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Abstract 
 

The numerical simulation of impaction ï deposition of micro-nano 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 geometries, one has 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 deposition 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 organs, starting from 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 and deposition particle 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 studies may 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 produce an unstructured 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 thesis is the 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. From this surface 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 domains that can 

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 hybrid) were carried out. These comparisons confirmed the 

superiority of structured grid on many levels. 

Regarding the modelling of particle transport and deposition, it should be noted that it tends to be a necessity, 

especially in situations where direct experimental 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 fluid and particle dynamics previously proposed is developed further 

in order to simulate time depending particles flows. In the proposed two-phase (fluid ï particles) model the 

solution of the Particle Transfer Equation (PTE) is done by a fully Eulerian approach based 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 of particle 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 computational tool that may provide insight for particle 

transport and deposition under time depended flows and may contribute in the interpretation of the behaviour of 

particle flows inside the respiratory system. 

To our knowledge, the proposed method is the first that enables absolute shape conforming structured grid 

generation of a patient-specific 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 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, applicable to 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 the particle 

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 optimization of biomedical applications. 
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In biomechanical applications such as air flow through the respiratory system, particle deposition in the lung, 

blood flow in the cardiovascular system and flow in the lower urinary 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. In addition the prediction of the evolution of physical phenomena that appear on the 

previously mentioned cases may be difficult to achieve using direct measurement methods. In these fields; 

Computational Mechanics (CM) contributes to the study and prediction of complex phenomena that develop 

inside the human body. These days, the simulation of those phenomena in-silico is leading to patient specific 

frameworks, implementing precise reconstruction of human organ geometries achieved with state-of-the-art 

medical imaging techniques.  

In order to numerically approach the physical problem of particle transfer and deposition in internal aerosol 

flow of complex geometries, one has to deal with the challenge of creating a complex geometrical 

computational domain that permit a numerical simulation to be efficiently performed, with respect to the 

underlying physics, and with the accuracy required for the problem. Furthermore the particular Particle 

Differential Equations (PDEs) describing particle transport and deposition in an accurate, elaborated and 

physically valid way have to be formulated 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 in vivo 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 bifurcation [Long, Q. et al. 1998; Shim M. 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 P. W. and Vinchurkar S. 2007; 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 of branching 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 recourses used are directly linked to the type and size of 

the computational domain. Thus, it is important to deeply review the computational domain alternatives and 

invest to the generation of an efficient grid.  

Research studies that generate computational domains based 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 studies [Di Martino et al. 2001;Deshpande M.D. et al. 2009; Hammer S. et al. 2009; Lee S. W. et 

al 2008; Shim M. B. et al. 2009; Antiga L. et al. 2008; Hammer S. et al.  2009; Peiro J. et al 2008; Doyle et al. 

2008; 2010] have started from medical imaging data and by using of a commercial, or an in-house, 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 of the 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 diffusion. Longest and Vinchurkar [Longest, P. W. and Vinchurkar S 

.2007] compared the effects on the flow field and the grid convergence of the two grid types for bifurcating 
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airway models; this involved further comparison with experimental data. This study showed that structured grid 

domains used for flow simulation in bifurcation geometries are better than their unstructured counterparts 

because: 

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

¶ Structured grids have one order of magnitude less grid convergence index (GCI), so mesh independence of 

 flow solution is achieved with fewer elements. 

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

Similar conclusions are drawn in other studies [Longest P.W. 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 Thompson et al. [1999].  

Although the superiority of the structured grid domain is clear, only a few studies use structured grids for the 

modelling of complex geometries. The main reason is the significant time and effort required for the generation 

of such grids. One of the earlier studies that combined medical imaging data with structured grid generation 

techniques is the work by Long et. al [1998]. The grid topology suggested by this study, referred to as ñbutterfly 

topologyò, has been used by many other researchers since then [Vinchurkar S. and Longest P.W. 2008; Longest 

P.W. and Vinchurkar 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 planar grid with the sweep method 

[Long, Q. et al. 1998; Antiga 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 use  Non-Uniform Rational Basis 

Spline (NURBS) functions [Bazilevs Y. 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 generation is the use of a more detailed geometrical shape 

description such as surface triangulations (e.g. STereoLithography (STL) type surface models). Recently, few 

studies have addressed the problem of hexahedral mesh generation from STL type surfaces by applying the 

ñbutterfly topologyò to geometries with multiple outlets [De Santis G. et al. 2011; Trachet B. et al. 2011; Gallo 

D. et al. 2011]. The common characteristic in these studies is the high quality grid they produce compromised 

with the disadvantage of an approximate surface representation. 

Regarding the challenge of modeling the particle transport and deposition, it has to be noted that particle 

transfer and deposition in biomedical applications is determined by biological factors such as domain 

morphology 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 importance in 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 carrier fluid, i.e. to the two-phase flow. 

Moreover, for most two-phase 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 and transport can be particularly beneficial in two specific respects; a) it 

can provide useful physical insight and enable the interpretation of physical phenomena without the need of 

experiments, and b) it can be used for parametric investigation and optimization of already developed 
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applications. In most applications the numerical modeling of the particulate phase needs to be combined with 

the respective numerical modeling of the fluid flow as the whole system is considered as a multi-phase flow 

system. 

A continuously developing approach on the modeling of fluid - particle multi-phase systems are the local 

scale models where the transport and deposition equations are solved by CFD numerical methods. Local scale 

models provide information on particle deposition patterns within selected computational domains and have 

strong physical basis, thus are particularly suitable for simulation of microphysical details of complex aerosol 

flows in the respiratory system [Housiadas and Lazarides 2010]. 

The CFD-based local scale models can be further divided into two major categories based on the frame used 

for the description of the fluid and particle motion; the Lagrangian modeling, where a moving frame of 

reference is used, and the Eulerian modeling, where a fixed frame of reference is employed.  

