible secondary effects. This technique has been
extended to other industrial areas as the cosmetics or food industry. Therefore,
the understanding of the dynamic of deformable capsules is fundamental for the
development of these applications.

Membrane

Figure 1.5: Schematic illustration of the section of a capsule

1.2 Objectives

The main objective of this thesis is the development and implementation of an efficient
and robust IGA-BEM model, based on the analysis suitable T-spline and NURBS
framework and formulated in the context of the Bézier extraction operation, to analyse
two fluid mechanics problems:

e The propagation of gravity waves and wave-structure interaction.
e The Dynamics of deformable capsules in shear flows

A detailed study is carried out in this document and various aspects are treated to check
the ability and accuracy of T-spline and NURBS-based IGA-BEM approach:
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1.3 Structure of the document

Study of the spatial converge for different mesh configuration (structured and
unstructured mesh) and order of the basis.

Analysis of the temporal stability and accuracy under large movements and
distortions of the mesh.

e Comparison with the standard formulation based on the Lagrange elements

Application to several examples of engineering and biomedical interest.

Fig. [I.6] synthesize the basic ideas of the T-spline-based IGA-BEM. The example
consists on the flowing of a initial capsules through a cylindrical micro-channel. For
clarity purposes, a vertical section of the pipe is shown. Note that only the boundary
surfaces are discretized, this is, the pipe and the membrane. This reduces considerably
the complexity and size of the mesh. An unstructured mesh is used to represent the
membrane whereas the pipe is built with a structured mesh. The geometry of the
pipe is exact thanks to the ability of the T-spline to represent quadratic surfaces and a
refinement is applied in the central region where the capsule is placed. The geometry
is generated using the commercial CAD software Rhinoceros [52] and it is imported
directly to the numerical analysis code. Fig[I.6b shows the deformation of the capsule
at a specific instant when the capsule acquires the typical asymmetrical parachute
shape. Despite the large deformation of the capsule, no signs of instability are observed
and the membrane surface remains smooth during the simulation. This example
demonstrates the potential of the T-spline-based IGA-BEM approach to simulate
dynamic problems with large deformations of the mesh as well as its versatility due to
the integration with modern CAD software.

1.3 Structure of the document

The organization of this thesis is as follows:
e Chapter I: It contains an introduction and the main objectives of this thesis.
e Chapter 2: It includes a brief overview of the NURBS and T-spline formulation.

o Chapter 3: It describes the formulation of the IGA-BEM based on the
T-spline and NURBS framework applied to the analysis of wave propagation
and wave-structure interaction. Simulations of the waves generated by the
movement of submerged foils is reported which have implications in some wave
generator systems installed in surf parks. The chapter contains a more specific
introduction and conclusion relative to this field.
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8 1 Introduction

(b)

Figure 1.6: Movement of a deformable capsule in a cylindrical tube due to a pressure-driven
flow: (a) Initial state and (b) deformation at the dimensionless time ¢ = 7.15 when the capsule
acquires the typical asymmetrical parachute shape.

o Chapter 4: The T-spline-based IGA-BEM approach is applied to microfluics. A
IGA-FEM formulation is developed for the analysis of the membrane mechanics
and it is coupled with the IGA-BEM fluid model. The approach is applied to
simulate the behaviour of a deformable capsule in a confining pulsating shear
flow. A specific short introduction and conclusions are included.

e Chapter 5: The main conclusions are drawn and potential directions for the

future research are outlined.
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Chapter 2

Geometric fundamentals

In this chapter we present briefly the basic concepts of the NURBS and T-spline in the
context of IGA. For more details, the reader is refereed to [20, 53H56]]

Considering that the formulation shown in this thesis is developed for 3D geometric
models, we focus on 3D surfaces. In this case, the physical space is defined by I € R%
with ds = 3 and the parameter space is reduced to T € R with dp = 2.

2.1 NURBS and T-Spline surfaces

A NURBS surface is described in terms of a control mesh and a valid pair of knot
vectors. A valid knot vector is a non-decreasing sequence of real numbers that
parametrizes the surface in each topological direction. A knot vector is denoted by
B o= {&,4, sl fmiip; - Where & € R is the kth knot value, and m; is the
number of B-spline basis functions of degree p; in the ¢ direction. Hereinafter, we
denote the multi-index p = {p1,p2}, m = {mq, ms} and the parametric coordinate
&€ = {¢',€%}. The control mesh is a set of vertices that forms a structured set of
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