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Abstract

The numerical simulation of impactidndeposiion of micrenano particles in internal complex geometry
aerosol flows is the main objective of this dissertation. In order to numerically approach the physical problem of
particle transfer and deposition in internal aerosol flows of complex geometneshas to deal with the
challenge of creating a complex geometrical computational domain that permit a numerical simulation to be
efficiently performed. Furthermore the particular Particle Differential Equations (PDES) describing particle
transport and degsition in an accurate, elaborated and physically valid way have to be formulated and solved,
as a rule numerically. In this study a new method that produces a high quality structured grid, which faithfully
reproduces the geometry of the human organgijrsidrom medical imaging data is proposed. Furthermore, the
investigation of the mechanisms that govern particle transport and deposition by using techniques of fluid
mechanics and the introduction of a further improvement to an existing transport asdidegarticle model
is done.

Regarding the challenge of the complex geometrical computational domains, a number of studies used patient
specific geometries to simulate in vivo flows by means of Computational Fluid Dynamics (CFD) analysis.
These studiesnay be classified according to two basic criteria, namely the type of the computational domain
used and the geometrical accuracy between the computational and the physical domain. The majority of these
studies starting from medical imaging data producerstructured computational domain that conforms to the
geometry of the human organ. However, a number of studies, including this study, have shown that unstructured
grids provide less accurate solutions than structured grids.

An innovation of this thesisithe introduction of a new method that produces a structured grid with absolute
fidelity to the particular patient specific geometry. Starting from data obtained from a medical imaging
examination, a surface triangulation is formed in an STL format. Fnisrsurface triangulation a high quality
multi-block structured grid that conforms to the surface is generated. The proposed method is applicable to
vessel bifurcation geometries inside the human body and generates high quality computational doroams that
be combined with computational fluid dynamics (CFD) and computational fluid particle dynamics models
(CFPD). For the evaluation of the proposed method a series of comparisons between different types of
computational domains (unstructured grids and idybwere carried out. These comparisons confirmed the
superiority of structured grid on many levels.

Regarding the modelling of particle transport and deposition, it should be notedé¢hasito be a necessity,
especially in situations where direct eximental studies are limited in the determination of the total deposition
and in cases where experimental studies are either prohibited due to ethical reasons or impossible due to
extremely complex flow fields.

In this thesis a model of computational fitand particle dynamics previously proposed is developed further
in order to simulate time depending particles flowsthe proposed twphase (fluidi particles) model the
solution of the Particle Transfer Equation (PTE) is done by a fully Eulerian agipltased on computational

fluid dynamics methods for the fluid and the particulate phase. The validation of the newly imported term of the
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time variation is achieved by the comparison with a problem that has analytical solution, while the
incorporation ofparticle inertia in the Particle Transfer Equation (PTE) is done according to a previously
developed and validated model. Overall the advantages of the Euler approach, combined with the newly
imported term of time variation produce a powerful computatitmal that may provide insight for particle
transport and deposition under time depended flows anccordgibute in the interpretation of the behaviour of
particle flows inside the respiratory system.

To our knowledge, the proposed method is the firat &nables absolute shape conforming structured grid
generation of a patiersipecific complex geometrical shape starting from medioaging data. Additionally
this is the first time that the transport and deposition of heavy, inert particles are prediée time depended
flows using an Eulerian formalism of the particles transport equation.

As shown in a number of practical applications that we have undertaken, the proposed grid generation method
generates high quality computational domains, apgdicéd complex geometries of human organs, which
combined with CFD and CFPD models, can provide an accurate, patient specific framework, for medical
diagnosis and prognosis. Furthermore the combination of the efficient grid generation method with ke partic
transport and deposition Eulerian model can contribute to the interpretation of particle transport and deposition
under highly time depended flows in the respiratory system, offering better physical insight and serving as a

tool for the design and optiration of biomedical applications.
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20 Introduction

In biomechanical applications such as air flow through the respiratory system, particle depositonirig th
blood flow in the cardiovascular system and flow in the lowarary tract, direct measurements of the fluid
flow fields or particle transfer and deposition is a highly demanding or even impossible task through the current
in vivo examinations. Iraddition the prediction of the evolution of physical phenomena that appear on the
previously mentioned cases may be difficult to achieve using direct measurement mitihbdse fields;
Computational Mechanics (CM) contributes to the study and predioficomplex phenomena that develop
inside the human body. These days, the simulation of those phenonmslieoiis leading to patient specific
frameworks, implementing precise reconstruction of human organ geometries achieved wibi-thtadat
medial imaging techniques.

In order to numerically approach the physical problem of particle transfer and deposition in ia¢eosal
flow of complex geometriesone has to deal with the challenge of creating a complex geometrical
computational domain thgtermit a numerical simulation to be efficiently performed, wiglspectto the
underlying physics, and with the accuracy required for the problem. Furthermore the particular Particle
Differentid Equations (PDEsHescribing particle transport and depositi in an accurate, elaboed and
physically valid way have tbeformulated and solved, as a rule numerically

Regarding the challenge of the complex geometrical computational domains, a number of studies used patient
specific geometries to simulate invei flows by means of Computational Fluid Dynamics (CFD) analysis,
including but not limited to the simulation of blood flow inside the carotid bifurcation [Deshpande 2009; Lee, S.
W. et al 2008], the abdominal aorta bifurcatiboifig, Q. et al. 1998; Shifdl. B. et al 2009; Wolters, B. J. et al
2005], the abdominal aorta aneurysm [Shim et al. 2009;Wolters et al.2005] and the air flow combined with
particle deposition in the respiratory system [Longest PaMidVinchurkar S2007;Vinchurkar S. and Longest
P. W. 2008]. Furthermore CFD has also been employed for the prediction of the blood flow variation after an
implantation in the cardiovascular system [Bazilevs, Y., et al. 2009]. All the previously mentioned
biomechanical applications include series ofnlolang geometrical shapes responsible for the development of
complex phenomena.

It is has to be noted that grid generation is a critical part of CFD process. The accuracy of the CFD simulation
results, the computational speed and the computational resaused are directly linked to the type and size of
the computational domain. Thus, it is importantdeeply reviewthe computational domain alternatives and
invest to the generation of an efficient grid.

Research studies that generate computational idsnzased on human geometries may be classified
according to two basic criteria, namely the type of the computational domain used and the geometrical accuracy
between the computational domain and the physical domain

A series of studieddi Martino et al 2001Peshpandé.D. et al.2009;Hammer S. et al. 200Qee S. W. et
al 2008; ShimM. B. et al. 2009; Antiga L. et al. 2008; Hammer S. et al. 2009; Peiro J. et gl2698 et al.

2008; 2010 have started from medical imaging data and by using ofram@rcial, or an ifhouse, grid
generation code have set up an unstructured computational domain. The use of unstructured computational grids
is often preferred as they enable effortless grid generation in complex domains combined with strong
preservation bthe geometrical shape. However, unstructured grids are generally considered to provide less
accurate solutions than structured grids due to a number of factors, including poor alignment with the primary
flow direction and increased numerical diffusidrongest and Vinchurkgilongest, P. W. an®inchurkar S

.2007 compare the effects on the flow field and the grid convergence of the two grid types for bifurcating
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airway modelsthis involved further comparison with experimental datds $tudy showed tht structured grid
domains used for flow simulation in bifurcation geometries are better than their unstructured counterparts
because:

1 The use of structured grids decreases the level of numerical diffusion,

9 Structured grids have one order of magnitude ¢eissconvergence index (GCI), so mesh independence of

flow solution is achieved with fewer elements.

1 The use of structured grids reduces run times by a factor of 3 compared with unstructured grids.

Similar conclusions are drawn in other studies [Londe¥Y. and Vinchurkar S.2008] which point out the
importance of the alignment of the control volume gridlines with the dominant flow direction. A more detailed
study of the comparison between structured and unstructured grid has been made by Thompseadt al.

Although the superiority of the structured grid domain is clear, only a few studies use structured grids for the
modellingof complex geometries. The main reason is the significant time and effort required for the generation
of suchgrids. One ofthe earlier studies that combined medical imaging data with structured grid generation
techniques is the work by Long et. al [1998]. The g
topol ogyo, has been us ecdthdn VincharkarySandLbrigestrP. W. 2088¢lLangesth e r s
P.W.andVinchurkar S.2007; Antiga L. 2002; De Santis G. et al 2010 ; De Santis G. et al. 2011]. The earlier of
these studies utilized the computed vessel centerlines, and united slices of plandgthgheé sweep method
[Long, Q. et al. 1998Antiga L. et al. 2002]. More recent and more elaborate studies, describe the branching
geometry by template parametric planes [De Santis G. et al. 2010;2011] or usEnifiom Rational Basis
Spline (NURBS) funtions BazilevsY. et al 2006;2008] and deform template meshes in order to conform to
the geometry description. Furthermore, in a recent study [De Santis G. et al. 2010] of this approach, the authors
conclude that a future trend in structured grid germrat the use of a more detailed geometrical shape
description such as surface triangulasi¢e.g. STereoLithography (STL)ype surface models). Recently, few
studies have addressed the problem of hexahedral mesh generation frotyp&H®urface by appying the
ibutterfly topologydo to geometries wit. ataln20ld;tGallpl e o U
D. et al. 2011]. The common characteristic in these studies is the high quality grid they mroshypcemised
with the disadvantagef an approximate surface representation.

Regarding the challenge of modeling the particle transport and deppditlasto be notad that particle
transfer and deposition in biomedical applications is determined by biological factors such as domain
morplology and physical factors such as fluid dynamics, particle properties and deposition mechanics.

A suspension of particles in a fluid is a multiphase system comprising of a mixture of phases. Two kinds of
fluid-particles systems are of particular impod&iin biomedical applications; the suspension of solid or liquid
particles into a gas, referred as aerosol, and the suspension of solid particles into a liquid, referred as colloid.
The terms aerosol and colloid refer to both the particles and the cduitkri.e. to the twephase flow.
Moreover, for most twgphase flows in the respiratory and the cardiovascular systems, the particulate phase is
dispersed enough, i.e. the total volume of the particles does not exceed 0.0001% of the total volume, thus one
way coupling of the phases can be assumed. This means that, although the behavior of particles into the system
is influenced by the fluid flow field, the particulate phase has negligible effect on the carrier fluid.

Modeling of the particle dynamics amiinsportcan be particularly beneficial in two specific respects; a) it
can provide useful physical insight and enableititerpretation of physical phenomemdthout the need of

experiments, and b) it can be used for parametric investigation and ofibmizd already developed
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applications In most applicationshe numerical modeling of the particulate phase needs to be combined with
the respective numieal modeling of the fluid flow as the whole system is considered as aphakie flow
system.

A cortinuously developing approach on the modelingloid - particle multi-phasesystens are the dcal
scale modelwhere the transport and deposition equations are solved by CFD numerical metuadiscale
modelsprovide information on particle depositigratterns within selectedomputational domainand have
strongphysical basisthus are particularly suitable for simulation of microphysical details of complex aerosol
flows in the respiratory system [Housiadas and Lazarides 2010].

The CFDBbased local ssde models can be further divided into two major categories based on the frame used
for the description of the fluid and particle motion; the Lagrangi@deling where a moving frame of
reference is used, and the Eulenmodeling where a fixed frame a&ference is employed.

A Lagrangian description of the particulate phase has been widely used to determine particle transport and
deposition efficiency. Representative Lagrangian numerical investigaifoparticle transport and deposition
due to thepatticle-inertia have been carried out by Crane and Evans [1977] and by Tsai and Pui TE280]
and Pui [1990]developed a more realistic approadhaothree dimensionalflow field in a 900 bend by
calculating the fluid flow with an elliptic three dimensal finite-difference code and deposition efficiency by
solving the particle equations of motion. Moreover Breuer et al. [2006] simulated particle transport and
deposition in a 900 bend of circular cross section using a flow field calculated viaEdadg&imulations and
Lagrangian particle tracking for the particulate phase.

However, the determination of important quantities as, for example, the local particle concepatigan
[Slater and Young 200l]are particularly difficult to obtain by Lagraram approaches. Furthermore the
presenceof the numerical mor associated with Lagrangiaimulations becomes significant for highly non
uniform spatial distributions of particles since the number of simulated particles in a grid cell decreases thus, the
statistical error increases [Garg et al. 2009k A resulta large number of particle trajectories has to be
calculated to minimize statistical error [Desjardins et al. 2008], rendering the Lagrangian approach
computationallydemanding Similarly, if Browrian particle diffusion is considered important the number of
simulated particle trajectories further increases to minimize the noise that appears from the stochastic particle
motion. Recent advances in numetitaplementations of Lagrangiamethod have attessedhose issueby
introducing improved error estimators to obtain numerically convesgientlations [Garg et aR009].

An initial alternative to the Lagrangigrarticle modelings the work of Armand et al. [1998] who proposed
and validated a fly Eulerian approach that included inertial particle drift in a two fluid model. The particle
velocity wascalculatedby solving numerically the coupled dispergathse mass and momentum equations.
Furthermore, they approximated the laminar flow in a 9@oular bend by the flow between two curved
parallel plates; their results were in good agreement with other experimental [Pui et al. 198din@nidal [

Tsai and Pui 19903tudiesAdditional Eulerian approaches have been developeddbmicrometer padles.
Longest and Oldham [2008] predict particle deposition in a laminar bifurcating flow system for cases in which
diffusion and inertia are important for particle depositmnusing a fully Eulerian modeXi and Longest
[2008a] extended ¢hfully Eulerian modelin order toaccount aerosadlispersion in turbulent and unsteady
flows; furthermorethey applied the model tsimulatedeposition in a realistic model of the trachea bronchial
airways. Moreover, Xi and Longest [2008b] applied the Euleialerian model to predict particle deposition

due to inertia, diffusion, and turbulent dispersion in a complex model of the nasal cavity. Similarly, Zhao et al.
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[2009] presented a generalized dfiftx model for turbulent flows of ultrafine particles in indamvironments.
These studies also reported particle concentration and deposition profiles.

In the proposed model, the EuleriBalerian description of a dilute dispersed flow in the limit of low mass
loading and a low volume fraction is used. @y couplng of the dispersed phase is considered and the
particle velocity is approximatedy a first order approximationn the mass conservation equation of the
dispersed phase. The proposed particle transport and deposition Eulerian approach offers sighifintages
over previous Eulerian twluid models that do not decouple the mass and momentum conservation equations
of the dispersed phase. Thus, the numerical solution of the particle momentum equation is not required to
determine the particle velocitield, as the momentum effects have been considered as a perturbation. As a
result, the particle velocity is expressed solely in terms of the fluid velocity and its spatial and temporal
derivatives. Furthermore the proposed approach offers significanntades over the frequently chosen
Lagrangian approach, as it can be used for small particle diameters where the particle equations of motion in a
Lagrangian approach become numerically insufficient. Additionally, it may be considered as more accurate
sinceit can take into account diffusive and inertial particle transport at the same time.

The present thesis deals with particle transport and deposition, considerfhgdftows, in inner complex
geometries. The objective of the present thesis is todate a new method combining midtock structured
grid generationthat conforms to patient specifimmplex geometriesvith a particle transport and deposition
Eulerian approach that offers significant advantages over previously develapiete trasport and deposition
models.

Starting from data obtained from a medical imaging examinaticuolrface triangulation is formed in an STL
format. From this surface triangulation a high quality rmoltick structured grid that conforms to the surface is
geneated. The proposed method is applicable to vessel bifurcation geometries inside the human body and
generates high quality computational domahet can beeombined with computational fluid dynamics (CFD)
and computational fluid particle dynamics mod€&pPD)

Moreover he basic concept of the proposed particle transport and deposition Eulerian approach is the
handling of the particle population balance equation (PBE) in an Eulerian description under unsteady fluid and
particle flows. The PBE examines asol processes (e.g., transport, nucleation, growth, and coagulation) in a
fixed elemental volume thus diffusion is treated directly and particle concentration is calculated in a
straightforward manner. However, inertial effects can not be easily inclndéé standard form of the PBE.
Based on previoustudiesby Pilou et al. [2011;28] who developed a validatedomputationally efficient
fully Eulerian (fluid and particles) steady state model that incorporated inertial and external forces etfiects in t
PBE, the present work further develops the model in order to provide a better understanding of the particle
transport and deposition mechanisms under unsteady flow fields.

To our knowledge, the proposed method is the first that enables absolute shimpmiag structured grid
generation of a patierspecific complex geometrical shape starting from medical imaging data. Additionally
this is the first time that the transport and deposition of heavy, inert particles are predicted under unsteady flows
using an Eulerian formalism of the particles transport equaisrshown in a number of practical applications
that we have undertaken, the proposed grid generation method generates high quality computational domains,
applicable to complex geometries of hunwaigans, which combined with CFD and CFPD models, can provide
an accurate, patient specific framework, for medical diagnosis and prognosis. Furthermore the combination of

the efficient grid generation method with the particle transport and depositioiaButerdel can contribute to
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the interpretation of particle transport and deposition uhitgrly unsteadyflows in the respiratory system,

offering better physical insight and serving as a tool for the design and optimization of biomedical applications

In conclusion the development and combination of an efficient grid generatiidneith an Eulerian CFPD

approachprovides a powerfumodelfor patient specific bidluid simulations and is the main novelty of this

thesis.