A Lagrangian description of the particulate phase has been widely used to determine particle transport and 

deposition efficiency. Representative Lagrangian numerical investigations of particle transport and deposition 

due to the particle-inertia have been carried out by Crane and Evans [1977] and by Tsai and Pui [1990]. Tsai 

and Pui [1990] developed a more realistic approach of a three dimensional  flow field in a 90o bend by 

calculating the fluid flow with an elliptic three dimensional 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 90o bend of circular cross section using a flow field calculated via Large-Eddy Simulations and 

Lagrangian particle tracking for the particulate phase.  

However, the determination of important quantities as, for example, the local particle concentration pattern 

[Slater and Young 2001], are particularly difficult to obtain by Lagrangian approaches. Furthermore the 

presence of the numerical error associated with Lagrangian simulations 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. 2009]. As a result a large number of particle trajectories has to be 

calculated to minimize statistical error [Desjardins et al. 2008], rendering the Lagrangian approach 

computationally demanding. Similarly, if Brownian 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 numerical implementations of Lagrangian method have addressed those issues by 

introducing improved error estimators to obtain numerically convergent simulations [Garg et al. 2009].   

An initial alternative to the Lagrangian particle modeling is the work of Armand et al. [1998] who proposed 

and validated a fully Eulerian approach that included inertial particle drift in a two fluid model. The particle 

velocity was calculated by solving numerically the coupled dispersed-phase mass and momentum equations. 

Furthermore, they approximated the laminar flow in a 90o circular bend by the flow between two curved 

parallel plates; their results were in good agreement with other experimental [Pui et al. 1987] and numerical [ 

Tsai and Pui 1990] studies.Additional Eulerian approaches have been developed for submicrometer particles. 

Longest and Oldham [2008] predict particle deposition in a laminar bifurcating flow system for cases in which 

diffusion and inertia are important for particle deposition by using a fully Eulerian model. Xi and Longest 

[2008a] extended the fully Eulerian model in order to account aerosol dispersion in turbulent and unsteady 

flows; furthermore they applied the model to simulate deposition in a realistic model of the trachea bronchial 

airways. Moreover, Xi and Longest [2008b] applied the Eulerian-Eulerian 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 drift-flux model for turbulent flows of ultrafine particles in indoor environments. 

These studies also reported particle concentration and deposition profiles. 

In the proposed model, the Eulerian-Eulerian description of a dilute dispersed flow in the limit of low mass 

loading and a low volume fraction is used. One-way coupling of the dispersed phase is considered and the 

particle velocity is approximated, by a first order approximation, in the mass conservation equation of the 

dispersed phase. The proposed particle transport and deposition Eulerian approach offers significant advantages 

over previous Eulerian two-fluid 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 velocity field, 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 significant advantages 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 

since it can take into account diffusive and inertial particle transport at the same time.  

The present thesis deals with particle transport and deposition, considering bio-fluid flows, in inner complex 

geometries. The objective of the present thesis is to introduce a new method combining multi-block structured 

grid generation, that conforms to patient specific complex geometries, with a particle transport and deposition 

Eulerian approach that offers significant advantages over previously developed particle transport and deposition 

models. 

Starting from data obtained from a medical imaging examination, a surface triangulation is formed in an STL 

format. From this surface 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 domains that can be combined with computational fluid dynamics (CFD) 

and computational fluid particle dynamics models (CFPD). 

Moreover the 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 aerosol 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 included in the standard form of the PBE. 

Based on previous studies by Pilou et al. [2011;2013]  who developed a validated, computationally efficient 

fully Eulerian (fluid and particles) steady state model that incorporated inertial and external forces effects in the 

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 shape conforming structured grid 

generation of a patient-specific 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 equation. As shown 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 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 the particle transport and deposition Eulerian model can contribute to 
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the interpretation of particle transport and deposition under highly unsteady flows 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 generation method with an Eulerian CFPD 

approach provides a powerful model for patient specific bio-fluid simulations and is the main novelty of this 

thesis. 

The structure of the thesis is the following: 

¶ 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 theoretical 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 cases (the Abdominal Aortic Aneurysm and the Iliac 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 oscillatory flows, adopted by  

 High Frequency Oscillatory ventilator machines, is presented. It has to be noted that the 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 field analysis 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 methods are provided. 

 



 

Theory         2 
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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). The spatial discretized computational 

domain is often referred as grid and a grid that conforms to the boundaries of the computational domain as a 

boundary fitted grid. The boundary fitted grid generation methods are mainly divided in two categories, 

structured and unstructured while the mixing of those two methods produced a third category referred as hybrid 

grid generation method.  

The most common types of elements utilized in grid generation are triangles or quadrilaterals in two 

dimensions and tetrahedral or 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 often preferred 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 a number of factors, 

including poor alignment with the primary flow direction and increased numerical diffusion [Longest P. W. and 

Vinchurkar S.2007]. Overall series of studies showed that structured grid domains used for flow simulation in 

complex geometries are better than their unstructured counterparts because: 

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

¶ Structured grids have one order of magnitude less grid convergence index (GCI), so mesh 

 independence of flow solution is achieved with fewer elements. It is noted that tetrahedral meshes 

 typically require 4-10 times more elements than a hexahedral mesh to obtain the same level of 

 accuracy [Weingarden V.I. 1994; Cifuentes A.O. and Kalbag. A 1992]. 

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

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

 linear elements), tetrahedral elements will be mathematically óstifferô due to a reduced number  of 

 degrees of freedom associated with a tetrahedral element [Brewer M. et al. 2003]. This problem  is 

 also known as ótet-lockingô. 

Similar conclusions are drawn in other studies [Vinchurkar S. and Longest P. W. 2008] which 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 is the significant time and effort required for the generation 

of this grid type. 

The objective of the present work is to introduce a new method combining multi-block structured grid 

generation with precise reconstruction of the complex geometry. The proposed method may 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 method proposed is described in detail. 
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2.1.1 Grid generation theory 

 

 In this subchapter, the basic methods for unstructured and structured grid generation are described. 

Furthermore some grid quality assessment methods are presented.  

 

Grid generations methods - 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 pattern where each internal node is always connected to a specific number of adjacent nodes, as 

shown in Figure 2.1. 