The structure of the thesis istfollowing:

il

In Chapter 2 the theoretical background regarding grid generation for complex geometries is given.
Specifically the structured grid generation techniques and the proposed structured grid generation
method are presented. Furthermore the #témal background regarding particle transport and

deposition is given along the presentation of the proposed Eulerian approach.

In Chapter 3 the application of the grid generation over complex geometries method in two highly
interesting biomedical sas (the Abdominal Aortic Aneurysm and thiac bifurcation) is
presented. Additionally the application of the grid generation method and the particle transport and
deposition Eulerian method utilized on the case of high frequency oscillatevy, fad@ted by

High Frequency Oscillatory ventilator machinéspresentedt has to be noted théiie numerical
simulation of particle transport and deposition in the HFOV case has never been studied before and
is a demanding task in terms of flow fieldadysis due to the rapid flow reversions and the

additional phenomena that are present on highly oscillating flows.

Finally in Chapter 4, the main findings of the thesis are summarized and future applications and

improvements of the presented methodsmovided.
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2.1 Grid generation for complex geometries

The spatial discretization of the solution domain is essential in order to apply numerical techniques for
finding approximate solutions to partial differential equations (PDE}E Spatial discretized computational
domain is often referred as grid aadyrid that conforms to the bouadesof the computational domain as a
boundary fitted grid. The boundary fitted grid generation methods are mainly divided in two categories,
structued and unstructured while the mixing of those two methods produced a third category referred as hybrid
grid generation methad

The most common types of elements utilized in grid generation are triangles or quadrilaterals in two
dimensions and tetrahedralr hexahedral elements in three dimensions. The generation of tetrahedral
corresponds to unstructured mesh generation as contrasted from structured meshes which are typically
comprised of hexahedra.

The use of unstructured computational grids is oftefiemed as they enable effortless grid generation in
complex geometries combined with strong preservation of the geometrical shape. However, unstructured grids
are generally considered to provide less accurate solutions than structured grids due to aohéanbms,
including poor alignment with the primary flow direction and increased numerical diffustonggst P. W. and
Vinchurkar S.200[ Overall series ostudes showed that structured grid domains used for flow simulation in
complex geometries ateetter than their unstructured counterparts because:

1 The use of structured grids decreases the level of numerical diffusion,

9 Structured grids have one order of magnitude less grid convergence index (GCIl), so mesh
independence of flow solution is achievedth fewer elements. It is noted that tetrahedral meshes
typically require 410 times more elements than a hexahedral mesh to obtain the same level of
accuracy [Weingarde¥i.l. 1994;Cifuentes A.Oand KalbagA 1997.

The use of structured grids reduced times by a factor of 3 compared with unstructured grids.

In some types of numerical approximations (i.e., high deformation structural finite element amétisis

l inear el ements), tetrahedral el emeadmimberwidfl be m
degrees of freedom associated with a tetrahedral element [Brewer M2@@32]. This problem s

al so knolwnc kaisn goé .e t

Similar conclusions are drawn in other studiém¢hurkar S.andLongest P. W. 20(J8which point out the
importance of the alignment of the control volume gridlines with the dominant flow direction.

Although the superiority of the structured grid domain is clear, only a few studies use structured grids for the
modeling of complex geometries. The main reason isigrficant time and effort required for the generation
of this grid type.

The objective of the present work is to introduce a new method combiningbiugki structured grid
generation with precise reconstruction of the complex geometry. The propotesimeay be used for the
production of structured grids over complex geometries resulting in high quality grids with simple topology.

In this Chapter the theoretical background regarding boundary fitted grid generation is given and the grid

generation méiod proposed is described in detail.
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2.1.1 Grid generation theory

In this subchapter, the basimethods for unstructured and structured grid generationdaseribed.

Furthermore some grid quality assessment methods are presented.

Grid generations mébds- Structured grid

A structured grid is characterized by regular element connectivity that can be expressed as an array. This
restricts the element choices to quadrilaterals in 2D or hexahedra in 3D.The nodes of these grids follow a
repeating pattermvhere each internal node is always connected to a specific number of adjacent nodes, as

shown in Figure2. 1.

Figure 2.1: A typical structured grid

The presence of this motif suggests that neighboring nodes can easily be identified by some appropriate
numbering of nodes which follow a specific pattern. The major properties that one wants to achieve at a
structured grid generation procedure are orthogonality of the grid lines and grid clustering near areas of interest,
according the physical problem. A niety of numerical methods are applied for the generation and
enhancement of boundary fitted structured grids overdin@nsional or thredimensional domains (often
referred as curvilinear structured grids), however most of the methods may be classifted following three

categories:

A) AlgebraicMethods

The grid generation based on algebraic methods uses a form of interpolation starting from predefined
boundary points and generating the internal points. A great advantage of the method is dhanspee
convenience that the computational domain is generated. Often algebraic methods are used to generate an initial

grid that is afterwards enhanced by grid enhancement techniques based on the solution of PDEs.
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Algebraic grid generation techniques aransformations from a predefined computational domain to an

arbitrary shaped physical domain. This procedure may be expressed as a general eqhgti@ripy

X(x, b ¥

T, B )E(L x Y )
&(x, h ¥
whereX, Y, Z are the continuous coordinates in the physical domain)and?, Z are the continuous

coordinates in the computational domain wit¢ x, /7 A1 . The relationship between the discrete indices
i, j, kand the continuous computational coordinatés /7, Z uniformly discretize the computational
domain and imply a relationship between discrete neighboring points. The use of the discrete vector valued

function T(X, f3, ¥ for

O¢tx = ' 11 1, wherei =1,2,3.1,
I max ~
j-1 . .

och, =—1 1, where ] =1,2,3..]
jmax_

0¢z -—-k_—l 1, wherek =1,2,3..K .,
kmax_l

produces the actual grid pairdn the physical domain (referredidke gridd) and conserves the neighboring
invariart.

The most known and important algebraic grid generation edeith Transfinitel nterpolation(TFI)[ Gordon
W. N. and Hall C.A 197B The advantages of TFI method is that it can generate grids conforming to specific

boundaries, grid spacing may be conaible and is computationally effeait and easily programmed.
B) Grid generation methods based on the solution of PDEs
The grid generation based on the solution of PDE is the most common method for structured grid generation

and enhancement today. Thef@iéntial equations are usually Laplace or Poisson type therefore the main

concept is that a curvilinear grid could be generated by solving the systemaPEq.(

eD°x =P |
| |
D% =Q | (2.2)
D%z =R,

where P, Q, R are control functions #t affect major properties of the grid. The criteria for the selection of
the type of the differential equation governing the grid generation procedure are determined by the requirements
of the physical problem. Generally, the major properties concesntbethness, the orthogonally (as long as it
is allowable by the shape of the domain) and the clustering of the grid lines. The control fulgtiQadR
may be explicitly specified by the user or calculated based on different asswsriptiding to slightly different

formulations and different grid properties. A variety of grid generation and enhancement methods based on the
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solution of PDEs is available at the literatuith¢mpson et al1985; 1999 Hansen et al. 200Kaul U.K.
2014.

C) Conformalmapping grid generation methods

The grid generation based on conformal mapping is mainly used for the surface structured grid generation
over complex shape geometries. The main concept is the calculation of a transformation stiae ptagsical
surface domain to a predefined computational domain with desired properties. By the use of this transformation
the grid is then created over the physical domain and adapts the properties of the predefined computational
domain (orthogonality, gridlustering etc.).

The presented method combirssicalgorithms classified in the two first grid generaticategories and
proposes a new approach for the application of a conformal mapping grid generation method over triangulated

surfaces.
Grid generaions methods Unstructured grid
In contrast with the structured grids, unstructured grids do not follow a predefined pattern and the number of

neighboring nodes changes from node to node. An example of a 2D unstructured grid is illustrated in Figure
2.2.

Figure 2.2: A typical unstructured grid

The data required to represent unstructured grids become more complicated, thus for any particular node, the
connection with other nodes must be defined explicity by a connectivity matrix. The presence of the
connectivity matrix affects the performance of numerical algorithms for ¢béving partial differential
equations leading to an increased computational cost in the case of unstructured meshes.

The grid generation processes for the unstructured gridremeetly based upon geometrical ideas. There

are many methods available, the magdespreadare the Delaunay Triangulation [Baker T1989 and the
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Advancingfront Method [Peraire.Jet al. 198T.Furthermore techniques combining both the aforementioned

methodsare developedAdditional information may be found in the literatyiidhompson et al. 1999].
Quality assessment methods

Mesh quality can have a large influence upon the accuracy (and efficiency) of a simulations based on the
solution of partialdifferential equations (PDE)'s. Apart from the grid generation method plenty of factors
influence mesh quality, including details of the solution to the particular simulation and geometric mesh
properties having to do with spacing, curvature, angles, gmess, etc.

A formal definition of mesh quality is found in the literature Kgupp P.M. [2007]le X pr e s sMesh a s
Quality concerns the characteristics of a mesh that permit a particular numerical PDE simulation to be
efficiently performed, with fidelitto the underlying physics, and with the accuracy required for the probem
The definition is characterized as excessively theoretical so measurable quantities (mesh quality metrics) had to
be chosen in order to asses the mesh quality and comparerdiffgres of meshes.

Skewness is one of the primary quality metrics for a mesh and determines how close to ideal (i.e., equilateral
or equiangular) a grid element is. TaBlé& lists the range of skewness values and provides a general guide to

the relatimship between element skewness and grid element quality based on empirical classification.

Skewness Element Quality

1 Degenerate
0.90 <1 Bad
0.756 0.9 Poor
0.50 0.75 Fair
0.256 0.5 Good
>00 0.25 Excellent

0 Equilateral

Table 2.1:List of skewness values and an empirical classification of element quality.

According to the definition of skewness, a value of 0 indicates an equilateral element (best) and a value of 1
indicates a completely degenerate element (worst). Degenerate elementsracteithad by nodes that are
nearly coplanar (collinear in 2D). A basic method for measuring skewness is the deviation from a normalized
equilateral angle which applies to all cell and face shapes, e.g., pyramids and prisms. The Eddlatesl

Based skwness metric is defined as the result of the @) €alculated for every element,

SKM = max(dne” € & m ;3
180- q. g

where g, .. is largest angle in the face or cell, is thesmallest angle in the face or calld g, is the

anglefor an equiangular face/cell (e.g., 60 for a triangle, 90 for a square). The 0.0 value corresponds to a perfect

equiangular element while value 1.0 corresponds to an absolute skew element.
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2.1.2 Structured grid generation from triangulated surfaces obtained by
medical imaging data

The generation of a structured grid over triangulated surfaces obtained by medical imaging data is considered
an important task among the Hlaid computational science community. Due te tequiremenbf the detailed
geometry representation necessary for patient specific models and the fact that the most common output from
medical imaging data programs are geometries described by triangulated surfaces.

In order to address the problem et f approaches has been developed. One otdhigr studies that
combined medical imaging data with structured grid generation is the work by Long et. al [1998]. The grid
topology that is suggested by t hdusedsnaoydther studiesfusilr r e d
today |Antiga et al 2002; De Santis et 2010; Longest, et aR007. The earlier of these studies utilize the
computed vessel centerlines, and unite slices of planar grid wiswiéep method [Long et al.1998ntiga et
al. 2002] The more recent, more elaborated studies, describe the patient specific geometry by template
parametric planefWolters et al. 2005De Santiset al. 2010]or with the use ofion-uniform rational basis
spline (NURBS) function§Shih A. M. etal. 2005;Bazlevs et al.2006;2008;2002ind deform template meshes
in order to conform to the initial geometry description.

The common characteristic in these studies is the high quality grid they produce but with the disadvantage of
the imprecise surfacrepresentation. Furthermore in a recent study De Santig2@HD] conclude that a future
trend is the structured grid generation with the use of a more detailed patient specific geometry description such
a surface triangulation (e.g. STL type surfawadels).

An STL type surface model is the most common geometry representation produced by the reconstruction of
human organs from medical imaging visualization and handling software. STL is a file format (native to the
stereelithographyCAD software) which describes a raw unstructuréeghgulatedsurface with theunit normal
vectorand the location of the vertices (ordered by tiiglt-hand rul¢ of the triangles using a 3Bartesian
coordinate system

In the past Giannakoglou et al. [1996] suggested a numerical algorithm for handling arbitraryssurface
described through triangles and transformed them into structured surface grids. Additionally Gopalsamy et
al.[2005] suggested a method that produced surface structured grids over triangulated surfaces or NURBS
through reparametrization. Overall the afoentioned studies produced remarkable results but never concluded
to a fully applicable method that may produce a 3D volume structured computational domain starting from
triangulated surfaces.

The proposed methofiMakris et al. 2012]enables structured igr generation over a complex geometrical
shape starting from triangulated surfaces. The purpose of the methodology is to generate an advanced tool that
is utilized in the objective of creating patient specific models of the physical shape of a humastanyam
from medical imaging data. This procedure comprises of the creation of a structured surface grid over the
complex geometry and then the generation and enhancements of the volume grid based on a-betusta in
grid generation codes.

The grid geeration procedure is comprised of the following steps:

i Separation of the 3D triangulated shape to two shells.

i Generation of the surface structured grid.

i Union of the two separate structured shells to one.


http://en.wikipedia.org/wiki/Stereolithography
http://en.wikipedia.org/wiki/Computer-aided_design
http://en.wikipedia.org/wiki/Triangulation_(advanced_geometry)
http://en.wikipedia.org/wiki/Unit_vector
http://en.wikipedia.org/wiki/Surface_normal
http://en.wikipedia.org/wiki/Surface_normal
http://en.wikipedia.org/wiki/Right-hand_rule
http://en.wikipedia.org/wiki/Cartesian_coordinate_system
http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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1 Creation of a grid clustering area near the wall.
i Creation of the initial inner grid, using a linear transfinite interpolation (TFI) method.

i Refinement of the grid according to the physical problem.

Separation of the 3D triangulated shape to two shells.

The proposed algorithm for structured surface gdderation is applicable only on op@@nifolds.However
the triangulated surface of a complex geometry is usually a closed manifold. Therefore, the triangulated surface
has to be split into two open manifolds, forming two shells. The first group formigtieshell and the second
group forms the left shell. In order to illustratestiprocedure the separationof a triangulated surface
representing a human artery is depicted in FiguB: This procedure may be done by the application of a
simple spatiafilter, which separates the geometry in two groups of triangles or with the use of a geometry
handling softwee such as SalompyFormex etc
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Figure 2.3 a) The triangulated surface representing a part of a human vessel and b) the closed surface
separaed to two open manifolds

Generation of the surface structured grid.
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The surface structured grid generation is done on each shell, separately. The production of a surface
structured grid with fine detail and respect to the initial triangulated surfeqee s done. The first step in the
procedure is the creation of an isomorphic parameterization for surface triangulation following the theory of
Fl oater [1997]. From the application oFRS,anIanaater()s
triangulation in a predefined two dimension2[@) domain, with a oneto - one correspondence between
nodes, edges and facésformed. This is done by solving a linear systeneguiationswith physical meaning
that corrsponds tathe conservation o convex combination factor for every triangle R® adaptedto the
newly calculated triangles @D . In Figure2.4, a surface triangulation and an isomorphic planar triangulation

prodwced by the algorithm is shown.
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Figure 2.4: a) A surface triangulation and b) an isomorphic planar triangulation produced by the
proposed algorithm.

A more detailed description of the isomorphic planar triangulatigarithm follows
Definitions

A surface triangulationS consists of a set of verticdd , a set of edge&, and a set of triangular faces F

satisfying the next properties: Each verteMnbelongs toR® , each edgeE is a line joining 2 vertices, each
triangle is formed by 3 edges. Each vertex will be part of at least one edge, and each edge will be part of at least
one triangle. Intersection of two triangledl be either empty, or an edge, or a vertex.

A convex combination is a linear combination of points where all coefficients are megative and sum up

to one. Formally, given a finite number of poifft& } with i =1,n ina R® space, a convex combination of
these points is guantityof the forma, X, +a,X, +a;X; +...+a, X, where a; belong to the space of real

numbersRe and satisfiess, 2 O and &, +a, +a, +...+a, =1

Algorithm
The development of the algorithm consists of the following steps:

If V ={P} is the set of vertices o5 where{P}belongs tdR® , i =1, N and N is the number of

vertices, then
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1 Identify the boundary vertices and label thepf®}withi =1,n for the internal vertices and
i =n+1, N for the boundary vertices.

i Place the boundary vertices on the bounds of a cor@Bx domain. As an initial example a
simple squard0,]] is usedfor the utilization of the methodologyhowevera moresophisticated
approachdescribed in detaihithe manuscript, is proposed thiis step.

i Calculate the convex combination factbrfor every triangle of theS triangulation.

A convex combination is a linear combination of points where all coefficieataari negative and
sum up to 1. More detail about the calculation of the convex combination feator be  found in
Fl oa t1997 wok. |

i Form the system of lineaquatiors
N
Q=a /i,j QJ
j=1

wherel =1,n. The physical meangn of the system consists of the conservatmnthe convex
combination factor oévery trianglén 3D as well as in2D .
1 Solve this system to obtai), which are the coordinates of the vertideside the parametric

2D domain. So, the isomorphic planar triangulation is produced.

It is important to notice that the use of different convex combination fadtovgll produce different planar
triangulations. In Figure2.5 two different planar triangulations obtained by the use of two different convex

combination factorsare depicted. On the left of Figur.5 the uniform parametrization with’ equal to

1
i :\7 is usedwhile on the rightof the Figure 2.5the weighted parametrization witd equal to

d.
/.. =— isused, wherdl. is the distance between neighbouring triangle vertices.
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Figure 2.5: a) The planar triangulation produced by the use of the uniform parametrization, b) The
planar triangulation produced by the use of the weighted parametrization.

In order to make the differences more presentable in FRj6re detail of the overlapping of the two diféat

planar parameterizations is illustrated.
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Figure 2.6: A detail of two overlapping planar triangulations. The Blue colored is the triangulation
formed by the uniform parametrization while the Red colored is the triangulation formed by the
weighted paametrization.
The difference in the planar triangulation will lead to a different surface structured grid. Therefore the
selection of the convex combination factdr is a componentthat will affect the whole grid generation
procedue.

The second step of the procedure is the use of the isomorphic mapping to produce a structured surface grid.
Therefore the next formalism is developed:

1 A structured grid is interpolated in the planar triangulation. In Figufan overlap of the

plana structured grid and the planar triangulation used in the interpolation process is shown.
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b) <)
Figure 2.7: a) The planar triangulation b) The planar structured grid c) The overlapping of the
structured grid over the planar triangulation

i The evaluation oivhich point of the structured grid belongs to which triangle of the planar
triangulation is done based on the work of Moller [1998].

i The barycentric coordinates for every structured grid vertex placed inside a triancaécatated
based on Floater at. [2005] work.

1 The 2D structured grid is transformed to BB structured surface grid, by the use of the

invariant barycentric coordinates calculated on the planar triangulation.
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A more detailed description mome aspects of the formulation follows.
For the evaluation of which point of the structured grid belongs to each triangle of the planar triangulation the
calculation of the barycentric coordinates been done and a simple test has to applied. Forlétiercaltthe

barycentric coordinates Eq2.4 - 2.5)are used.

U= AIE%OA?* AP &C AEC AR AP
ACOAC* AB B AC AR AC
(- BCOT AP BB AC A AP
ACOAC* AB @B AC AR AC

(2.42.5)

>l )21 >1 El

Where Uand Vare the two barycentric coordinatés, B andC are the triangle vertices whil® is the
structured grid node. For the determination of the triangle that each structured gridRefitsxa simple rule
described byeq.s2.6is followed. The two barycentric coordinatélsand V have to be positive and their sum

should be less or equal to 1, thosaditions are described I8g.(2.6).

éu 0 Q
{vz 0 : (2.6)
1 ]
tu+v ay

In Figure2.8 an example case for the calculation of the barycentirc coordinates and the application of the

simple ruledefininga point inside a triangle is illustrated.

Figure 2.8 An example case for the calculation of the barycentirc coordinate®f a vertex P inside a
triangle

Due to the isomorphic transformation, the calculated barycentric coordinates are invariant under the planar
and the surface triangulation. Using that information, along with a simple transformation, a surface structured
grid over the surface triangulated shape is obtained. In F@rthe surface structured grid obtained by the

methodology and the initial surface triangulation is shown.
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The number of elements of the surface grid is equal to the number of elememplahtr structured grid
that wasprojected on the planar triangulation. As a result the number of elements of the final grid can be

controlled through the control of the projected planar grid.

—)

a) b)

Figure 2.9 a) The initial triangulated surface b) The initial surface structured grid produced

Union of the two separate structured shells to one.

After the surface structured grid is generated over the two shells, the two shells are united and a new surface
structured grid is formed. In Figu&10the union ofthe two shells is depicted. The united surface structured

grid will be used for the generation of the inner domain.

i,::“;
Figure 2.1Q The one to one union of the two separately generated surface grids

Creation of a grid clustering area near the wall

For the creation of the inner domain the normal vector of every point on the surface is calculated by the Eg.

(2.7)
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C o 3 o
N =
|g1 gZ| (2_7)
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Where @, is the first andj, is the second covariant metric of the clingar coordinate system that

conforms to the surface grid that was generated. By writing the curvilinear covariant metrics in terms of the

Cartesiarcoordinate systentq. (2.7) canbe expressed as Eq.(2.8)
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Where I is the position vector, ang and /7 are the continuous curvilinear coordinates, often refereed in

R

(2.8)
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discrete form ag andj .

Based on the Normal vector values calculated, the surface grid points are extruded towards the inner of the
vessel shape. The distance of the extrude operation is selected along with the humber of hexahedtal elem
created. By controlling those two parameters, rhltick grids that cluster near the wall are produced.
Precautions are taken to avoid grid overlapping. Grid overlapping is possible to appear if the extrude distance is
large compared with the vessiibmeter or surface parts with extremely high curvature are present. To avoid
this situation, extrude distances comparable with the arteries wall thickness based on Kleigistke[2006]

are selected.
Creation of the initial inner grid, using a line#&ansfinite interpolation (TFI) method.

The next step is the creation of an initial 3D volume grid using the linear transfinite interpolation (TFI)
method (Gordon W. N. and Hall C.A.1973The result of this procedure is a miitock structured grid wh
the ability to fully control the grid clustering near the vessel walls by specifying the number of elements and the
length of the cluster layer. In Figu&11 two different inner grids produced by the same surface grid are

depicted.

3
J

S
5
N

4

Figure 2.11 a) The inner grid produced with large clustering distance b) The inner grid produced with
small clustering distance


http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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Refinement of the grid according to the physical problem.

The grid refinement, according the physical problem computational needs aritl mispect to the surface
shape is following. The refinement is done by ahdnise code for 3D grid enhancement based on the solution
of elliptic partial differential equations, developed according to Thompshon et al. [1999]. In Eigjeeslice

of theinner grid is depicted before and after thkinementenhancement procedure.

Figure 2.12 a) A slice form the initial inner grid b) A slice from the inner grid after the enhancement
procedure
A result of our methodology is the mulilock structureacomputational grid depicted in Figu?el3 The
grid conforms to the triangulated surface of the vessel and with the application of a 3D grid enhancement code

together with the muHblock technique a local clustering of elementsapplied near the wall
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Figure 2.13 The structured grid of a patient specific human vessel produced by the methodology



2.1 Grid geneation for complex geometri

2.1.3 Comparisons of different grid generation methods

In order to evaluate the developed method against other meshing methods, a nvisuplaatiatve

comparison of results calculated by different grid types is done.

For the comparisons three different grid types (hexahedral structured, pure unstructured tetrahedral and

hybrid prismatic unstructured)eseused. The initial geometry washuman vessel reconstructed by the use of

medical imaging handling and visualization software based on data coming from a CT examination. For the

unstructured and hybrid grid generation commercial unstructured grid generation software (Ansys ICEM

CFD®) was used. Three gradually finer unstructured grids were generated using the advancing front method
and consisted of 249.795, 705.895 and 1.859.036 tetrahedral elements. In2Figutes three unstructured

grids are visualized.
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14:Three gradually finer unstructured grids consisting of a) 249.795 b) 705

Figure 2

1.859.03&etrahedral elements.

Three gradually finer hybrid unstructured grids were generated using a prismatic layer development method
and the advancing front method for the in@rpart and consisted of 242.284, 607.023 and 1.598.526 elements.

In Figure2.15the three hybrid grids are visualized.
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Unstr.- Prism.
Tetrahedral
242.284
Elements

are presented in Tabk2.

Unstr.- Prism.
Tetrahedral
607.023
Elements

Unstr.- Prism.
Tetrahedral
1.598.526
Elements

1.598.526 elements

y

Figure 2.15: Three gradually finer hybrid unstructured grids consisting of a) 242.284, b$07.023 ¢

On the otler hand, a mukblock structured grid generated by the presented method, consisted of 194.880
hexahedral elements, was selected as an adequate grid resolution for this comparison. The structured grid is

depicted in Figur@.13 Summary data about the comtgtional domains, which are used for the comparison,

Grid Name Grid type Type of Grid Elements Number of
Elements
UnstrCoarse Unstructured Tetrahedral 249.795
UnstrMid Unstructured Tetrahedral 705.895

UnstrFine Unstructured Tetrahedral 1.859.036
PrismCoarse Hybrid HexahedratTetrahedral 242.284
PrismCoarse Hybrid HexahedratTetrahedral 607.023

PrismCoarse Hybrid HexahedratTetrahedral 1.598.526
Structured Structured Hexahedral 194.880

Table 2.2: Summary data aboutthe compared computational domains.

the expected values reported in previous studiesijstreuer et al. 2006

The selected simulation for the comparison was representing a typical case of blood flow in the aorta.
[Kleinstreuer et al. 20Q6The flow field was calculated by the Ansys CFX® software and blood was simulated
as anincompressible, homogenous and Newtonian fluid. The blood density was assumed equal to 1056 kg/m
and the dynamic viscosity equal to 3,1°*1Ba s. As boundary conditions, a constant velocity profile was
selected giving a Reynolds number equal to 1200lewthe outlet pressure was selected equal to 112 mmHg.
The walls were considered smooth and the no slip condition was applied. The performed CFD simulation, for

all the domains, predicted a pressure and velocity distribution in the physiological ranger@sgponded to
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For a quantitative comparison of the differences of the calculated flow fields the velocity magnitude of 90
geometrical points inside the computational domain wgsl. The geometrical points were selected to be close
to the centerline of the vesséh. order to quantify the difference of the flow fields developed inside different

computational domains, a relative error measurement is done. For that pHgp@s8 calculates the formula

of the relative error variable at selected geometrical points aBd.(2.10) calculates the root mean square

value € _ . of the same variablepngest W. P. an¥inchurkar S.2007.

rms

u

i coarse ~ ui, fine

eI:

2.9

i,fine

(2.10

Both Eqs .9) and (210) are taking in account the values of the same 90 geometrical points in all the
computational domaing.he velocity magnitudeesultsat those 90 geometrical poirfts thethreeunstructured

grids are depicted in Fig.16

Unstructured grid refinment
28 4

20 4

— UnstrCoarse

— Unstriid

— UnstrFine

1 4 7 10 13 6 19 2 O @ M 3 3T 40 4 95 M S22 85 S 61 8 67 V0O T3 OV T 82 8 = 91 94 o7 100

Figure 2.16: Velocity magnitude of 90 geometrical points inside the computational domain calculated
by three unstructured grids

As it is visible by the graph iRigure2.16t h e Ff c o ar s egdd (descsbedras dnstnCoaesdhigure
2.19 calculated | ower velocity magnitude at al most
consisting of 249795 elements (described as UnstrCoarseFigure 2.16), underestimated the velocity
magrtude with a relative error root mean square of 5.5% compared with the fine Unstructured grid (described
as UnstrFine inFigure 2.16 and produced a solution with rough velocity transition over neighboring
geometrical points. A refinement by a factor of #vas needed and an unstructured grid with more than double

elements (consisting 0705895 grid elementdescribed as UnstrMid irrigure 2.16 ) than the coarse
unstructured grid was used in order to improve the results and prod@ycedqual to 1.2% compared with the

fine Unstructured grid and less visual sings of numerical skewness. For a further improvement of the solution, a
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grid consisting 0fl.859036 elements was used and considered to be the more accurate grid betwesgethe th
unstructured grids used in this comparison (described as Unstritiguie2.16).

The same procedure was done for thiee gradually finer hybrid gridand the velocity magnitude of the
same 90 geometrical points inside the computational domaepistdd in Fig2.17.

Unstr. - Prism. Refinment
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£
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1 — PrismCoarse
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1 4 7 10 13 1B 189 2 25 2 3 ¥ ¥ 4 4 496 4 52 55 55 81 4 67 0 T O OTA &= 85 55 91 94 97 00

Figure 2.17:Velocity magnitude of 90 geometrical points inside the computational domain calculated
by three hybrid prismatic grids

Aiming to the minimization of the relative error root mean squéyg, andthe appearance of less rough
velocity transition ovemeighbouringgeometrical points three gradually finer hybrid grids were taken into

account. The . was calculated to be equal to 1.9% between the PrismCoarse and the PrisybFithgrid

and 1.6% between the PrismMid and the PrismFine grid. In order to achieve the best results in terms of grid
efficiency the fine hybrid gricconsisting of 1859036 elements was used and considered to be the more
accurate grid between the thregohd grids used in this comparison (described as PrismFiRgine2.17).

A visual comparison of the contour of the velocity magnitude at an axial planar section of the vessel for the
three unstructured and the three hybrid grids is illustrated in FRyli&e A visual compari sort
colours reveals the underestimation of the velocity magnitude by the unstructured grids, a phenomenon that is
more intend in the fcotheppaE aighmenshetwaer theuprineady velpeitictdr , due
and the tetrahedral elements of the ¢kithchurkar S.andLongest W. P. 2008Furthermore, the unstructured
grid shows evidence of high numerical skewness with the occurrences of curly contour boundaries. The effect
is allayed and almost invidie as the grids were refined, although the hybrid grids provides a more smooth

velocity magnitude contour with the use of less elements than the unstructured grids.
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Qe

Unst.Tet. Unst.Tet. Unst.Tet.
a) 249.795 705.895 1.859.036
Elements Elements Elements
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) 242.284 e) 607.023 f) 1.598.526
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Figure 2.18: Contour of the velocity magnitude at an axial planar section of the veskfor a),b),c)the
three unstructured andd),e),f) the three hybrid grids.

In order to evaluate the quality of the structured grid developed by the proposed method against other
meshing methods a comparison of the results of the same simulation betwagstured grid consisting of
194.880 elements and the finer grids of the other two meshing methods was carried out. A visual comparison of
the contour of the velocity magnitude at an axial planar section of the vessel for the three grids is illostrated
Figure2.19.

VOV

Unstru. Unstru.-Prism. Structured
1.805.936 1.598.526 194.880
Elements Elements Elements

Figure 2.19: Contour of the velocity magnitude at an axial planar section of the vessel for three grids of
different type a) Unstructured, b) Hybrid prismatic unstructured and c) Structured.

A comparison based on thelocity magnitudeof 90 geometrical points inside the computational domain

calculated by the three different grid typesiliastrated in Figure 2.20. The comparison reveals that the
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structured grid provided smoother flow fields with lessugh velocity magnitude transitien between

neighbouring points.

el — Structured

— UnstrFine

orismfine
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Figure 2.20:Velocity magnitude of 90 geometrical points inside the computational domain calculated
by three different type grids

More detailed illustrations show clearly that numerical skewness expressed as curly coatmaries is less
evident in the structured grithking into account thathe other gridsuse8 or 9 times more elements. The

illustrationsof some detailare depicted ifrigured s 2.222123

Figure 2.21:Detail of the contour of the velocity nagnitude at an axial planar section of the vessel for
three grids of different type a)Unstructured, b) Hybrid prismatic unstructured and c) Structured.
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Figure 2.22: Detall of the contour of the velocity magnitude at an axial planar section of the vesset
three grids of different type a)Unstructured, b) Hybrid prismatic unstructured and c) Structured.

Figure 2.23: Detall of the contour of the velocity magnitude at an axial planar section of the vessel for
three grids of different type a)Unstructured, b) Hybrid prismatic unstructured and c) Structured.

Based on the visual comparisons we may suggest that the use of the structured grid provided more smooth
flow fields. The unstructured grid shows evidence of high numerical skewness with the occuafeoody
lines and rough velocity transition over neighboring geometrical points. Those facts suggest the structured grid
to be more accurate in the simulation of secondary flows. Furthermore, the result of the underestimation of the
secondary velocitieBy the use of the unstructured domain, may lead to a calculation of lower vertical pressure
on the wall and a shear strain rate underestimation.