 

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 variety of numerical methods are applied for the generation and 

enhancement of boundary fitted structured grids over two-dimensional or three-dimensional domains (often 

referred as curvilinear structured grids), however most of the methods may be classified into the following three 

categories: 

 

A) Algebraic Methods 

 

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 the speed and 

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 are transformations from a predefined computational domain to an 

arbitrary shaped physical domain. This procedure may be expressed as a general equation by Eq.(2.1) 
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produces the actual grid points on the physical domain (referred as ñthe gridò) and conserves the neighboring 

invariant. 

The most known and important algebraic grid generation method is Transfinite Interpolation (TFI)[ Gordon 

W. N. and Hall C.A 1973]. The advantages of TFI method is that it can generate grids conforming to specific 

boundaries, grid spacing may be controllable and is computationally efficient 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. The differential equations are usually Laplace or Poisson type therefore the main 

concept is that a curvilinear grid could be generated by solving the system of Eq.(2.2) 

2

2

2

P

Q

R

x

h

z

ë ûÐ =
î î
Ð =ì ü
î î
Ð =í ý

  (2.2) 

where , ,P Q R are control functions that 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 concern the smoothness, the orthogonally (as long as it 

is allowable by the shape of the domain) and the clustering of the grid lines. The control functions , ,P Q R 

may be explicitly specified by the user or calculated based on different assumptions leading 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 literature [Thompson et al. 1985; 1999; Hansen et al. 2005; Kaul U.K. 

2010].   

 

C) Conformal mapping 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 that maps the physical 

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, grid clustering etc.).  

The presented method combines basic algorithms classified in the two first grid generation categories and 

proposes a new approach for the application of a conformal mapping grid generation method over triangulated 

surfaces. 

 

Grid generations 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 explicitly by a connectivity matrix. The presence of the 

connectivity matrix affects the performance of numerical algorithms for the solving partial differential 

equations leading to an increased computational cost in the case of unstructured meshes. 

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

are many methods available, the most widespread are the Delaunay Triangulation [Baker T.J. 1989] and the 
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Advancing front Method [Peraire J. et al. 1987].Furthermore techniques combining both the aforementioned 

methods are developed. Additional information may be found in the literature [Thompson 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 partial differential 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, smoothness, etc. 

A formal definition of mesh quality is found in the literature by Knupp P.M. [2007] expressed as  ñMesh 

Quality concerns the characteristics of a mesh that permit a particular numerical PDE simulation to be 

efficiently performed, with fidelity to the underlying physics, and with the accuracy required for the problem.ò  

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 compare different types 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.  Table 2.1 lists the range of skewness values and provides a general guide to 

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

 

Skewness Element Quality 

1 Degenerate 

0.9 ð <1 Bad  

0.75 ð 0.9 Poor 

0.5 ð 0.75 Fair 

0.25 ð 0.5 Good 

>0 ð 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 elements are characterized 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 Equilateral-Volume-

Based skewness metric is defined as the result of the Eq. (2.3) calculated for every element, 
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where maxq is largest angle in the face or cell,  minq  is the smallest angle in the face or cell and eq is the 

angle for 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 bio-fluid computational science community. Due to the requirement of 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 a set of approaches has been developed. One of the earlier 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 this study, referred to as ñbutterfly topologyò, was used in many other studies until 

today [Antiga et al 2002; De Santis et al. 2010; Longest, et al. 2007]. The earlier of these studies utilize the 

computed vessel centerlines, and unite slices of planar grid with the sweep method [Long et al.1998; Antiga et 

al. 2002]. The more recent, more elaborated studies, describe the patient specific geometry by template 

parametric planes [Wolters et al. 2005; De Santis et al. 2010] or with the use of non-uniform rational basis 

spline (NURBS) functions [Shih A. M. et al. 2005; Bazilevs et al.2006;2008;2009] and 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 surface representation. Furthermore in a recent study De Santis et al. [2010] 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 surface models).  

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 

stereo-lithography CAD software) which describes a raw unstructured triangulated surface with the unit normal 

vector and the location of the vertices (ordered by the right-hand rule) of the triangles using a 3D Cartesian 

coordinate system.   

In the past Giannakoglou et al. [1996] suggested a numerical algorithm for handling arbitrary surfaces 

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 aforementioned 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 method [Makris et al. 2012] enables structured grid 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 human organ starting 

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 set of a in-house 

grid generation codes. 

The grid generation procedure is comprised of the following steps: 

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

¶ Generation of the surface structured grid. 

¶ 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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¶ Creation of a grid clustering area near the wall. 

¶ Creation of the initial inner grid, using a linear transfinite interpolation (TFI) method. 

¶ Refinement of the grid according to the physical problem. 

 

Separation of the 3D triangulated shape to two shells. 

 

The proposed algorithm for structured surface grid generation is applicable only on open manifolds. 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 forms the right shell and the second 

group forms the left shell. In order to illustrate this procedure, the separation of a triangulated surface 

representing a human artery is depicted in Figure 2.3. This procedure may be done by the application of a 

simple spatial filter, which separates the geometry in two groups of triangles or with the use of a geometry 

handling software such as Salome, pyFormex etc. 

 

 

Figure 2.3: a) The triangulated surface representing a part of a human vessel and b) the closed surface 

separated 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 surface shape is done. The first step in the 

procedure is the creation of an isomorphic parameterization for surface triangulation following the theory of 

Floater [1997]. From the application of Floaterôs algorithm to a surface triangulation in
3R , a planar 

triangulation in a predefined two dimensions (2D ) domain, with a one- to - one correspondence between 

nodes, edges and faces, is formed. This is done by solving a linear system of equations with physical meaning 

that corresponds to the conservation of a convex combination factor for every triangle in 
3R  adapted to the 

newly calculated triangles in2D . In Figure 2.4, a surface triangulation and an isomorphic planar triangulation 

produced by the algorithm is shown.  

 

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 triangulation algorithm follows. 

 Definitions 

A surface triangulation S  consists of a set of  vertices V , a set of edges E , and a set of triangular faces F 

satisfying the next properties: Each vertex in V  belongs to 
3R  , each edge E  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 triangles will be either empty, or an edge, or a vertex.  