The observed differences and the visualization of the flow fields obtained by the different computatisnal grid
is in agreement with conclusions reported by previous comparison sf\Wiieburkar S.andLongest W. P.
2008], considering the structured grid capable to provide more accurate flow field solutions at similar grid
resolution.
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2.1.4 Conclusions

In Chapter 2.1a brief theoretical background regarding grid generation is described and the newly proposed
structured grid generation method for the grid generation over triangulated surfaces obtained by medical
imaging data is presented. Initially thenctusion of different comparison studies between structured and
unstructured grid available in the literature are summarized. Those comparisons underlined the evident
superiority of the structured grid over the unstructured, gidn thoughmoted that theise of unstructured grid
in bio-fluid simulations is often preferred due to the ability of quick and effortless grid generation in complex
geometries combined with strong preservation of the geometrical shape.

Next the major structured grid generationhteiques, classified in three categories, are presented along with a
very short reference on unstructured grid generation techniques. Additionally a detailed presentation of the
proposed grid generation method, along the algorithms and a simple exardples.isurthermore a visual and
quantiative comparison between the grid produced by the proposed method and grids produced by other
unstructured grid generation methods is carried out and concluded to similts regorted by other studies

Overall the proposed method is a considerable step towards patient specific modeling -fificbio
simulations, due to the detailed geometry representation of human organs and the generation of a high quality
grid that permits the solution of PDEs Wwiccuracy, speeahd fidelity.



2.1 Grid geneation for complex geometriet®




5C Theory

2.2 Particle Transport and Deposition

In this Chapter the theoretical background regargiagicle transport and deposition &erosol flows is
given and the numerical models used are presented. Aerosol is a dispersion of small mplid patticles
suspended in a gas, usually air. An aerosol is a two phase system with a continuous phase and a dispersed
phase, called particulate phase, which may be solid or liquid. The governing equations and the solution
techniques of the continuopbiase are considered trivial therefore are briefly presented, while the incorporation
of the Eulerian formulation in the time dependent particle flows is described in detail.

2.2.1 Continuous phase

Governing equations

For the calculation of the fluiddiv fields the incompressible time dependent Navi&tokes equations are
solved by the finitevolume method. The flow is assumed to be incompressible, justified due to the low flow
velocities in the biological cases that the developed model is applied2 Bd) gives the mass continuity

equation for the incompressible flow while Eq.1? gives the momentum conservation equation for a time

dependent case, whefe s the stress tensdJ is the velocityand p the pressure of the fluid.

g

PO o (2.12)

%+ p@® UA - b 2.12)

Numerical solution

The incompressible time dependent Naviestokes equations are solved numerically using the commercial
software Ansys CFX®. The solver is based on the finite volume methodology which is thoroughly described in
many manuscriptsHerziger J. and Peric M002].The momentum equation2.02 are solved using a first
order forward Euler scheme for the time degent term, and the Ansys CFX® high resolution scheme (second
order upwind bounded) for the advection term. Ansys CFX® is also capable of working in parallel mode, which
significantly reducethe computational time, and thus it alkebtaining time consming transient flow fields.

Nevertheless, Ansys CFX® exports the solution in an arbitrary node numbering format. Therefore, a
methodology to use the flow field from Ansys CFXth the inhouse aerosdlansport and deposition code
has been developed. &lsolution files were exported by utilizing the CGNS (CFD General Notation System)
protocol. This protocol was developed as an effort to standardize CFD input and output Fariniat D. et al.

2004, and provides an enormous amount of information alteeitmesh nodes proximities and numbering.
Therefore a code for the Arenumberingo of the node:

format capable to be imported to thehiouse aerosol dynamics code has been developed.
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2.2.2 Dispersed phase

General Theoretical remarks

Aerosol particle size spans over multiple orders of magnitude; from a few nanometers (1Atm)=td.0

sever al mi c r o fmy. Basedson theldiameterpartikld are classified in coarse particle‘lsp(>
1s)rmndfineparticles(dp<1sm) . Furthermore, a classification us:«

dp < 50 or 100nm.

Particle concentration in terms of number or mass per unit volunikeotarrier fluid is a fundamental
guantity in the description of aerosol flows. Equally important property is the particle size and shape that are the
determining factors of the system behavior in the majority of the applicakonshe determinationfgarticle

size sincea particle can be regarded spherical, particle diandegerjs often used as representative size.

However, there are many cases where the shape of the particles is irregular. Then an equivalent diameter is
ustally employed (e.g. aerodynamic diameter and Stokes diameter), which is the diameter that a spherical
particle should have in order to present the same behavior based on predefined criteria.

Particle size may affect not only the characteristics of ansakrbut the physical laws that describe its
behavior too. The ratio of the double mean free plathof the carrier gas to the particle diametdg,, defines

a dimensionless number called Knudsen number:
2/
Kn=— (2.21)
dp

Knudsen number is a criterion for mass, momentum and heat transfer between the particles and the

surrounding gas and based on it, two major limiting regimes are defined; a) the continuum regime, for Kn << 1

or / << dp, where the gas is regarded a continuous medium, and b) the free molecular regime, for Kn >> 1 or

/ >> dp, where the gas continuity does not hold. In tret fegime NavierStokes equations are used to

calculate the drag force on the particle, whereas in the seegimde the kinetic theory of gases should be
implemented. Between these two regimes, there is a transition regime, where the theorylisdmtdldped
and various interpolation methods are used.

In practical applications particle population is ngmform with respect to size. Therefore, tistthcal
indicatorsare used to describe the particle size distribution, such as the mean value aadahce. As a
convention, we can assume single sized particles (monodispersed) when the standard deviation of the size
distribution is less than 10%. Otherwise, a distribution extending in more than one particle sizes (polydispersed)
should be considede Most of the naturally occurring and engineered particles fall into the latter category.

In the proposed aerosol transport and deposition model an Eulerian formulation for the solution of the particle
population balance equation (PBE) is used. TherEme@pproach offers significant advantages over the

frequertly chosen Lagrangian approad?ilpu et al. 2011]Initially, it may be used for small particle diameters
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where the Lagrangian approach becomes highly demanding in terms of numerical implemdrathermore
the Eulerian model can take into account simultaneous diffusive and inertial particle transport.

In the proposed modehe particles are assumed as monodispersed and the calculating of the particle
concentration inside a fixed elementalwole is done. Moreover, for most typhase flows in the respiratory,
the particulate phase is dispersed enough, i.e. the total volume of the particles does not exceed 0.0001% of the
total volume, therefore onmay coupling of the phases is assumed. Paniglecity in the mass conservation
equation of the dispersed phase is obtained by an expression in the limit of the low particle relaxation time. The
particle velocity is decomposed into a diffusive term, which depends on the particle concentration, gradliien
a convective term, independent of the concentration. The modified equation is solved numerically using the

finite volume technique. More details about the incorporated equation and the solution method follow.
Governing equations

The variation in pace and time of the particle size distribution under various physical processes is of utmost
importance in the study of aerosol flows. There are two categories of processes that may alter the size
distribution of an aerosol in a fixed elemental volume;irternal processes, such as coagulation or
agglomeration and gas-particle conversion, and b) external processes, such as convection and transport due to
gradients in the fluid (e.g. temperature, concentration), as well as external forces (e.g. gjestitymagnetic)

. The intergrodifferential equation that describes the effect of these phenomena on the particle size distribution
is called the General Dynamic Equatig@DE). Given appropriate initial and boundary condition, GDE
describes fully the pécle size distribution in an aerosol flow.

In the presence of fluid flow, the GDE is given[Byossinos and Housiad2604:

. o@) 4 % e
I«[t P growth tHoag

whereC is the dimensionless particle concentration Erads the dimensionless particle velocity.

In Eq.(213), the first term of the lefhandside (LHS) refers to particle accumulation in time and the second
to particle transport due to external processes, whereas théaigthside (RHS) represits the internal
processes; the first term corresponds tetggsarticle conversion and the second to coagulation or
agglomeration.

The developed model is based on a description of the particles General Dynamic EQuE§omith focus
on the transponf a population of particles and the assumption of the internal processes (growth, coagulation)

absence. Based on that remarks the GDE becBmd2.14) known as Particle Transport Equation (P.T.E.)

Ve ..
E+ P(@,) 0 (214

The proposed methad a time depended extension of a formerly developethod by Pilou et al. [201&nd
may obtain the average particle veloclﬁ{] under different conditions without solving the average particle

momentum eq uation.
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Considering awo-fluid methodology for the aerosol system, where particles are the dispersed phase into a
continuous phase (fluid) due to the dispersed phase dilution it is assumed that the particles do not interact with

each other. However, they do interact with therier fluid. Consequently, in a twiofluid approach to aerosol

transport the average particle velocﬁx is obtained from the average particle momentuomégn which may

be written asiernandez de la Mora and Rosner 1982

Olkr

%+Up©ﬁp = DGR, (1

Where the force per unit mass exerted on the particles by the fluid is denotgquipy and P pis the

particle stress tensor.

Based on the assumption of the ideal gas behdwiothe dispersed phase, the assumption of constant
temperature flow and the general expression for the force fields in the case of Brownian particles described by
Ramshaw] 979 and further expanded in order to be applied in the proposed model byefRalda01]

The momentum equation yields

M G oo Kels Inch= (T 2.16
T a, Oup m nc [p(uf u,) (2.16)

Where T, is the constant fluid temperaturéql, the mass of the particlel; t he Bol tzmannos
U, the fluid velocity andl‘p the particle relaxation time. Particle relaxation time is a parameter that
characterizes the response of particles to fluid flow changes and is defined as the time a particletef diam
dpand densityrp needs to acquire its terminal velocity, if it released in a still fluid of viscaHity

[Drossinosand Housiadas 2006
A low particle relaxation time expansi®f the particle momentum equation is done based on the expression

of the particle velocity

as proposed by Fernandez de la Mora and Ro4198.

The momentum equatior?2.(l6) may be multiplied by the particle relaxati time [p and expressed as

Eq.2.18:
i (© i@
e R UL
KBTf

m,

(2.18)
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Eqg. (2.18 may be written analytically:
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By neglecting thearticlerelaxation time terms of"2order or higher webtan:
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Therefore the particle velocity is equal to:

i KT
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Mt b
The particle veIocitpr is decomposed into twoarts:a diffusive pat dependent on the patrticle

concentration and a convective péigt independent of particle concentration.

% (&, )W) (223

The dispersed phase mass conserv&impii2.14 takes thdorm:

O, =0, +][

C
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Where D =l‘p

is the diffusion coefficient of particles given by the Stekéssteinequation

EQ(2.24) can be further written &8q.<2.25 becausecBInc = £

—

o+ el tpﬂtl (8, )uPd (DI @2

Eq.(2.25 is the extended particle transport equation that incorporates the effects of particle convection,
inertia and diffusionEq.(2.25 may be expressed in a dimensionless integral form simplified by using the

Gauss theorem and assuming constant fluid artetlgaproperties, thus constant diffusion coefficient as
Eq(2.26) .

HC ~ L _ ~ —>'
E+DCUC gs eé . fcbd:  (2.26)
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Where Pe is the Péclet number which stands as the ratio of the convective flux to the diffusive flux of the

particles and ise&fined by:

F)e:dt_u0
D

Where dt is a characteristic length of the flow (i.e. tube diameter) @nds the characteristic velocity of the

flow used for the dimensionless approach. Biggerigast, with low diffusion coefficient, will lead to a higher

Pe and asPeincreases the convective flux becomes more important than the diffusive one and vice versa.

Numerical solution

Once the fluid veloity is numerically obtained using Ansys CFX software, the convective particle velocity

U, is calculated from Ec(23 and, subsequently, thearticle transportequation is solved for particle

concentration.
Therefore, the particlmodified convection diffusion equation (EG.6)) is solved in three dimensions using

a finite volume method with a collocated arrangement of variables that takes into account grid non
orthogonality and is suitable for multiock grids. The discretizatn and numerical treatment of the particle

equation are described next
For the time discretization of the concentration of the particles a forward Euler scheme was used. Namely the

time derivative for the particle concentration was giverEQy(2.27).

HCoii _ Gy G
= 2.2
pt o (2.27)

The typical topology of a Cartesian computational grid for a collocated arrangement of variables and the
control volume (CV) are shown in FiguPe24 The centre of the CV is computational node P, whereas E, W, N,

S, T aml B are itsmeighboumodes and define the respective CV faces e, w, n, s, t and b.
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Figure 2.24 Topology of a control volume of a Cartesian grid

The net particle flux through the CV surface equals the sum of integrals over the six CV faces. Th26) Eq.(

becomes for every time step:

% (73, et @IS :k'a'_( Pe A ®dE (2.28)

with K =1..6 for each CV facer alternatively:

aag)=o0 (2.29)
k

Where J, is the total flux through each face, calcaths J, = J,° +J,% with

~

JC = 'r:]kCUC @S the convective particle flux and,® = Pe'lrgk B d¥ the diffusive particle flux.

The calculation of the particle convective velocllly is done by Eq(2.23) thus concentratiorCis theonly

unknown quantity.
The surface integral of the two particle fluxes refer to the six CV surfaces where the particle concentration

Chas to be approximated. The approximatias done based on a classical finite volume method analysis

described nn detail by Ferziger and Peri[2002]. The anal ysis for only the fiec

described and the other faces may be treated in the same manner.

Regarding the conveegt term, the convective mass flolﬁi&zéC through the east CV face is equal to

CC o g
m" =R as g4 s (30
where uw is the xcomponent of the convective particle velocliyand Sex is the xcomponent of the east

face vector. The convective flux through the east face is then approximated by the product of the convective

mass flowr'neC times the valueC, of the comentration on the center of the fa@eaccording tcEq.(2.31)
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The convectiverelocity term is treated by a deferredrrection approach to avoid application of higer

schemes that would rdsin big computational moleculd&erziger and Pezi2003. Thus, the convective term

c

is split into an implicit partJg,

which is discretized using a first order upwind scheme (UDS) and is equal to

JS =(rfc)™® (2.32)

e,imp

c

, and an explicit partd, ,,

comprised of the difference between the UDS and the semuied central
difference scheme (CDS) equal to
320 =RMIMQ)™S {(MQ ™ g (233)
evaluatedusing the values of the previous iteration.

For the CDS, the value of the particle concentration at the CV face e is approximated by linear interpolation
between the nodes P and E according to(EG4)

c.=/.L 1 -/)c; (2.349)
Where the interpolation factof, stand for the ratio of the distance of face cengefrom the node P to the

distance of node E from node P, thus:

For the UDS, the value of the particle concentration at the CV face e is given by :

(rf )" = max(rf,0)G, +min(nf,0)g (2.35)
i.e. the value of particle concentration at the face ce@tequals the one at node P if there is mass flow form

P to E or equals to the one at node E if mass flow is from E to P.

In conclusion,J.’ is written as:

3 =35 WS (2.36)

g imp e ex|

Concluding toEq(2.37)
Jo- =max(if,0)c, +min(hf ,0)c. +
{[/.ce+1 - pcd max(nf,0)c, min(ii,0) ™
Once the iterations converge, the low order scheme (UDS) cancel out and the obtained solution corresponds
to the highetorder scheme (CDS).

(2.37)

Regarding the diffusive term, the diffusive particle flux through CV face is givetgh@.38
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e

Jd= -Pellje B hds Eé-sﬁ ds Fﬁe—g‘ . (2.38)

e

is the gradient of

e

= C
Where I is the surface unit vector an8, the surface bthe CV facee. The termu—

particle concentration in the direction of the surface vector. The second order central difference approximation
is used for the concentration gradientEsp(2.38 becomes:
J= Pe‘lgﬁ (2.39)
I—PE

The previously described analysis is valid only when a Cartesian totally orthogonal grid is used as a
computational domain. In the described model non orthogonal structured grids are used therefoseoh serie
corrections based on Ferziger and Pe2@0f] are implemented in order to make the method fully applicable to
non orthogonal grids

Regarding the boundary conditiorssformerly developed analysis by Pilou et[@011] has been followed
and the paricle concentration wall boundary condition was the usual condition of a totally absorbing wall
described b¥q.(2.40

=0 (2.40)

|wa||

which at the wall boundary gives a (dimensionless) diffusive ﬂ]&‘ " equal o:
Wi

D

—_ 1l Y.
=Py BdERa” (2.41)

S

Moreover, there is a finite nexero particle convective velocity just before the wall, resulting to a

(dimensionless) convective quxJC‘ . which can be written as:

wal

=0if g Cﬁﬁ 0 (2.42)

wall :fFUC @érwall L Qiqwan © (2.43)

where the particle convective velocityj, is calculated just before the wall boundary, i.e. at the

computational grid pait closest to the wall. Hence, if the convective flux at the grid point closest to the wall is

towards the wall, this flux is taken equal to the depositing convective flux at the wall; otherwise, the convective

flux at the wall is zero. The two cases oé tharticles convective flux indicate that only outward fluxes are

permitted; influx of particles from the wall is not permitted, because is considered physically unrealistic.
Therefore, the total (dimensionless) deposition flux is giveRdpy2.44):

Jyn=J°

+J° (2.44)

dep

wall wall
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2.2.3 Model Validation

Inertia and gravity term validation

The incorporation of the inertia and external forces term in the proposed model has been validated through
comparison with experimentdPui et al. 1987], anatical [Cheng Y. and Wang C. 1975] arather
computational datfrsai C.J. and Pui D. 199@h the calculation of the deposition fraction of aerosBi®{ et
al. 2011]. Additionally the deposition fraction was compared, with evaluated results, agairsimexpal
findings at cases where extra forces are present [Pilou et &]. BHsed on those previous simulations the

inertia term of the model is considered elaborated enough to simulate inertial particle transfer and deposition.