A convex combination is a linear combination of points where all coefficients are non ï negative and sum up 

to one. Formally, given a finite number of points }{ ix  with ni ,1=   in a  
3R  space, a convex combination of 

these points is a quantity of the form nnxaxaxaxa ++++ ...332211  where ia  belong to the space of real 

numbers Re and satisfies 0²ia  and 1...321 =++++ naaaa  

 Algorithm 

The development of the algorithm consists of the following steps: 

If }{ iPV =  is the set of vertices on S  where }{ iP belongs to
3R  , Ni ,1=  and N  is the number of 

vertices, then  
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¶ Identify the boundary vertices and label them }{ iP with ni ,1=  for the internal vertices and 

 Nni ,1+=  for the boundary vertices. 

¶ Place the boundary vertices on the bounds of a convex D2  domain. As an initial example a 

 simple  square ]1,0[  is used for the utilization of the methodology, however a more sophisticated 

 approach, described in detail in the manuscript, is proposed for this step. 

¶ Calculate the convex combination factor l for every triangle of the S  triangulation.  

 A convex combination is a linear combination of points where all coefficients are non ïnegative and 

 sum up to 1. More detail about the calculation of the convex combination factor  can be found in 

 Floaterôs [1997] work. 

¶ Form the system of linear equations  

  ,

1

N

i i j j

j

Q Ql
=

=ä  

  where ni ,1= . The physical meaning of the system consists of the conservation of the convex 

 combination factor of every triangle in 3D  as well as in D2 . 

¶ Solve this system to obtain iQ  which are the coordinates of the vertices inside the parametric 

 D2  domain. So, the isomorphic planar triangulation is produced. 

 

 It is important to notice that the use of different convex combination factors l will produce different planar 

triangulations. In Figure 2.5 two different planar triangulations obtained by the use of two different convex 

combination factors are depicted. On the left of Figure 2.5 the uniform parametrization with lequal to 
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 is used,  where ijd  is the distance between neighbouring triangle vertices. 

 

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 Figure 2.6 a detail of the overlapping of the two different 

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 parametrization.  

 
The difference in the planar triangulation will lead to a different surface structured grid. Therefore the 

selection of the convex combination factor l is a component that will affect the whole grid generation 

procedure. 

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: 

 
¶ A structured grid is interpolated in the planar triangulation. In Figure 2.7 an overlap of the 

 planar structured grid and the planar triangulation used in the interpolation process is shown.   

 
Figure 2.7: a) The planar triangulation b) The planar structured grid c) The overlapping of the 

structured grid over the planar triangulation  

 

¶ The evaluation of which point of the structured grid belongs to which triangle of the planar 

 triangulation is done based on the work of Moller [1998]. 

¶ The barycentric coordinates for every structured grid vertex placed inside a triangle are calculated 

 based on Floater et al. [2005] work. 

¶ The D2  structured grid is transformed to the3D  structured surface grid, by the use of the 

 invariant barycentric coordinates calculated on the planar triangulation. 
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A more detailed description on some 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. For the calculation of the 

barycentric coordinates Eq.s (2.4 - 2.5) are used. 
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  (2.4-2.5) 

 

Where u and vare the two barycentric coordinates,A , B andC  are the triangle vertices while P  is the 

structured grid node. For the determination of the triangle that each structured grid vertex P  fits, a simple rule 

described by Eq.s 2.6 is followed. The two barycentric coordinates u and v  have to be positive and their sum 

should be less or equal to 1, those conditions are described by Eq.(2.6). 
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  (2.6) 

 

In Figure 2.8 an example case for the calculation of the barycentirc coordinates and the application of  the 

simple rule defining a point inside a triangle is illustrated. 

 
Figure 2.8: An example case for the calculation of the barycentirc coordinates for 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 Figure 2.9 the 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 elements of the planar structured grid 

that was projected 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. 

 

 

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 Figure 2.10 the union of the two shells is depicted. The united surface structured 

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

 

 
Figure 2.10: 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 Eq. 

(2.7) 
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Where 1g
C

 is the first and 2g
C

 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 system, Eq. (2.7) can be expressed as in Eq.(2.8) 
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Where r
C

 is the position vector, and x and h are the continuous curvilinear coordinates, often refereed in 

discrete form as i  and j . 

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 number of hexahedral elements 

created. By controlling those two parameters, multi-block 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 vessel diameter or surface parts with extremely high curvature are present. To avoid 

this situation, extrude distances comparable with the arteries wall thickness based on Kleinstreuer et al. [2006] 

are selected. 

 

Creation of the initial inner grid, using a linear transfinite 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.1973]. The result of this procedure is a multi-block structured grid with 

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 Figure 2.11 two different inner grids produced by  the same surface grid are 

depicted. 

 

 

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 to the physical problem computational needs and with respect to the surface 

shape is following. The refinement is done by an in-house code for 3D grid enhancement based on the solution 

of elliptic partial differential equations, developed according to Thompshon et al. [1999]. In Figure 2.12 a slice 

of the inner grid is depicted before and after the refinement -enhancement 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 multi-block structured computational grid depicted in Figure 2.13. The 

grid conforms to the triangulated surface of the vessel and with the application of a 3D grid enhancement code 

together with the multi-block technique a local clustering of elements was applied near the walls. 
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Figure 2.13: The structured grid of a patient specific human vessel produced by the methodology 
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2.1.3 Comparisons of different grid generation methods  

 

In order to evaluate the developed method against other meshing methods, a visual and quantitative 

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) were used.  The initial geometry was a human 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. In Figure 2.14 the three unstructured 

grids are visualized. 

 

Figure 2.14: Three gradually finer unstructured grids consisting of a) 249.795, b) 705.895 and c) 

1.859.036 tetrahedral elements.  

 

 Three gradually finer hybrid unstructured grids were generated using a prismatic layer development method 

and the advancing front method for the internal part and consisted of 242.284, 607.023 and 1.598.526 elements. 