Transient term validabn

The model is further developed in the current study for the simulation of unsteady flows and the validity of
the additional transient term has to be evaluated. The validation of the transient terdongathrough
comparisons with a problem that hasaltical solution To our knowledge there is no comparable study of
transient particle transport and deposition of inert particles in the literature and a comparison against steady
state experimental and numerical studies have been done in thRijmstf al.2011; 2013.Thus a comparison
against a case which does not take particle inertia into account is carried out.

Siegel and Sparrow [1958halyzed the transient laminar heat transfer in the thermal entrance region of a flat
duct (parallel plate chael) whose bounding surfaces are subjected to a constant heat flux. The velocity
distribution of the flow was taken to be fully developed and steady. The developed code was used for the
simulation of the forced convection heat transfer in the entrancenregia flat duct and the results are
compared with the aforementioned study. The reproduction of the test problem was done by the model with the
particle size taken equal to zero. The reproduction of the benchmark problem, at fully developed temperature
phase, is illustrated in Figute25.
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Figure 2.25:Thermal boundary layer development in the entrance region of a flat duct with bounding
surfaces subjected to a constant heat flux.

In Figure 226 the comparison for different dimensionless time stepdlustiated. The agreement of the

numerical simulations with the analytical results is very good.
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Figure 2.26: Comparison of numerical and analytical solution of transient Temperature development
inside a flat duct with bounding surfaces subjected to aomstant heat flux.
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Overall this comparison demonstrates that our numerical treatment of the transient term is valid and our

model is elaborated enough to simulate time dependent particle transport problems.

2.2.4 Conclusion

In this sub chapter the thestical backgroundabout particle transport and depositiand the numerical
approach, on which the proposed methodology is based, are presented.

The numerical simulation of the air flow field is carried out by the commercial software Ansys CFX® and for
the calculation of the fluid flow fields the incompressible time dependent N&\Béwkes equations are solved
by the finitevolume method. The model assumes -wagy coupling, thus the influence of the dispersed
(particulate) phase on the fluid flow fielsl considered negligible.

Regarding the dispersed phase, after a brief introduction to modelling of particle transport and deposition and
the processes present in a tplase fluidparticle systems, a detailed description of the handling of the
equation tht governs the transport of particles (PTE), is given.

Internal aerosol processes are not taken into account in this imeckalise they are not important for the
applications consideredoreover, the low particle relation time expansion of the partiobeagge momentum
equation in case of isothermal flow proposed by Fernandez de la Mora and R8&2eis adopted in order to
address inertial effects on Brownian diffusion.

It is shown that the particle velocity may be decomposed in two componentdiffajsave part, dependent
only on the particle concentration gradient, and b) a convective part that depends only on the fluid velocity, its
temporal and spatial gradients and incorporates the effects of particle inertia.

Incorporation of this particle lecity into the mass conservation equation of the particulate phase, gives a
population balance equation for the particles that incorporates particle convection, diffusion, inertia in an
Eulerian formulation.

The particledransferequation is solved irhtee dimensions using a finite volume method with a collocated
arrangement of variables that takes into account gridontthrogonality and is suitable for mulilock grids.

In the code, the convective term is discretized using a semaied deferred coection approach, while a
secondorder central difference scheme is preferred for the diffusive term and a forward Euler scheme for the
time discretization of the concentration of the partickegthermore the validation of the incorporation of the
inertia and transient term achieved through comparisons wvgitbtdem that haanalytical solution.

The proposed model is a fully Eulerian approach, for both air and particle phases. The advantages of the
Eulerian approach combined with a particle transpotyaizathat incorporates particle inertia and diffusion at
the same time provided us with a powerful Computational Fluid Particles Dynamic (CFPD) model that can give

insight into the particléransfer and depositidn unsteady flows.
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3.1 A patient i specific abdominal aortic aneurysm (AAA) model

In the current application the generation of a rdallbick structured grid on a real abdominal aortic aneurysm
(AAA) acquired from DICOM data ipresentedWith the use of medical images standard DICOM format
(output of a computed tomography (CT) ejlaitihe shape of a human organ is extracted and a structured
computational grid is created. The structured grid generation is done by the proposed method and enables the
development of an adwced patient specific model. The proposed methodology provides a precise
reconstruction of the human organs, that is required in an AAA case, where small variations in the geometry

may alter the flow field, the stresses exerted on the walls and finallpphure risk of the aneurysm

3.1.1 Patient specific geometry and grid generation

The generation of an advanced patient specific model of the physical shape of a human organ from medical
imaging data is described for the case of an AAA, and it congpoisthe following steps:

1 DICOM data processing and segmentation of the volume of interest.

i Creation of a 3D shell of the AAA by a medical imaging program.

i Generation of a surface structured grid of the shell of the three dimensional shape.

i Generation oftte volume grid and grid refinement by arhiouse 3D elliptigrid enhancemertode

In the next subsections a detailed description of these steps is given.
Image processingGeometry reconstruction

The first step in our methodology is to read a DIC@IEl Currently almost all the medical imaging methods
(magnetic resonance imaging (MRI), computed tomography (CT), medical ultrasonography (MU) etc.) and
medical imaging machines export their results in DICOM format. A DICOM file consists of a set efogiley
images of planar cross sections of the volume of interest. Geometry reconstruction from DICOM data sets is
considered to be a routine task today and is utilized by locally customized codes or commercial software. In this
study, the highly efficienand reliable open source software 3DSfid@ieper et al. 2006§ used.

For the AAA case study, CT anonymous data were obtained from the databases of the Diagnostic Medical
Center: Encephalos Euromedica. These data were acquired with the standardasbmind resolution CT
protocol(planeresolution is 512 x 512 pixels and slice thickness is 2 mm).

An important step in the image reconstruction process is the segmentation of the volume of interest. Due to
the heterogeneous nature of signal intensityriligion and quality of the DICOM images, this procedure can
not be automated. A certain degree of user intervention is always required during the segmentation, mainly in
the identification of the shape bounds.

In the case of AAA, many studies examine rogihto segment the volume of interest when a thrombus is
present [Lee et al. 2010]. The thrombus develops in the inner vascular wall. Sptitlaé separation between

thrombus and the outer AAAG6s vascul adhemiga $yhthesissthen e c e s
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thrombus produces a different optical result in a DICOM file. Hence, by using luminescence thresholds it is

possible to distinguish thrombus from the AAAG6s out
In this application, the segmentation of only the inment of the AAA, without the thrombus, is done, as this

is the area wherd¢ flow field is developed. IRigure3.1, the segmentation of the inner part of an AAA, using

luminescence thresholds is shown. For better optical result, a line is drawn coutidates of the selected

area.

Figure 3.1: (Left) A typical image of a DICOM data set from medical examination of an AAA case.

(Right) The same image with the area of interest highlighted.

After the segmentation of the volume of interest, the 3DeB8gicsoftware produces a 3D surface cell by
combining the data of every two planar images, while using an interpolation method in the third dimension.
After the reconstruction a smoothing filter is applied by the use of the 3D Slicer® software. Thefrdsslt o
procedure is exported as an STL file (STL is a file format native tetdreclithographyCAD software) which
descrikes the outer shell of the shape with the use of triangles. An STL file describes a raw unstructured
triangulatedsurface with theinit normal vectorand the location of the vertices (ordered byribht-hand rul@
of the triangles using a 3Dartesian coordinate systeifhe STL file used in the AAA case study is visualized

in Figure3.2 Nevertheless, the methodology can be applied to every triaagkd description of a surface.

Figure 3.2: The image of an AAA in STL format created by the 3D Slicer®.


http://en.wikipedia.org/wiki/Stereolithography
http://en.wikipedia.org/wiki/Computer-aided_design
http://en.wikipedia.org/wiki/Triangulation_(advanced_geometry)
http://en.wikipedia.org/wiki/Unit_vector
http://en.wikipedia.org/wiki/Surface_normal
http://en.wikipedia.org/wiki/Right-hand_rule
http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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Grid generation

In the grid generation section the production of a structured grid with fine detail and respect to the surface
shape is presented. This procedure is done by a FORTd&®e developed for the needs of the methodology,
which is based on the theory developed in a previous chapter of the manuscript.

The grid generation procedure is comprised of the following steps:

Separation of the 3D shape to two shells.

Generation of th surface structured grid.

Union of the two separate structured shells to one.
Creation of a grid clustering area near the artery wall.

Creation of the initial inner grid, using a simple transfinite interpolation (TRf)ethod.

=A =4 =4 -4 -4 -4

Refinement of the grid acating to the physical problem.

Separation of the 3D shape to two shells

Although the developed algorithm for structured surface grids works only on open manifolds, the 3D cell
shape created by the 3D Sliesoftware is a closed manifold. Therefore, sheface was split into two open
manifolds, forming two shells. This was done by the application of a simple spatial filter, which separates the
triangles of the geometry in two groups. The first group forms the right shell and the second group forms the
left shell. The surface structured grid generation is done on each shell, separately.

Generation of the surface structured grid

The first step in the procedure is the creation of an isomorphic parameterization for surface triangulation
following the thery of Floater[Floater et al. 2005] Fr om t he application of Flo

triangulation inRs, a planar triangulation in a predefined two dimensia®dB() domain, with a oneto - one

correspondece between nodes, edges and faces is formed. This is done by solving a linear system of equations
of the conservation of convex combination factor for every triangIeR|3n and for the newly calculated
triangles in2D .

In Figure 3.3, a surface triangulation and an isomorphic planar triangulation produced by the previously
described algorithm is shown.
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Figure 3.3: (a) A surface triangulation . (b) An isomorphic planar triangulation with one-to-one

correspondencebetween nodes, edges and faces.

The second step is the use of the isomorphic mapping to produce a structured surface grid. Due to the
isomorphic transformation, the calculated barycentric coordinates are preserved in the surface triangulation.
Using thatinformation, along with a simple transformation, a surface structured grid over the surface
triangulated shape is obtained. More details about this procedure and the mathematical formulation can be
found in a previous chapter of the manuscript.

In Figure3.4 the surface structured grid obtained by the methodology and the starting surface triangulation is

shown.

Figure 3.4 : (a) A surface structured mesh which accurately conforms to the surface shape. (b) The

surface triangulation .

When this methodolgy is applied to the AAA case, however, a more sophisticated approach has to be
followed. Due to the complexity of the shape of the surface triangulation, produced by the separation of the

aneurysm geometry, the previously described methodology is notigiapplicable to this geometry.
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The main problem is that the outer curves of the surface triangulation of the AAA may have irregular outline.
The irregular outline may be formed by boundary triangles which stand out by the surface smooth bound. That
type of boundary triangles contains two boundary edges. If the formerly mentioned methodology is applied to
those triangles, the boundary edges will be placed in a straight line tsguare domain so they will not
form a triangle anywre. As a result, the exact shape can not be fully reproduced and piece of information is
lost.

The proposed methodology overcomes this limitation, as follows: Without violating theory, a convex curved
2D domain is used. The four sel®f the domain that is used are produced analytically by four Egsi (3.1
3.4),

y =-cur* (1- cos@ux)) forxi [0]], (3.1)
x=1+cur* (1- cos@uy))foryl [0]], (3.2)
y=1+cur* (1- cos@ux))forxi [01],  (3.3)
x=-cur* (1- cos@uy))foryi [0]]. (3.4)

The four equations are for each of the four sides of the domainCHriis the variable that defines the
curvature of the2D domain bounds. The use of a cuh@omain allows a triangle with two boundary edges,
on the surface triangulation, to form a triangle in the planar triangulation. With the use of a curved domain, as a
parametric domain, the developed code can be applied to surface triangulations ofk cstmaple, without
loosing any information. The triangulation and the structured grid obtained in the domain creadd éoual
to 0.015 are visualized frig 3.5.

Figure 3.5: (a) The planar triangulation of the left shell of an AAA. (b) The structured mesh calculated
in the 2D domain to be interpolated in the planar triangulation.

The utilization of the method in a shell of the AAA shape is showigare3.6. On the left side of figurd.6
the triangular surface of the AAA shédl visualized, on the right side of the figure the surface structured grid

obtained by our methodology is visualized.
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Figure 3.6: (a) The left shell of an AAA taken from an STL file. (b) A surface structured mesh of the
shell generated by the proposed gthodology.

The number of elements of the surface grid is equal to the number of elements of the planar structured grid
that were projected on the planar triangulation. As a result the number of elements of the final grid can be

controlled through the eurol of the projected planar grid.

Union of the two shell$ Creation of the grid clustering area-Creation of the initial inner grid- Grid

enhancement

After the surface structured grid is generated over the two shells, the two shells are uniteé\arsdidace
structured grid is formed. That grid will be used for the generation of the inner domain.
For the creation of the inner domain the normal vector of every point on the surface is calculated by the Eqg.

(3.5)
= 3 =
N :—913 92 (3.5)
9.° g
o \—
where ¢, is the first and), is the second covariant metric of the curvilinear coordinate system that

conforms to the surface grid that was generated. By writing the curvilinear covariant metrics in terms of the

Cartesian coordinate systergq. (3.5) can be expressed as in Eq. (3.6).

~

cC C o —— o o~ c
w8 dE_EdJlQC_a o IJZdKOC QX Y X

N = BX b _cix pa < WX ph - W ph -
- | 9 - | 9

W W W W

W ph W ph

(3.6)


http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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Where T is the position vector, and and /7 are the curvilinear coordinates, often refereed in discrete form
asi andj .

Based on the Normal vector values calculated, the surface grid points are extruded towards the inner of the
AAA. The distance of the extrude operation is selected along with the number of hexahedral elements created.
By controlling those two parameters, midtock grids that cluster near the AAA wall are produced.
Precautions are taken to avoid the grid overlappingd @Gverlapping is possible to appear if the extrude
distance is large compared with the AAA diameter or grid points with extremely high curvature are present. To
avoid this situation, extrude distances comparable with the arteries wall thickness (a$sumed based on
[Kleinstreueret al.2006]) are selected.

The next step is the creation of an initial 3D grid using the linear transfinite interpolation (TFI) method
[Gordon W. N. and Hall C.A. 19T.3The result of this procedure is a miitock structurd grid with the ability
to fully control the grid clustering near the AAA walls by specifying the number of elements near the wall and
the length of the cluster layer.

The grid refinement, accordirtg the physical problem computational needs and witheaso the surface
shape is following. The refinement is done by ahduse code for 3D grid enhancement based on the solution
of elliptic partial differential equations, developed according to Thompshon[&88B].

The result of our methodology ieg multiblock structured computational grid depicted in figudesand
3.8 The grid conforms to the surface of the AAA and with the applicatioa 3D grid enhancement code

together with the mukblock technique a local clustering of elements canppdied near the walls.
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Figure 3.7: A realistic AAA geometry modelled by a structured computational grid generated by the

proposed methodology
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Figure 3.8: (a) A grid slice from the inner of the 3D structured mesh of the AAA that has been

modeled. p) Detail from the outer surface of the same domain. (& detail of the same grid slice.
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For the conputational domain depicted ingare 3.8, the calculation of a grid skewness metric is done

(SKM). The skewness metric is defined as the result of th€3E4). calculated for every hexahedral element.

SKM=m ,
¢ 90 90

a::égmax - 90 90- Grin g
-, (3.7)
In EQ. (3.7)G. is the maximum angle ang,,;, is the minimum angle in the hexahedron element. The 0.0

value corresponds to a perfect eqgular element while value 1.0 corresponds to an absolute skew element.
The skewness metric results, for a computational domain consisting of 316.651 elements with an element

cluster distance equal to 2,5 % of the AAA diameter, are presentedTialles. 1

Skewness metric Number of Elements Percentage %
0.0- 0.25 (excellent) 224845 71,00
0.25- 0.50 (good) 89226 28,19
0.50- 0.75 (medium) 2580 0,81
0.75- 1.00 (poor) 0 0,00
Sum 316651 100,00

Table 3.1 Skewness metric for the 3D structured grid

The results are classified in four groups. The number of elements and the overall percentage that belongs to
each group are visualized. The classification and the characterization of the grid quality classes are based on
empirical rules.

The producedgrd i s a high quality grid with the major pe
class and al most no elements below the figoodo cl a:
alignment with the primary flow direction combined wittetability of clustering elements near the wall, ensure
that the use of the structured grid generated by the proposed methodology may provide accurate computational

results, especially near the artery wall.

Numerical optimization Data type

The systenof equations, utilized by the proposed methodology, is solved with the&aramercial solver
MUMPS [Amestoy et al. 2001,2006]. MUMPS is a direct solver using the multi frontal method and it utilizes
the MPI protocol to run in parallel mode on a computestelr to reduce computational time.

The structured grid that is created can be exported as a simplebloakiformat grid like Plot3D and
Tecplot® data format. An additional ability of the set of codes developed for the method is the export of the
grid as a CFD general notation system (CGNS)[Poirier et al. 1998] structured grid. The CGNS is a general,
portable, and extensible standard for the storage and retrieval of computational fluid dynamics (CFD) analysis
data firstly developed by the American Insté of Aeronautics and Astronautics. This data format is compatible

with many commercial (Ansys CFX®, Ansys Fluent® etc.) and open source CFD solvers ( OpenFOAM® etc.).
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3.1.2 Results of the simulation of the blood flow inside the AAA

In this section a tef comparison of results of the simulation of the blood flow inside the abdominal aorta
aneurysm computed using a structured grid generated by the proposed methodology and an unstructured grid
generated by the commercial software Ansys ICEM CFD®, arsepted. The unstructured grid is a grid
generated using the advancing front method and consists of 362.602 tetrahedral elements. While the structured
grid produced by the proposed methodology, is a grid that consists of 316.651 hexahedral elements. The two
domains can be characterized as similar grid resolution domains. The computational domains that have been
used in the simulation of the blood flow inside the AAA are shown in fi§ueOn the left side of figur8.9
the unstructured grid is visualizedn the right side of the figure the melttiock structured grid generated by

the proposed methodology is visualized.
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Figure 3.9: (a) The unstructured computational domain of the AAA created by the Ansys ICEM
CFD® software. (b) The structured computatonal domain of the AAA created by the proposed
methodology.

The blood flow simulation is a steady flow corresponding to the maximum inflow velocity at the systolic
phase of the cardiac cycle [Li and Kleinstreuer 2007]. The flow field is calculate@ B\ngys CFX® software
and the blood is simulated to be incompressible, homogenous and Newtonian fluid. The blood density was
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taken equal to 1056 kgfjLi and Kleinstreuer 2007] and the dynamic viscosity equal to 31PEOs[Li and
Kleinstreuer 2007].Adoundary conditions, a constant velocity profile was taken giving a Reynolds number
equal to 2000, while the outlet pressure was taken equal to 112 mmHg [Li and Kleinstreuer 2007]. The walls
were considered smooth and the no slip condition was appliedpdtiermed CFD simulation, for both
domains, predicted a pressure and velocity distribution in the physiological range and corresponded to the
expected values reported in previous studies [Li and Kleinstreuer 2007].

In order to visualize the difference$the calculated flow fields of the two domains, two planar sections, one
in the upper area and one in the middle of the aneurysm (as shown irsfit@rewere depicted in figurg.10
On the left side of the figurg.10the two planar sections origirgafrom the unstructured grid are visualized. On
the right side the same planar sections originate from the structured grid are visualized. A contour of the
velocity magnitude is used in order to make the differences between the calculated flow fiblds Aigsisual
comparison between the velocity contours of the two different grid types, suggests that that the use of the

structured grid provided more detailed flow fields.
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Figure 3.10: (a) Two Planar sections of the AAA along with a velocity contouat the unstructured grid.

(b) Planar sections of the AAA along with a velocity contour at the structured grid.
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In order to quantify the difference of the flow fields developed inside the two different computational
domains, a relative error measuremisndone. For that purpose Eq. (3.8) calculates the formula of the relative
error variable at selected geometrical points and Eq. (3.9) calculates the root mean square value of the same

variable(g,,¢ )

u - U .
9. — i ,coarse i fine , (3.8)

: (3.9)

For the estimation of the relative error a line consisting of 180 points close to the vascular centreline is
selected. The formula is comparing the values of the same geometrical points in both computational domains.
The resits of the computed velocity coordinates X and Y are depictdeigure3.11andFigure3.12as graphs.

In the flow field of the AAA simulation the primary flow direction is towards the Z axis .The two coordinates
were selected not to be the dominant flomection coordinates in order to better estimate the ability of the

computational domain to simulate the secondary flows inside the AAA.
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Figure 3.11: The Velocity coordinate Y calculated on 180 points for both computational domains.
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VelocityX (m/s)

|— Structured grid — UnStructured grid ‘

Figure 3.12 The Velocity coordinate X calculated on 180 points for both computational domains.

Based on the two graphs we may suggest that the use of the structured grid provided more smooth flow fields.
The unstructured grid shows evidence of high numerical skewndsgheibccurrences of curly lines and rough

velocity transition over neighboring geometrical points. Furthermore the unstructured grid computed the

secondary flow velocity coordinates (Velocity_X and Velocity_Y ) with lower magnitude. In terrgs ofthe

Velocity_Y is underestimated by ag, . equal to 2,05 while the Velocity_X is underestimated by &,

ms
equal to 4,15. Those facts lead the structured grid to be more accurate in the simulatonddryelows and

resolve more secondary vortices inside the flow field. Furthermore, the result of the underestimation of the
secondary velocities by the use of the unstructured domain, may lead to a calculation of lower vertical pressure
on the wall andh shear strain rate underestimation.

Although a brief comparison between the two grid types is performed in this study, the observed differences
and the visualization of the flow fields obtained by the two different computational grids is in agreement with
conclusions reported by previous comparison studies [Longesand/ Vinchurkar2007; Vinchurkar and
Longest W 2008], considering the structured grid more accurate at the flow field calculations at similar grid

resolution.
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3.1.3 Comparison of the shear stress estimation from different grid types

Shear_Strain_Rate

— 62.00
— 55.11
| 48.22
1 41.33
| 34.44
— 27.56
— 20.67

13.78
I 6.89
0.00

Figure 3.13: (a) A contour of the shear strain rate on the walls of the unstructured domain. (b) A

contour of the shear strain rate on the walls of the structured domain.

In figure 3.13, a contour of the sl strain rate on the AAA walls calculated for both domdinpsAnsys
CFX® is presented. As it is visible by figuBe13the unstructured grid calculated lower shear strain rate at
every AAA area, with an exception of the area circumferential to the ihteealomain. That calculation of a
higher shear strain rate circumferential to the inlet walls, by the unstructured domain, may be a consequence of
the poor alignment between the inlet velocity vector and the tetrahedral elements of the grid. For a more
detailed measurement of the differences of the computed flow fields, the maximum values of the velocity vector

coordinates and the shear strain rate fertito domains are presented iable3.2.
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Variable Structured Unstructured Difference
domain domain (%)
Velocity magnitude
18.93 18.24 3,65
(cm/s)
Velocity X
9.21 8.80 4,45
(cm/s)
Velocity_Y
12.38 11.61 6,22
(cm/s)
Velocity_Z
15.99 16.88 -5,57
(cm/s)
Shear Strain Rate 61.91 56.20 9,22

Table 3.2: Maximum velocity and shear strain rate compute on the two domains.

In the flow field of the AAA the primary flow direction is towards the z axis. The comparison of the
maximum magnitude of the three velocity coordinates showed, that the structured grid computed the secondary
flow velocities (Velociy_X and Velocity_Y inTable3.2) with higher values. That fact can lead the structured
grid to be more accurate in the simulation of secondary flows and resolve more secondary vortices in the flow
field. On the other hand, the result of the underestimatiothe secondary velocities by the use of the
unstructured domain, may lead to a calculation of lower vertical pressure on the wall and a shear strain rate
underestimation. For the specific simulation the assumption is fulfilled and the maximum shearastra
computed for the unstructured grid is lower, than the maximum shear strain rate computed by the structured

domain, for a percentage of 9,22 % .

3.1.4 Conclusions

In an AAA case, the flow domain is formed in an unpredictable shape and mayteféotv field and the
rupture risk. Many previous computational model studies tried to reconstruct the AAA shape and computational
domain basedn statistical data or values measured by a medical exam. Those methodologies have the
disadvantages of the quession of the small abnormalities of the AAA, in the final shape. Other studies used
an unstructured computational grid to reproduce the AAA shape conciliated with the limitations of the
unstructured grid. In this application an effective computaticg@nique was applied for the development of a
detailed shape reconstruction and structured grid generation of a{sateiftc AAA case, using DICOM data
obtained by a medical imaging examination.

Starting from a set of plane gr@glue images taken fro a medical imaging examination, a three
dimensional shape is reconstructed with the use of the 3DSlicer® software. From that shapblaakulti
structured computational grid which conforms to the surface and with a grid spacing control ability near the
artery walls is created. The created structured grid was used to study the flow field in an AAA, compute the

wall shear stress (wss) and conduct a rupture risk assessment for a specific human.
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The methodology presented in this study is a step towards te®dment of an advanced patient specific
model. The combination of this model with computational fluid dynamics models, andfituature

interaction models, may provide an accurate patient specific medical diagnosis and prognosis.
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3.2 Generation of multi-block computational structured grids from
medical imaging of arterial bifurcation

In this application the generation of muiliock structured computational grid on patispecific bifurcation
geometries is presented. The structured grid gener&tiodmique is applied to data obtained by medical
imaging examination, resulting in a surface conforming, high quality, 4blatk structured grid of a patient
specific abdominal aorta bifurcation. For the evaluation of the grid produced, a grid coneesgehc and a
comparison between thygid produced by the proposed method and unstructured grids produced by commercial
meshing softwarare carried out.

This section is structured as follows: At first, the methodology is presented, including a desaiptie
way the process of the medical imaging data and geometrical reconstruction is carried out leading to a
triangulated surface shape (STL file). This is followed by detailed description of theboglti structured grid
generation process. In addii some details of grid enhancement are described. In the last subsection,
numerical results are given including a grid convergengeality study, a brief flow field solver comparison
between Ansys CFX and an-lrouse Finite Volume solver and a compamidetween the abdominal aorta

bifurcation grid produced and unstructured grids produced by commercial mesh generation software.

3.2.1 Patient specific geometry and grid generation

The purpose of the methodology is to generate a framework to modétiat gpiecific bifurcation geometry
starting from Digital Imaging and Communications in Medicine (DICOM) data acquired by a medical imaging
examination. The proposed approach is exemplified with the case of an abdominal bifurcation: It comprises the
following steps:

1 Reading and processing of medical imaging data in DICOM format and image segmentation

reconstruction of the volume of interest (VOI).

1 Geometry preparationtopological partition of the triangulated surface .

1 Generation of a mulblock surfacestructured grid over the partitioned triangulated surfaces

1 Unification of the partitioned branches and generation of the volume grid. Grid enhancement lay

in house grid enhancement code.

A detailed description of the steps follows

DICOM data procesag and segmentation of the volume of interest

Currently almost all the medical imaging machines export their results in a set «cgteyimages of planar
cross sections compacted in DICOM format. Many studies have been made in the segmentation and
reconstruction of the geometrical shape of interest by combining those images [Antiga L. et al. 2002;2008,
Shim M. B. et al. 2009]. Geometrical reconstruction from DICOM data sets is considered to be a routine task
today and is utilized by locally customizeddes or commercial software. In this study, the highly efficient and

reliable open source software 3DSlicer® [Pieper et al. 2006] is used.
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For the sample bifurcation study, CT anonymous data were obtained from the databases of the Diagnostic
Medical Cente Encephalos Euromedica. The sample data come from a CT using standard contrast and
resolution CT protocol, that is with a plane resolution 512 x 512 pixels with a slice thickness of 2 mm.

In the image reconstruction process an important step is theesgéafion of the volume of interest. There is
no automated method of segmentation, due to the heterogeneous nature of signal intensity distribution and the
non standard quality of the images acquired. Hence, luminescence thresholds are used available in th
3DSlicef software, and by user intervention it is possible to extract the bifurcation geometry by a DICOM
dataset. IrFigure3.14, the segmentation for two cross sections of the abdominal aorta bifurcation is shown. For

a better optical result, lineseadrawn on the boundaries of the selected areas of the original set

Figure 3.14 : (a) Two typical images of a DICOM data set from medical examination of an abdominal
bifurcation case. (b) The same images with the area of interest highlighted.

After the segmentation of the volume of interedbdominal aortdifurcation in this case), the 3D Slicer®
software produces a 3D triangulated surface geometry by combining the data for every two planar images, with
the use of an interpolation method for thdldimension. The result of the reconstruction procedure is an STL
file, the format of which is native to theterealithography CAD software. The STL file used in this study is

visualized inFigure3.15 with the triangle edges visible.

Geometry preparation Topological partition

The bifurcation shape created by the 3D Sficsuftware is a closed manifold. Therefore, thefae was
partitioned into two branches and each branch to two open manifolds. This was achieved using the pyFormex
openi source software as developed by Ghent University and dedicated to create and handle large geometrical

models. By using the pyFormexr&phical User Interface (GUI) the separation of the two branches and the


http://en.wikipedia.org/wiki/Stereolithography
http://en.wikipedia.org/wiki/Computer-aided_design
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further separation of each branch resulting in 4 different manifolds are done. These are shigwre3n .

This separation is an essential stage in the methodology of the gvitagleneration technique.

a) b)

Figure 3.15:(a) The STL file containing the abdominal bifurcation geometry visualized with triangles

(b) The abdominal bifurcation geometry separated in open manifolds.

As a consequence of the partition, the main left nodohifs formed as a discontinuous manifold with an
opening in the position where the branch was formerly united. Due a mathematical limitation within the
algorithm as initially is developed, structured grid generation over triangulated surfaces maydze@applon
continuous manifolds. This constraint has been eliminated using a handy implemented technique. The original

drawback has become a methodological advantage by using the approach which is how described

Multi-block surface structured grid generati

In this section the method for generating a surface structured grid with concurrent grid preparatiosticor one
one union of the two branchespresentedThe surface grid generation methodology is an extensiore @ina
presented in a former applican [Makris et al. 2018 and produces a grid strongly conforming to the
triangulated surface.

The proposed methatbmbine a multblock structured surface grid generation over triangular surfaces with
concurrenttopological formation that preconditionsoaeto-one block matching in a single framewoflis

procedure is executed by a set of in house written codes. As a part of the method, a new approach has been
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with triangles.
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developed for the manipulation of the opening formed on the main branch, shéiguia3.16a, due to the

partition of the geometrical shape.

Figure 3.16: (a) The left manifold that the branch is united. (b) The same manifold with the hole filled

The approach is comprised of the following steps:

i Creation of a triangulated p&tover the opening of the 3D shape

1 Formation of a planar triangulation in a predefined two dimensional (2D) domain, with-ta-one

correspondence between nodes, edges and faces with the surface 3D triangulation

9 Extraction of the curve of the 2D opagi in the planar domain

9 Generation of a 2D multlock structured grid on the planar domain with the generatiorsimigte

structured block bounded by the opening curve.

1 Generation of a

preparation for one to one union of the two branches

The opening on the 3D manifold is clodegltriangles by applying an unstruced grid generation technique

the Advancing Front Metho&grdon W. N. and Hall C.A. 1973The ful surface domain is shown in
Figure 3.16b.The application of the formalism for the structured grid generation for triangulated surfaces

e.g.

includes the isomorphic transformation of the triangular surface leading to a planar triangulation. The
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triangulation Bown inFigure 3.17a is the result of applying the methodology to the surface domdtigofe
3.16b.

Figure3.17:(a) The planar triangulation of the fAfilledo
triangles of the hole removed (c) The planar miti -block grid that is created and the extracted boundary

curve of the hole

The hdexes of the triangles formed inside the opening are known so it is a trivial task to remove them from
the planar triangulation. The result of that abstraction leads tpl#mar triangulation with an opening as
shown inFigure3.17b.

Due to the shape preserving nature of the isomorphic transformation, the bound of the opening on the planar
triangulation corresponds to the shape of the opening on the 3D geometry. Balsatifacttthe extraction of
the boundary curve of the planar opening may be carried out by applying a cubic spline function along the
boundary vertices. This extracted curve is showRigure3.17c as a thick line for better optical interpretation
and usd as a bound for the generation of a mbltck structured @nar grid as given ifrigure3.17c. The
multi-block structured planar grid is then subjected to the falhg triangulation (as iRigure3.17a). After the
subjection the barycentric coordiratfor each structured grid vertex inside every triangle are calculated. Due to
the isomorphic transformation, the barycentric coordinates are unvaried in the 3D surface triangulation. Using
that information, along with a back projection, a surface stredtgrid is obtained, resulting in the surface

structured multblock domain given irFigure3.18
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Figure 3.18:(a) The surface structured multiblock domain created (b) the surface structured multi

block domain (c) the second branch created with a orte one matching condition.