In Figure 2.15 the three hybrid grids are visualized. 
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Figure 2.15: Three gradually finer hybrid unstructured grids consisting of a) 242.284, b) 607.023 c) 

1.598.526 elements 

 

 On the other hand, a multi-block 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 Figure 2.13. Summary data about the computational domains, which are used for the comparison, 

are presented in Table 2.2.  

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 Hexahedral -Tetrahedral 242.284 

PrismCoarse Hybrid Hexahedral -Tetrahedral 607.023 

PrismCoarse Hybrid Hexahedral -Tetrahedral 1.598.526 

Structured Structured Hexahedral 194.880 

 

Table 2.2:  Summary data about the compared computational domains. 

 
 The selected simulation for the comparison was representing a typical case of blood flow in the aorta. 

[Kleinstreuer et al. 2006]. The flow field was calculated by the Ansys CFX® software and blood was simulated 

as an incompressible, homogenous and Newtonian fluid. The blood density was assumed equal to 1056 kg/m
3
 

and the dynamic viscosity equal to 3,1 10
-3
 Pa s. As boundary conditions, a constant velocity profile was 

selected giving a Reynolds number equal to 1200, while the 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 range and corresponded to 

the expected values reported in previous studies [Kleinstreuer et al. 2006]. 
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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 was used. The geometrical points were selected to be close 

to the centerline of the vessel. In order to quantify the difference of the flow fields developed inside different 

computational domains, a relative error measurement is done. For that purpose Eq.(2.9) calculates the formula 

of the relative error variable 
ieat selected geometrical points and Eq.(2.10) calculates the root mean square 

value rmse  of the same variable[Longest W. P. and Vinchurkar S. 2007]. 
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Both Eq.s (2.9) and (2.10) are taking in account the values of the same 90 geometrical points in all the 

computational domains. The velocity magnitude results at those 90 geometrical points for the three unstructured 

grids are depicted in Fig 2.16.  

 

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 in Figure 2.16 the ñcoarseò unstructured grid (described as UnstrCoarse in Figure 

2.16) calculated lower velocity magnitude at almost every point of the line. The ñcoarseò unstructured grid 

consisting of  249.795 elements (described as UnstrCoarse in Figure 2.16), underestimated the velocity 

magnitude with a relative error root mean square of 5.5% compared with the fine Unstructured grid (described 

as UnstrFine in Figure 2.16)  and produced a solution with rough velocity transition over neighboring 

geometrical points. A refinement by a factor of 2.4 was needed and an unstructured grid with more than double 

elements (consisting of 705.895 grid elements described as UnstrMid in Figure 2.16 ) than the coarse 

unstructured grid was used in order to improve the results and produced rmse  equal 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 of 1.859.036 elements was used and considered to be the more accurate grid between the three 

unstructured grids used in this comparison (described as UnstrFine in Figure 2.16). 

The same procedure was done for the three gradually finer hybrid grids and the velocity magnitude of the 

same 90 geometrical points inside the computational domain is depicted in Fig 2.17. 

 

 

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 square rmse  and the appearance of less rough 

velocity transition over neighbouring geometrical points three gradually finer hybrid grids were taken into 

account. The rmse  was calculated to be equal to 1.9% between the PrismCoarse and the PrismFine hybrid grid 

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 grid consisting of 1.859.036 elements was used and considered to be the more 

accurate grid between the three hybrid grids used in this comparison (described as PrismFine in Figure2.17). 

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 Figure 2.18.  A visual comparison of the contourôs 

colours reveals the underestimation of the velocity magnitude by the unstructured grids, a phenomenon that is 

more intend in the ñcoarseò unstructured grid, due to the poor alignment between the primary velocity vector 

and the tetrahedral elements of the grid [Vinchurkar S. and Longest W. P. 2008]. Furthermore, the unstructured 

grid shows evidence of high numerical skewness with the occurrences of curly contour boundaries.  The effect 

is allayed and almost invisible 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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Figure 2.18: Contour of the velocity magnitude at an axial planar section of the vessel for a),b),c) the 

three unstructured and d),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 between a structured 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 illustrated in 

Figure 2.19. 

 

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 the velocity magnitude of 90 geometrical points inside the computational domain 

calculated by the three different grid types is illustrated in Figure 2.20. The comparison reveals that the 
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structured grid provided smoother flow fields with less rough velocity magnitude transitions between 

neighbouring points. 

 

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 contour boundaries is less 

evident in the structured grid taking into account that the other grids use 8 or 9 times more elements. The 

illustrations of some details are depicted in Figureôs 2.21; 2.22; 2.23.  

 

 

Figure 2.21: Detail 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. 
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Figure 2.22: Detail 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. 

 

 

 

Figure 2.23: Detail 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 occurrences of curly 

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 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. 

The observed differences and the visualization of the flow fields obtained by the different computational grids 

is in agreement with conclusions reported by previous comparison studies [Vinchurkar S. and Longest 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 2.1 a 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 the conclusion 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 grid, even though noted that the use 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 generation techniques, 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 example, is done. Furthermore a visual and 

quantitative comparison between the grid produced by the proposed method and grids produced by other 

unstructured grid generation methods is carried out and concluded to similar results reported by other studies. 

Overall the proposed method is a considerable step towards patient specific modeling of bio-fluid 

simulations, due to the detailed geometry representation of human organs and the generation of a high quality 

grid that permits the solution of PDEs with accuracy, speed and fidelity. 
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2.2 Particle Transport and Deposition 
 

In this Chapter the theoretical background regarding particle transport and deposition in aerosol flows is 

given and the numerical models used are presented. Aerosol is a dispersion of small solid or liquid particles 

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 continuous phase 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 fluid flow fields the incompressible time dependent Navier ï Stokes equations are 

solved by the finite-volume method. The flow is assumed to be incompressible, justified due to the low flow 

velocities in the biological cases that the developed model is applied. Eq. (2.11) gives the mass continuity 

equation for the incompressible flow while Eq. (2.12) gives the momentum conservation equation for a time 

dependent case, where t is the stress tensor, U is the velocity and p the pressure of the fluid. 
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Numerical solution 

 

The incompressible time dependent Navier ï Stokes 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 manuscripts [Ferziger J. and Peric M. 2002 ].The momentum equations (2.12) are solved using a first ï 

order forward Euler scheme for the time dependent 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 reduces the computational time, and thus it allows obtaining time consuming 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 CFX® with the in-house aerosol transport and deposition code 

has been developed.  The solution 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 format [Poirier D. et al. 

2000], and provides an enormous amount of information about the mesh nodes proximities and numbering. 

Therefore a code for the ñrenumberingò of the nodes (based on multiple node neighbouring comparisons) in a 

format capable to be imported to the in-house 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 (1nm = 10
-9
m) to 

several micrometers (1ɛm = 10
-6
m). Based on their diameter, particle are classified in coarse particles (

pd  > 

1ɛm) and fine particles ( pd <1ɛm).Furthermore, a classification used frequently is nanoparticles, for which 

pd < 50 or 100nm. 

Particle concentration in terms of number or mass per unit volume of the carrier fluid is a fundamental 

quantity 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 applications. For the determination of particle 

size since a particle can be regarded spherical, particle diameter,pd , is often used as representative size. 

However, there are many cases where the shape of the particles is irregular. Then an equivalent diameter is 

usually 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 an aerosol, but the physical laws that describe its 

behavior too. The ratio of the double mean free path l, of the carrier gas to the particle diameter, pd , defines 

a dimensionless number called Knudsen number:  

 

2
Kn

dp

l
=  (2.21) 

 

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

l >> pd , where the gas continuity does not hold.  In the first regime, Navier-Stokes equations are used to 

calculate the drag force on the particle, whereas in the second regime, the kinetic theory of gases should be 

implemented. Between these two regimes, there is a transition regime, where the theory is not fully developed 

and various interpolation methods are used. 

In practical applications particle population is non-uniform with respect to size. Therefore, statistical 

indicators are used to describe the particle size distribution, such as the mean value and the variance. 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 considered. 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. The Eulerian approach offers significant advantages over the 

frequently chosen Lagrangian approach [Pilou 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 implementation. Furthermore 

the Eulerian model can take into account simultaneous diffusive and inertial particle transport. 

In the proposed model the particles are assumed as monodispersed and the calculating of the particle 

concentration inside a fixed elemental volume is done. Moreover, for most two-phase 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 one-way coupling of the phases is assumed. Particle velocity 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 gradient, and 

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 space 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; a) internal processes, such as coagulation or 

agglomeration and gas-to-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. gravity, electromagnetic) 

. The intergrodifferential equation that describes the effect of these phenomena on the particle size distribution 

is called the General Dynamic Equation (GDE). Given appropriate initial and boundary condition, GDE 

describes fully the particle size distribution in an aerosol flow.  

In the presence of fluid flow, the GDE is given by [Drossinos and Housiadas 2006]: 

( )p

growth coag

c c c
cu

t t t

µ µ µ
+ÐÖ = +

µ µ µ
(2.13) 

wherec   is the dimensionless particle concentration and pu is the dimensionless particle velocity. 

In Eq.(2.13), the first term of the left-hand-side (LHS) refers to particle accumulation in time and the second 

to particle transport due to external processes, whereas the right-hand-side (RHS) represents the internal 

processes; the first term corresponds to gas-to-particle conversion and the second to coagulation or 

agglomeration. 

The developed model is based on a description of the particles General Dynamic Equation (2.13) with focus 

on the transport of a population of particles and the assumption of the internal processes (growth, coagulation) 

absence. Based on that remarks the GDE becomes Eq. (2.14) known as Particle Transport Equation (P.T.E.) 

( ) 0p

c
cu

t

µ
+ÐÖ =

µ
 (2.14) 

 

The proposed method is a time depended extension of a formerly developed method by Pilou et al. [2011] and 

may obtain the average particle velocity pu  under different conditions without solving the average particle 

momentum equation.  
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Considering a two-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 the carrier fluid. Consequently, in a two ï fluid approach to aerosol 

transport the average particle velocity pu is obtained from the average particle momentum equation which may 

be written as [Fernandez de la Mora and Rosner 1982]   

 

1p

p p p fluid

u
u u F

t c

µ
+ ÖÐ = ÐÖP +

µ
 (2.15) 

Where the force per unit mass exerted on the particles by the fluid is denoted by 
fluidF   and pP is the 

particle stress tensor. 

Based on the assumption of the ideal gas behavior for the 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[1979] and further expanded in order to be applied in the proposed model by Pilou et al.[2011]  

The momentum equation yields 

 

1
ln ( )

p B f

p p f p

p p

u K T
u u c u u

t m t

µ
+ ÖÐ =- Ð + -

µ
  (2.16) 

Where fT is the constant fluid temperature, pm the mass of the particle, BK  the Boltzmannôs constant, 

fu the fluid velocity and pt  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 particle of diameter 

pd and density pr  needs to acquire its terminal velocity, if it released in a still fluid of viscosityfm . 

[Drossinos and Housiadas 2006]. 

A low particle relaxation time expansion of the particle momentum equation is done based on the expression 

of the particle velocity 

 

(0) (1)

p p p pu u ut= +  (2.17) 

 

as proposed by Fernandez de la Mora and Rosner [1982]. 

The momentum equation (2.16) may be multiplied by the particle relaxation time pt  and expressed as 

Eq.(2.18): 
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 (2.18) 

Eq. (2.18) may be written analytically:  
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 By neglecting the particle relaxation time terms of 2
nd

 order or higher we obtain: 

(0)

p fu u=   (2.20) 

and 
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  (2.21) 

Therefore the particle velocity is equal to:  

 

[ ( ) ln ]
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 (2.22) 

The particle velocity pu  is decomposed into two parts: a diffusive part dependent on the particle 

concentration and a convective part cu  independent of particle concentration. 