The outcome of the procedure is a mbltck structured grid within which a structured block is formed at the
place where the initial geometry had an opening. This block is used for atoneone matching with the
second brach. More details about the mathematical formulation of the creation of an isomorphic
parameterization from surface triangulations, about the structured grid mapping and the grid enhancement

technique can be found &previous chapter

Volume grid generdion and refinement

After the surface structured grids are generated on the shells, the unification and creation of an initial 3D grid
is carried out using a linear transfeinterpolation (TFI) methadlhe structured surface grids produced for the
left and right main branches due to the -tm®ne matching can be interpolated in a single grid block. So the
final bifurcation shape consists of 2 elementary blocks, one for each branch.

Due to the topology of the computational domain produced, a numbelemients in the corners of the
topology appear to be skewed with equangle skewnwes equal to 0.9. This feature is also apparent in the grid
quality study which is the next process to be performed on the generated grid. The above disadvantage, due to

the simple topology selected, is allayed by using a Sorenson algotr8braerjson, R. L.and Steger, J. L. 1980
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in the grid enhancement routine .This algorithm enables the distance of the first element vertex from the bounds
to be controlled and by applyingtit the computational domain produced, the irrational shape of the elements
in the topology corners is avoided.

The system of Partial Differential Equations (PDE) used in the elliptic grid generation code is treated using
the noncommercial solver MUMPS [Restoy et al. 20012004. MUMPS is a direct solver using the multi
frontal method and it utilizes the MPI protocol to run in parallel mode on a computer cluster to reduce the
computational time.

The multiblock structured grid that has beencreated @anle x port ed a$bl @ac&iomploe mamt
for Plot3D and Tecplot® data. An additional ability of the set didgnse codes developed for the method is the
export of the structured grid as a CFD general notation system (CGNS). CGNS is a geniadale, paomd
extensible standard for the storage and retrieval of CFD data originally developed by the American Institute of
Aeronautics and Astronautics. Its data format is compatible with many CFD solvers both commercial (Ansys
CFX®, Ansys Fluent® etc.) ahopen source (OpenFOAM® etc.).

3.2.2 Simulation of the flow field inside a patient specific iliac bifurcation

In this section a description of the grid convergence study, performed in order to validate the grid
independence of the flow field solutiors biven along with a brief solver comparison. Furthermore, an
evaluation of the quality of the grid produced using our methodology, by comparing it with three unstructured

grids produced by the Ansys ICEM CFD® grid generator is carried out.

Grid indepenénce and Grid quality study

In order to obtain results independent of grid resolution, a grid convergence study is performed. For this
purpose four structured grids are generated following a graduate refinement, ranging 4,G@b t0571,687

elements. Btailed inbrmation is given in the Table 3.4

Name Number of elements
S1 174.725
S2 230.796
S3 334.986
S4 571.687

Table 3.4 Number of hexahedral elements for the 3D multi block structured grids generated by the

methodology

For the grid independee study a CFD Hhouse finite volume code based on the pressure correction method
SIMPLE [Patankar S. 1980f used. The aforementioned-ibuse code has already been used in various
bioflow studies [Neofytou P. et al. 2006;2008].There are two mainmséso this: (i) to underline the strengths
of the current method by applying it not only to a commercial CFD package (such as Ansys CFX® ) but also to
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a code that is more sensitivein terms of convergenceto grid quality and (ii) to develop the-lmuse CFD
code further, in conjunction with the grid generator, as the methodology is meant to be part of a broader effort
towards an integrated patient specific approach. Furthermore the results of the grid independence study were
used for a brief comparisdretween the ithouse code and the commercial Ansys CFX® software.

For each of the grids a steady state flow simulation is performed, representing a typical case of blood flow in
the abdominal aorta with a Reynolds number of 1200. In order to make atafismtomparison of the flow

fields predicted by the different grids, the calculation of the root mean square (RMS) of the relative error of the
velocity magnitude is made, as given by Eq. (3.10). In this equagjoiis the relative eor at selected

geometrical pointgiven by Eq. (3.11). Eq. (3.10) is used successively to compare between the grids of different

resolution.

(3.10)

_ | Y coarse ™ ul fine)

u

,(3.11)
i,fine

Specifically, 100 geometrical points are s&delcalong a centreline which can be considered as the axis of the
branch. Following an ascending order with respect to grid resolution for the grids S1 to S4, Egs. (3.10) and
(3.11) are applied for theame geometrical points and themerical assessment grid independence is based
on the RMS values.

The RMS values for the four grids are given in TaBl& while the more detailed velocity magnitudes

calculated at the 100 geometrical points, are presentédumne3.19

Grid sizes Erms(%)
(X 10°)
174-230 1.45
230335 1.39
335572 1.17

Table 3.5. Root mean square of the relative error for the four structured grids generated by the

methodology

Results suggest that grid S3 would be the best choice of computational domain, combining independency of
the flow field solution at sufficient level with acceptable computational speed and memory use. The empirical

criterion we set for this study was to require the RMS to be lower than 1.2%.
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Figure 3.19: A comparison a)i d) of velocity magnitude for a definedof 100 points fit for the four

structured computational domains

In order to evaluate the validity of the CFD simulation a brief solver comparison is carried out. The typical
case of blood flow in the abdominal aorta used before was simulated by both-tbase code and a
commercial CFD code (Ansys CFX®), employing the selected S3 grid. The simulation was carried out twice
with the commercial code using different discretization schemes for the advection terms;. a) a 1st order upwind
scheme ,b) the AnsyGFX® high resolution scheme. When the Ansys CFX® High Resolution scheme is used,
the second order correction is calculated based on the upwind gradient and is therefore a second order upwind
scheme. The diffusion terms are calculated based on elementfshef@ens and are thus second order accurate
and pressure is further corrected by applying a fourth order pressure correction term to prevent pressure

velocity decoupling .
For the solver comparison 100 geometrical points are seldage@®.10 is usedd calculateg, . whereas in

this computational case the relative er@r expressinghe solver differences calculatedaccording to Eq.

(3.12)

u - U
e = i,solverl i,solver2 ’ (3_12)

' u

i ,solver2

To make quantitative comparison beemethe solvers, three flow fields (one from theéhuse code and two
from the commercial Ansys CFX® using different advection terms discretization schemes) are depicted in

Figure3.2Q in the same way d&3gure3.19
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Figure 3.20: A comparison of Ansys GX solver (using two different advection discretization schemes)
versus inhouse Finite Volume solver. Visualization of the velocity magnitude for 100 points fit the S3

structured computational domain

The ¢, for the comparison betweelnsys using the 1st order upwind scheme and tHeoirse code is

calculated equal to 4.3 % while the erms between Ansys using the high resolution scheme amolutbe ¢ode
is calculated equal to 2.6%.

In order to asses the quality of the grid and thengetric accuracy, first the grid skewness metric (SKM) and
then the signed distance between the outer surface of the structured grid and the segmented STL surface were
calculated.

For the geometrical accuracy of the method the signed distance betwegedsrsirface and the STL surface
is measured. The measurement of the distance from the triangulated surface was based on the method that is
presented in technical repor8gerentzen J.A. andlanaes H2002, Jones W.M 1995]. For every structured
grid nodethe orthogonal projection to the closest triangle element is calculated. Having obtained the structured
node projection on the triangular surface, the distance of that point and the original structured grid node to the
Cartesian origin point is calculateshd the differences are presented as a percentage. The results show that the
geometry is represented with high accuracy and the mean distance between the two surfaces calculated for all
the structured grid surface vertices is 0.06% with maximum valud &n0&8%

For the grid quality assessment the skewness metric for hexahedral elements is defined by Eg. (3.13) and is

calculated for every structured grid element.

- 90 90-

SKM = ma(Zme:
90 9

qmin
o) (3.13)

- 60 60-
20 ' 6

SKM = max(qmalx gmi“ ), (3.14)
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In Eq(3.13).4,« and g, are the maximum and the minimum angles respectively for each hexahedron

element. Values range from 0.0 representing a perfect equiangular element to 1.0 for an absolute skewed
element.

Results of the SKM metric angresented in Table.&They are divided into four groups depending on the
number of elements and the overall percentage belonging to each group. The groups are classified from
excellent to poor. Both the grouping and classification are based on empitésal r

The selected S3 grid is a high quality grid. The
and only a few elements are classified as fApooro.
topology as explained previsly.

Finally, while further grid enhancement through using a more complex grid topology might provide higher
quality grids, it would make the application of the method to multiple branching geometries a highly demanding
task. The establishment of the mafficient grid topology for a given patient specific mesh generation

framework is the objectivef futurework.

3.2.3 Comparison of current methodology with commercial unstructured grid
approach.

In order to evaluate the quality of the proposed meitmay the results of the CFD simulations inside the
bifurcation are compared against those obtained via other meshing techniques. In particular the S3 structured
grid generated by the proposed methodology and three unstructured grids generated by thelalsofteare
Ansys ICEM CFD® are used. The three unstructured grids were generated using the advancing front method
and consisted of 335,986 to 2,137,266 thousand tetrahedral elements and named U1, U2 and U3.1t is reminded
that the structured grid S3, waomposed of 334,986 hexahedral elements and is selected as the optimal grid
resolution for our case study. The detailed data for the computational domains, used in the comparison, are
presented in Tablg.6. In order to estimate the quality of the congzhgrids, calculations were made of the grid
skewness metric (SKM) for both the structured and the unstructured grids. For the tetrahedral unstructured grid
the SKM metric is calculated by Eq. (3.14). Results of the SKM metric for the computational damins

presented in Table.& Both the grouping and classification are common for both kinds of grids.

S3 Ul u2 u3
S Number of Number of Number of Number of
Elements- Elements- Elements- Elements-
Percentage (%) | Percentage (%) | Percentage (%) | Percertage (%)
0.071 0.25 16910471 3217671
421967 12.56 107682 12.78
(Excellent) 50.48 15.05
0.251 0.50 148512i 2583761 1622952i
649410 77.07
(Good) 44.33 76.92 75.93
0.501 0.75
) 166917 4.98 353061 10.51 854521 10.14 19246371 9.00
(Medium)
0.751 1.00 679-0.20 197 0.005 3371 0.004 8471 0.004
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(Poor) (max 0.91) (max 0.87) (max 0.86) (max 0.89)
Sum 334986- 100 335897 842577 2137266
Table 3.6. Skewness metric (SKM) for the compared computational domains
Name Number of elements Grid Type
Ul 335897 Tetrahedral Unstructured
u2 84577 Tetrahedral Unstructured
U3 2137266 Tetrahedral Unstructured
S3 334986 Hexahedral Structured

Table 3.7 The Number of elements and the grid type of the computational domains used in the
comparison.

The computtional domains used for the comparison are showRigure 3.21 Figure 3.21 a), b) and c)
using Ansys ICEM CFD®.

respectively depict muHbdlock structured grid S3, unstructured grid U2 and unstructuredUgidenerated
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Figure 3.21: A view of three grids used for the comparison. (a) The structured grid S3 {bThefic oar s e 0
unstructured The

ineo

ifoi unst
The flow field is obtained using Ansys CFX® in all cases. The simulation comparison represents a typical

case of blood flar in the human abdominal aorta. In order to conform withrthévo measurements a uniform

inlet velocity profile is imposed, with Reynolds number of 1200; also a uniform pressure field with equal values
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at both branch outlets is imposed. The blood wasiraed to be an incompressible, homogenous, Newtonian
fluid, with density equal to 1056 kgfmand dynamic viscosity equal to 3.1 x°1@®a s. The convergence
criterion was set as an Root Mean Square (RMS) equal to 8.x 10

In order to make a comprehensiggaluation, both visual and quantitative comparisons were made out.
Figure 3.22 a) to c) gives a coronal planar contour for the three computational domains S3, Ul and U3
respectively. A visual comparison of the contour colors reveals the fact that theictured grids

underestimate the velocities, the effect being more

Velocity(m/s)

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

a) b) c)

Figure 3.22: A visualization of a coronal planar contour of the velocity magnitudes presented for three
computational domains. (a) Thest r uct ur ed gri d S3 (b) The fAcoarseodo u

unstructured grid U3.

A similar comparison for an axial planar section, in the area ieabitanch, is depicted iRigure 3.23.

Again, Figure3.23a),b) and c) correspond to struetd grid S3 and unstructured grids U1 and U3, respectively.
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Figure 3.23: A visualization comparison for an axial plane contour of the velocity magnitude in the
area near the branch, presented for three computational domains. (a) The structured grid S3){the

ficoarseo unstructured grid Ul. (c) The Afin

The comparison suggests that the structured grid provided smoother flow fields. The presence of curly

contour boundaries in the wunstr ucumerica skewheso Bhe effecdo gr i
is fade out and al most invisible for the fAfined uns
smooth velocity magnitude transition while wusing o
elemens.

To make quantitative comparison between different grids, the velocity magnitudes are depiaedsi24

for 100 geometrical points inside the computational domain, in the same Wigues3.20.
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Figure 3.24: Comparison of velocity magnitudes dehed at 100 points for the structured grid ¢) S3 and
unstructured grids a) U1,b) U2 and c) U3.

It should be noted that the geometrical points are those originally used for the solver comparison. In fact,

Figure3.24 gives quantitative data for unstructdrgrid U1 as well as for U2 and U3. It is shown that with the
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unstructured grids lower velocity magnitudes are calculated, which may be a consequence of poor alignment

between the primary velocity vector and the tetrahedral elements of the grids.
In paricular, use of the unstructured grid U1 leads to velocity magnitude underestimation of 18,23%

and high numerical skewness, even though it has almost the same elements resolution as structured grid S3. A

grid refinement of the unstctured grid by a factor of 2.5 (U2, 842,577 elements) resulted in less obvious signs
of numerical skewness and gave @y, equal to 5.03%, i.e. the solution was closer to the one obtained using
the structured grid S3.Further refinemaritthe unsruuctured domain to the U3 grid resolution (2,137,266

elements) resulted in ag, . equal to 3.68% with respect to S3. It should be noticed that the relative error

RMS of Structured grid S1 compared with structured grid Sal@utated to be 2.8%. Based on this parameter

the behavior of the fifineo Unstructured grid U3 is
The differences reported here and the visualization of the flow fields obtained by the different Gomgduta

grids confirm the conclusions reached in previous comparison stlgieggst, P. WandVinchurkar S.2007;

Vinchurkar S.andLongest P. W. 2008e SantisG. et al. 2010 namely that the structured grid is capable of

providing a more accurate flofield solutions than an unstructured grid of similar grid resolution.

3.2.4. Conclusions

The computational study of branching biological systems is a field which has grown interest over the last
decade due to the presence of similar shapes in manynhbody organs. As a result the modelling of
bifurcation geometry has become an important task.

Many previous studies reconstructed the computational domain of a bifurcation by using an unstructured
computational domain, compromised by the accompanyintglioms. A series of studies have showed that for
bifurcation geometry the use of a structured grid is far more efficient and produces flow simulations with low
numerical skewness and fast convergence.

Other researchers have focused on the vessels deedednd applied of a grid sweep method or the
deformation of template grids to match calculated NURBS functions. While these methodologies produce
structured grids of high quality suitable for the study of flow in a bifurcation, they have the disadvarfttge
approximate reconstruction of the shape generated by the medical imaging data. This drawback has been
confirmed in a recent bifurcation study that used structured grid, and it concluded that the next step in structured
grid generation of branchirghapes is the generation of a structured rlditk grid on a domain described by
a surface triangulation (STL type and similar)[ De Santis et al. 2Rejently, few studies have addressed the
problem of hexahedral mesh generation from $yjje surfacgDe Santis et al. 2011a);2011b), Trachet B. et al.
2011, Gallo et al. 2011].

In the present study an effective technique has been developed for detailed shape reconstruction and multi
block structure grid generation @fatientspecific bifurcation geomst. Starting from data obtained for an
abdominal aorta bifurcation by a medical imaging examination in DICOM format, a surface triangulation is
formed in an STL format. Then a high quality midtock structured grid is generated that conforms to the

surface. The application of this methodology is combined with grid quality convergence and quality study. Also
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a comparison study has been undertaken that underlines the superiority of the structured grid produced by the

methodology over unstructured tetrahéanashes produced by commercial meshing software.

The wuse of a 6one block per branchd topology, S U ¢

simplicity. It also provides the ability to create multiple branching geometries without the scugmid
resolution limitations of former topologies, such as the butterfly topology. The cost of our topological simplicity
is only the production of computational domains that contain a few skewed elements in the block corners.

As a future objective, diérent topologies for grid generation will be studied to obtain in the highest quality
grid with the use of the fewest elements possible. Finally, another future task is the application of the method to
grid generation for the aortic arch, including asewf bifurcations together with the use of the model for blood
flow simulations. The multi block structured grid of the aortic arch with a one block per branch topology is

depicted in Fig8.25
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Fig 3.25: The structured multi-block grid of the aortic arch produced by the methodology.