[ ( ) ]
f

c f p f f
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u u u u
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µ
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µ
  (2.23) 

The dispersed phase mass conservation Eq.(2.14) takes the form: 
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Where 
B f

p

p

K T
D

m
t=  is the diffusion coefficient of particles given by the Stokes-Einstein equation 

Eq.(2.24) can be further written as Eq.(2.25) because lnc c cÐ =Ð 
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Eq.(2.25) is the extended particle transport equation that incorporates the effects of particle convection, 

inertia and diffusion. Eq.(2.25) may be expressed in a dimensionless integral form simplified by using the 

Gauss theorem and assuming constant fluid and particle properties, thus constant diffusion coefficient as 

Eq.(2.26) . 
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Where Pe is the Pèclet number which stands as the ratio of the convective flux to the diffusive flux of the 

particles and is defined by: 

0td u
Pe

D
=  

Where 
td  is a characteristic length of the flow (i.e. tube diameter) and 

0u  is the characteristic velocity of the 

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

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

 

Numerical solution 

 

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

cu  is calculated from Eq.(2.23) and, subsequently, the particle transport equation is solved for particle 

concentration. 

Therefore, the particle modified convection diffusion equation (Eq.(2.26)) 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 multi-block grids. The discretization 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 given by Eq. (2.27). 

 

1 1n n nc c c

t dt

+ +µ -
=

µ
 (2.27) 

 

 

The typical topology of a Cartesian computational grid for a collocated arrangement of variables and the 

control volume (CV) are shown in Figure 2.24 The centre of the CV is computational node P, whereas E, W, N, 

S, T and B are its neighbour nodes 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. Thus Eq.(2.26) 

becomes for every time step:  

 

1( ) ( )c
Sk Sk

k k

cu dS Pe c dS-Ö = Ð Öä äñ ñ   (2.28) 

 with 1..6k=  for each CV face or alternatively: 
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Where kJ  is the total flux through each face, calculated as  
c d

k k kJ J J= +  with 

C

k c
Sk

J cu dS= Öñ  the convective particle flux and 
1d

k
Sk

J Pe c dS-= Ð Öñ  the diffusive particle flux. 

The calculation of the particle convective velocity cu  is done by Eq. (2.23) thus concentration c is the only 

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 approximation was done based on a classical finite volume method analysis 

described in detail by Ferziger and Peric [2002]. The analysis for only the ñeastò face of a single CV is 

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

Regarding the convective term, the convective mass flow 
C

em through the east CV face is equal to 

xe

C

e c ecxSe
m u dS u S= Ö ºñ  (2.30) 

where 
e

cx
u is the x-component of the convective particle velocity cu and 

xeS  is the x-component of the east 

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

mass flow 
C

em  times the value ec  of the concentration on the center of the face e according to Eq.(2.31) 
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c c

e c e e
Se

J cu dS m c= Ö ºñ  (2.31) 

The convective-velocity term is treated by a deferred-correction approach to avoid application of high-order 

schemes that would result in big computational molecules [Ferziger and Peric 2002]. Thus, the convective term 

is split into an implicit part, ,

c

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

, ( )c c UDS

e imp e eJ m c=   (2.32) 

, and an explicit part, ,

c

e expJ  comprised of the difference between the UDS and the second-order central 

difference scheme (CDS) equal to 

,exp ( ) ( )
old

c c CDS c UDS

e e e e eJ m c m cè ø= -ê ú (2.33) 

evaluated using 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 Eq. (2.34) 

  

(1 )e e E e Pc c cl l= + -  (2.34) 

Where the interpolation factor el stands for the ratio of the distance of face center e  from the node P to the 

distance of node E from node P, thus: 

Pe
e

PE

L

L
l=  

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

 

( ) max( ,0) min( ,0)c UDS c c

e e e P e Em c m c m c= +   (2.35) 

i.e. the value of particle concentration at the face center e equals 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, 
c

eJ  is written as: 

, ,

c c c

e e imp e expJ J J= +   (2.36) 

Concluding to Eq.(2.37) 
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{[ (1 ) ] max( ,0) min( ,0) }
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c c old

e E e P e P e E

J m c m c
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 (2.37) 

Once the iterations converge, the low order scheme (UDS) cancel out and the obtained solution corresponds 

to the higher-order scheme (CDS). 

 

Regarding the diffusive term, the diffusive particle flux through CV face is given by Eq.(2.38) 
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Where Ĕn  is the surface unit vector and 
eS  the surface of the CV facee. The term 

e

c

n

µ

µ
is the gradient of 

particle concentration in the direction of the surface vector. The second order central difference approximation 

is used for the concentration gradient, so Eq.(2.38) becomes: 

1d E P
e e

PE

c c
J Pe S

L
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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 therefore a series of 

corrections based on Ferziger and Peric [2002] are implemented in order to make the method fully applicable to 

non orthogonal grids. 

Regarding the boundary conditions, a formerly developed analysis by Pilou et al. [2011] has been followed 

and the particle concentration wall boundary condition was the usual condition of a totally absorbing wall 

described by Eq.(2.40) 

0
wall

c =  (2.40) 

which at the wall boundary gives a (dimensionless) diffusive flux, 
D

wall
J , equal to: 

 

1D

wall wall
s

J Pe c dS-=- Ð Öñ   (2.41) 

Moreover, there is a finite non-zero particle convective velocity just before the wall, resulting to a 

(dimensionless) convective flux, 
C

wall
J , which can be written as: 
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wall
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wall
u dSÖ ¢ (2.42) 
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cwall wall
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where the particle convective velocity, cu  is calculated just before the wall boundary, i.e. at the 

computational grid point 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 of the particles 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 given by Eq.(2.44):  

C D

dep wall wall
J J J= +  (2.44) 
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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 experimental [Pui et al. 1987], analytical [Cheng Y. and Wang C. 1975] and other 

computational data [Tsai C.J. and Pui D. 1990] on the calculation of the deposition fraction of aerosols [Pilou et 

al. 2011]. Additionally the deposition fraction was compared, with evaluated results, against experimental 

findings at cases where extra forces are present [Pilou et al. 2013]. Based on those previous simulations the 

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

 

Transient term validation 

 

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 term was done through 

comparisons with a problem that has analytical 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 the past [Pilou et al. 2011; 2013].Thus a comparison 

against a case which does not take particle inertia into account is carried out. 