Overall, the proposed methodology is able to create high quality-bhottk structured grids that may be
used for the computational study of branching biological systems. This novel approach pliifdstihe two
basiccriteria, namely the type of the computational grid used and the geometrical accuracy, so enabling the
generation of a high quality structured grid that conforms to a detailed surface description (triangulation)
derived from medical imaging data. The metblmgy presented in this study is intended to be a step towards
the development of an advanced integrated model incorporating CFD modelling to provide an accurate, patient

specific framework for medical diagnosis and prognosis
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3.3 Particle transport and deposition under high frequency
Oscillatory ventilation and Normal Breathing

The fluid mechanics of High Frequency Oscillatory Ventilation (HFOV) for gas transport in the pulmonary
region of the human lungs have been thoroughly studied by differenbdsetithe major concept of HFOV
adaptation is that it will push gas into further generation of the bronchial tree, with adequate gas mixing and
small tidal volume. However particle transport and deposition under HFOV is a rarely studied case where
different mechanisms, compared to the mechanisms of gas transport, may associate. The target of this
application study is to numerically compare the efficiency of aerosol deposition under HFOV to Normal
Breathing (7?d) and to f urt leeranspartl aadr defdositiontuhder osoibating a ni s
flows.

The fully Eulerian Computational Fluid Particles Dynamic (CFPD) model described in the Theory section is
used for studying the transport and deposition of several sizes of inertia particles, undantdii@sient flow
conditions, inside a single physiologically realistic bifurcation created by generationsG33of the human
lung.

An insight into the particle dynamics under high frequency oscillating flow fields is given and the results
showed thathe highly oscillating field HFO\isplayed stronger secondary flows, thinner boundary layers and

strong counter flow that accumulate and deposit particles further than a lower frequency oscillatory field NB.

3.3.1 Air flow under high frequency oscillatory flow fields

High Frequency Oscillatory Ventilation (HFOV) is a techniqgue of mechanical ventilation assisting or
replacing spontaneous breathing, with major application the adequate ventilation of neonates. HFOV is
characterized by high oscillation fregncy (57 50 Hz), small tidal volumes and in contrast with other
mechanical ventilation techniques uses reciprocating pumps or diaphragms in order to produce mechanically
active inhalation and exhalation phases.

HFOV is commonly used for therapy of pulnzoyp diseases such as acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS) in adults and air leaks, such as pulmonary interstitial emphysema (PIE)
and BronchioleAlveolar injury in neonates(lark et al.1986 Derdak et al. 2002The AcuteRespiratory
Distress Syndrome Network.2000

The mechanics of HFOV for gas transport in the pulmonary region of the human lungs have been studied
experimentally, numerically and in theoretical basis in order to clarify its physiology. The major concept of
HFOV is the increase of diffusion and the enhancement of the longitudinal gas transport through a forced
diffusion mechanism that conclude to push gas into further generation of the bronchial tree, with adequate gas
mixing and small tidal volume at thersa time.

Lunkenheimer et al. [1972htroduced HFOV as an improved version of other high frequency ventilation
methods. TheoreticgWatson EJ 1983and experimental findingsloshi et al1983 proved that in oscillatory
forced flows the longitudinal fluef a gas is augmented by the increase of the oscillatouéncy. Fredberg et
al. [1987] assessed factors influencing the mechanical performance of high frequency ventilators under

controlled conditions and noted that the dominant mechanisms of gapdraduring HFOV are longitudinal



98 Applications

(or Taylor) dispersion and molecular diffusion. Krishnan and Broveseldped a review study2(01qd and
concluded that HFOV treatment is superior than conventional mechanical ventilation (CV) and should be
considered pnmisingas arexperimental mode of ventilation for the treatment of plenty lung diseases. Heraty et
al.[2008 experimentally investigated the flow field during HFOV using particle image velocimetry on realistic
and idealized bifurcation cast models in arde understand localized fluid dynamics mechanisms and
concluded that the increase of oscillation frequency will increase the duration of the reverse flow near the walls
(counter flow effect). The same study also highlighted the importance secondarafidwscirculation in the

HFOV flow field.

Hirahara et al. 3011 performed a parametric numerical study of the HFOV driven flow in a geometrically
symmetric dichotomous respiratory channel and provided comprehensive information for the gas flow,
specifially noting the longitudinal gas redistribution characterized by the incoming central flow and the
outgoing near wall flow. Zhang et §20023 performed a computational study for the air and particle flow under
normal breathing and high frequency oscailgt ventilation conditions inside a sequentially branching lung
model. This study provided detailed description for the flow and particle transport mechanisms under normal
breathing conditions and plenty information for the fluid flow under HFOV. Howegeinformation about
particle transfer under FOV was presentedChoi et al. R01(Q studied high frequency oscillatory flow under
consecutively more complex geometries (straight tube, single bifurcation tube model and computed tomography
based human airwayodel) using CFD methods and concluded that counter flow phenomenon enhances gas
mixing in combination with geometrical complexity.

Scholz A.W. et al[201] developed a comparative simulation combining Magnetic Resonance Imaging with
contrast gases withdnputational Fluid Dynamics (CFD) in order to further clarify the mechanisms of gas
transport during HFOV and concluded that experimental investigations through the use of MRI with the

combination of CFD models may provide us with a clear idea of theayasgpbrt mechanism.

3.3.2 Particle transport and deposition under high frequency oscillatory
fields

Pulmonary delivery of inhaled aerosol drugs under HFOV is a highly interesting subject. However aerosol
deposition assessment under HFOV is a rarely etludase due to the difficulty of invivo measurements and
ethical concerns in conducting studies in neongdesd et al. 2010 Nevertheless some experimental studies,
available at the literature, examine the ability of drug delivery during HFOV.

Sood ¢ al. [2010] studied pulmonary aerosol delivery during HFOV in neonatal pigs with a simplified
method that can not provide details for the deposition or transport mechanisms of the particles. Briant and
Lippmann[1997 measured the particle transport thybua cast, representing a part of the lung, during HFOV.
Different carrier gases and different oscillating frequencies were used and the conclusion was that particle
transport was faster in gases of higher kinematic viscosity and particle depositioedtedxjo increase with
the oscillating frequency at high frequency situati(¥® Hz).Garner et al. [200@xamined albuterol transfer
by metereetlose inhaler in a higfrequency oscillatory ventilation model and concluded that albuterol transfer
under thamodel would be problematic due to the high particle deposition on the endotracheal tube of the setup.

Alzahrani[201(J compared albuterol delivery under HFOV, and CV by using an experimental setup with a
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pressurized meter dose inhaler (pMDI) and an adast lung model with different compliance levels. The

conclusion was that albuterol deposition was significant higher under HFOV.

Motivation for the development of our study is the fact that different mechanisms take part in particle
transport and depdgin, during HFOV, compared to the mechanisms of gas transport. The enhancement of the
longitudinal gas transport through a forced diffusion mechanism that pushes gases into further generation of the
bronchial tree may not function similar when it comepadicles. Particle inertia and wall deposition enforced
by secondary flows and counter flow may play a considerable rolenthateadto different results.

The current study is a computational simulation of transport and deposition of inertial pantidles HFOV
and normal breathing (NB) conditions, inside a physiologically realistic bifurcation, modelling the third and
fourth lung generation (GB G4). The computational simulation is a fully Eulerian approach, for both air and
particle phases. The Euwian approach offers significant advantages over the frequently chosen Lagrangian
approach[Pilou etal. 2011] Initially, it may be used for small particle diameters where the Lagrangian
approach becomes highly demanding in terms of numerical impletioentiue to the stochastic method
utilized in order to calculate particle diffusiofurthermore the Eulerian model is maficient compared to
Lagrangian models as it can take into account simultaneous diffusive and inertial particle transport. The
advatages of the Eulerian approach combined with a particle transport analysis that incorporates particle inertia
and diffusion at the same time provided us with a powerful Computational Fluid Particles Dynamic (CFPD)
model that can give insight into the pele dynamics under high frequency oscillating flows.

Therefore the overall target of this study is to numerically compare the efficiency of aerosol drug deposition
under HFOV to NB and to further clarify the mechanisms of particle transport and depasitier oscillating

flows.

3.3.3 Geometry and Grid of a Physiologically Realistic Bifurcation (PRB)

The geometry of the study is a physiologically realistic bifurcation based on the geometrical characteristics of
the bifurcation created by the third afodirth lung generation (GBG4)accor di ng t o Wei bel 6s
1963] These generations are selected due to the peak particle deposition in this region that previous
experimental studies have record&thlesinger et al. 197.7Additionally the simuktion of aerosol flow inside
bifurcations isof significant interestbecause the geometry resembles the basic geometrical element of the
branching airway of the lunghus that geometry has been repeatedly used in literpdsgharian B. and
Anjilvel S. [1994]; Kim et al. [1994]; Comer et al. [20014a] ]

The computational doain of the study is created by the proposetiouse structured grid generation code
[Makris et al. 201P In Figure 325 the computational domain of the study is visualized. The ctatipnal

domainisamultb| ock high quality structured grid with the
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b)

Figure 3.25 The computational domain of the study. a) A multiblock structured grid with the
adoption of the fAbutt e BT Gdbilurcatianpfdhle bugan lungel ane sent i n g

illustration of the internal grid.

3.3.4 Simulation of Particle Transport and Deposition under High Frequency
Oscillatory  Ventilation and Normal Breathing.

A validated and computationally efficient fully Eudian (fluid and particles) model that is previously used in
other CFPD simulations was further developed in order to provide a better understanding of the particle
transport and deposition mechanisms under highly oscillatory flow fields. The numemcitdtgn of the air
flow field is carried out by the commercial software Ansys CFX®. The aerosol particle dynamics simulation is
carried out using an ihouse particle dynamics code, based on an Eulerian description of the particles General
Dynamic Equatia. Due to the small size of the particles, the influence of the particulate phase on the air flow
field is considered negligible (oreay coupling).

The particles are jetted continuously during the HFOV and NB operation and the particle concentration and
deposition, is calculated during several time periods and in total. The numerical experiment simulated 12
seconds of real time. Nevertheless, due to the time symmetry achieved after the first 4 periods the results may
be extrapolated to a longer period eTderosol particles are assumed to be spherical with diameter ranging from
I1nm to 10¢&m.

A series of tests was done in order to evaluate the validity of the simulations performed and achieve grid

independent results. A time step that represent the péakation phase for the HFOV case with Reynolds
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number equal to 1250 was used as a test case. The computations were carried out for three consecutively finer
meshes consisting of 466200, 665496 and 1087506 hexahedral elements, entitled GI, Gll andeGiilelysp

In order to quantify the difference of the flow fields predicted by the different grids, a calculation of the root

mean squaré, . of the relative erro€ of the velocity magnitude at 70 geometrical pointsde the flow field

is made. The relative error for the velocity magnitude is calculatétj§$.10 while the root mean square of
the relative error is calculated Eyj.(3.1)
The velocity magnitude is calculated for the three meshes and the differencest e p.,dhatweenfGl dnd

Gll and between Gland Glllaresummarized in @ble 3.8

Compared grids [V
Gl vs GlI 1.15 %
Gll vs GllI 0.61%

Table 3.8 Relative square error comparison for three consecutively finer computational domains

Due to tke high quality of the hexahedral computational domain with the butterfly topology that ensures

element alignment with the predominant flow and sufficient grid clustering near the wall all the computational

domains present negligible differences. The cated values ofe, . are 1.15% between GI and Gl and

S
0.61% between GIl and Glll. These results suggest that all the computational domains are of an excellent
quality and produce grid independent flow fields. Therefore Gl would be ther lohoice, combining flow

field solution independency at sufficient level with good computational speed.
NB- HFOV

As an inlet boundary condition we imposed a sinusoidal velocity waveform at the entrance ofith@4G3
region for both cases. A frequanequal to 0.25 Hz is imposed as the Normal Breathing waveform and a
waveform with frequency equal to 16 Hz for the HFOV case. The boundary condition for the fluid velocity on
the wall is a neslip condition. The two cases produced the same Peak ReynaldbeX defined from the

maximum inlet velocity at the peak inhalation time phase. The Reynolds number is calculated by Eq. (3.15),

Re=£, (3.15)
Y

where U, is the peak inhalation velocityD the tube diameter and the kinematic viscosity of the fluid.
The two cases produced different tidal volumes; the tidal volmés calculated by Eq.(3.16),

T/2
V; = fjU,sin(2o f)Adt —UOfA, (3.16)
P
0

where A is the inlet area and is the inlet frequency.
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For the NB case a tidal volume equal to 0.10075 | is produced and for the HFOV a tidal volume equal to
0.00157422 | is produced. The Womersley number is a wigkdyl dimensionless expression of the unsteady

inertial forces in relation to viscous forces defined by Eqg. (3.17),

a=R ? (3.17)
v

where R is the radius of the tube arid is the angudr frequency of the flow. Ifable3.9a summary of the
fluid flow characteristics for both cases is illustrated. The difference in the tidal volume is consistent with the

experimendl findings of Fredberg et al1l987 who concluded that tidal volume deasses with frequency

Peak )
) Frequency Tidal Womersley
Case Period T(s) Reynolds
f (Hz) Volume () Number
number
NB 4 0.25 1250 0.10075 0.886227
HFOV 0.0625 16 1250 0.00157422 7.08982

Table 3.9 Summary of flow characteristics for HFOV and NB cases.

Particles

In the developed particle dynamics model the dispersed phase is simulated as a monodisperse particle
population with density considerably higher that the fluid. In order to have an insight of the particle deposition
mechanisms and evaluate the w§ HFOV for targeted drug delivery, comparison for 6 different particle sizes
has been carried out. The particles are assumed spherical with diameter equal to 1nm 1@&D mm ,, 900 nm
, 5 em and 10 em respectively. The transport and d
both HFOV and NB conditions. Ifiable 310 the particle diameter and the corresponding Stokes number is

presented.
Particle Size Stokes number

1nm 7.1533 x 10
50nm 4.0785 x 10
100nm 9.3226 x10°
900nm 3.0116 x 10
5em 8.1702 x 1G
10em 3.2188 x 10

Table 3.10: Spherical Particle diameters and Stokes number

At the inlet of the bifurcation a constant uniform (plughcentration particle profile, for the whole time of

the numerical simulation, is assumed. The boundary condition for the particle concentration on the wall is the
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condition of totally absorbing wall. Therefore once a particle hit the wall, it is assiontgbosit on it without
being able to renter the flow field.

Fluid results

The HFOV velocity profiles significantly differ from the profiles of the NB case. During HFOV the core flow
is less influenced by the boundary layers and exhibits strong [aussin the flow reversion. On the other hand
in the NB case the core flow approximately follows the pressure gradients.

In the HFOV case strong counter flow (inspiratory and expiratory fluid streams coexistence) is present near
the walls while in the NBcase almost no counter flow is present. In Figdr26 the dominant velocity
magnitude is illustrated in a colour contour for the HFOV case for four different time phases of the flow (
a)inhalation start, b) inhalation peak, c)flow reversal, ddation gak), while in Figure 3.2The respective
time phases for the NB case are illustrated.

Dominant Velocity , Dominant Velocity
magnitude magnitude

/\)h ,

7N

a)

Dominant Velocity
magnitude

[ —— I»’ Dominant Velocity
magnitude

d)

Figure 3.26: Colour contour of the dominant velocity magnitude at the plane symmetry of PBR for the
HFOV case for four different time phases a)inhalation start, bjnhalation peak, c)flow reversal,

d)exhalation peak.
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Figure 3.27: Colour contour of the dominant velocity magnitude at the plane symmetry of PBR for the
NB case for four different time phases a)inhalation start, b) inhalation peak, c)flow reversal, dxhalation

peak

The strong counter flow in the HFOV case is easily visible at the flow reversal phase while the flow in the
NB case is onavay at almost every time step. This remark is consistent with Heraty 20419 and
Lunkenheimer et al.1972 who concluded that the increase of oscillation frequency will increase the counter
flow effect. For the HFOV case higher velocity profiles are observed at the core of the tube and thinner
boundary layers near the wall. The formation of the thinner boundgeyd is expected based on the fact that
the HFOV case has greater Womersley number than the NB case.

Furthermore the secondary flows on cross sections near the two outlets show additional differences of the
HFOV against NB flow fields. Surface streamlinesd secondary velocity contour magnitudes for defined
planes are presented for both cases in Figu28 (named AA6 pl ane near the end of
namedBBd pl ane near the middle of the | eftfvditicdsisr cat i
found in both daughter airways near the exit of the bifurcation. For the NB condition these vortices cannot be
observed. Moreover the HFOV case presents stronger secondary flows with higher velocity magnitude than the
NB case. This remark isritical because secondary flows are reported to be strongly related wittleparti
deposition [Hofmann et aR001.For both cases the region near the carinal ridge remains less influenced in
every flow inversion and presents small fluid velocities alnasiny flow phase. This fact leads to particle

fifentrapmentd and increased deposition near the cari






























































































































































































