Siegel and Sparrow [1959] analyzed the transient laminar heat transfer in the thermal entrance region of a flat 

duct (parallel plate channel) 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 entrance region of a 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 Figure 2.25. 
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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 2.26 the comparison for different dimensionless time steps is illustrated. The agreement of the 

numerical simulations with the analytical results is very good.  

 

Figure 2.26: Comparison of numerical and analytical solution of transient Temperature development 

inside a flat duct with bounding surfaces subjected to a constant 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 theoretical background about particle transport and deposition and 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 Navier ï Stokes equations are solved 

by the finite-volume method. The model assumes one-way coupling, thus the influence of the dispersed 

(particulate) phase on the fluid flow field is considered negligible. 

 Regarding the dispersed phase, after a brief introduction to modelling of particle transport and deposition and 

the processes present in a two-phase fluid-particle systems, a detailed description of the handling of the 

equation that governs the transport of particles (PTE), is given.  

Internal aerosol processes are not taken into account in this model because they are not important for the 

applications considered. Moreover, the low particle relation time expansion of the particle average momentum 

equation in case of isothermal flow proposed by Fernandez de la Mora and Rosner [1982] is adopted in order to 

address inertial effects on Brownian diffusion. 

 It is shown that the particle velocity may be decomposed in two components; a) a diffusive 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 velocity 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 particles transfer equation 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 multi-block grids.  

In the code, the convective term is discretized using a second-order deferred correction approach, while a 

second-order central difference scheme is preferred for the diffusive term and a forward Euler scheme for the 

time discretization of the concentration of the particles. Furthermore the validation of the incorporation of the 

inertia and transient term achieved through comparisons with a problem that has analytical 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 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 particle transfer and deposition in unsteady flows.   
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3.1 A patient ïspecific abdominal aortic aneurysm (AAA) model 
 

In the current application the generation of a multi-block structured grid on a real abdominal aortic aneurysm 

(AAA) acquired from DICOM data is presented. With the use of medical images in standard DICOM format 

(output of a computed tomography (CT) exam), the 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 advanced 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 finally the rupture 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 comprises of the following steps: 

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

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

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

¶ Generation of the volume grid and grid refinement by an in-house 3D elliptic grid enhancement code. 

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

 

 Image processing - Geometry reconstruction 

 

The first step in our methodology is to read a DICOM file. 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 of grey-scale 

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 efficient and reliable open source software 3DSlicer
® 

[Pieper et al. 2006]
 
is used. 

For the AAA case study, CT anonymous data were obtained from the databases of the Diagnostic Medical 

Center: Encephalos ï Euromedica. These data were acquired with the standard contrast and resolution CT 

protocol (plane resolution 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 intensity distribution 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 methods to segment the volume of interest when a thrombus is 

present [Lee et al. 2010]. The thrombus develops in the inner vascular wall. So, the optical separation between 

thrombus and the outer AAAôs vascular wall is necessary. Due to a difference in the biochemical synthesis, the 
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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 AAAôs outer vascular wall. 

In this application, the segmentation of only the inner part of the AAA, without the thrombus, is done, as this 

is the area where the flow field is developed. In Figure 3.1, the segmentation of the inner part of an AAA, using 

luminescence thresholds is shown. For better optical result, a line is drawn on the boundaries 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 3D Slicer® software 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. The result of this 

procedure is exported as an STL file (STL is a file format native to the stereo-lithography CAD software) which 

describes the outer shell of the shape with the use of triangles. An STL file describes a raw unstructured 

triangulated surface with the unit normal vector and the location of the vertices (ordered by the right-hand rule) 

of the triangles using a 3D Cartesian coordinate system. The STL file used in the AAA case study is visualized 

in Figure 3.2. Nevertheless, the methodology can be applied to every triangle-based 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 FORTRAN code 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 the 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 (TFI)  method. 

¶ Refinement of the grid according 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 Slicer
®
 software is a closed manifold. Therefore, the surface 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 theory of Floater [Floater et al. 2005]. From the application of Floaterôs algorithm to a surface 

triangulation in
3R , a planar triangulation in a predefined two dimensions (D2 ) domain, with a one- to - one 

correspondence 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 triangle in 
3R  and for the newly calculated 

triangles in D2 .  

In Figure 3.3, a surface triangulation and an isomorphic planar triangulation produced by the previously 

described algorithm is shown.  



        3.1 A patient specific abdominal aortic aneurysm (AAA)   67 

 

Figure 3.3 : (a) A surface triangulation . (b) An isomorphic planar triangulation with one-to-one 

correspondence between 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 that information, 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 Figure 3.4 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 methodology 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 not directly applicable 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 on the D2 square domain so they will not 

form a triangle anymore. 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 

D2  domain is used. The four sides of the domain that is used are produced analytically by four Eqs. (3.1 ï 

3.4), 

))2cos(1(* xcury p--=  for ]1,0[Íx , (3.1) 

))2cos(1(*1 ycurx p-+= for ]1,0[Íy , (3.2) 

))2cos(1(*1 xcury p-+= for ]1,0[Íx ,   (3.3) 

))2cos(1(* ycurx p--= for ]1,0[Íy .  (3.4) 

The four equations are for each of the four sides of the domain, and cur is the variable that defines the 

curvature of the D2  domain bounds. The use of a curved domain 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 of complex shape, without 

loosing any information. The triangulation and the structured grid obtained in the domain created for cur equal 

to 0.015 are visualized in Fig 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 shown in Figure 3.6. On the left side of figure 3.6 

the triangular surface of the AAA shell is 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 methodology. 

 

 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 control of the projected planar grid. 

 

Union of the two shells ïCreation 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 united and a new surface 

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 Eq. 

(3.5), 
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where 1g
C

 is the first and 2g
C

 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 system , Eq. (3.5) can be expressed as in Eq. (3.6). 
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http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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Where r
C

 is the position vector, and x and h are the curvilinear coordinates, often refereed in discrete form 

as i  and j . 

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, multi-block grids that cluster near the AAA wall are produced. 

Precautions are taken to avoid the grid overlapping. Grid overlapping 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 (assumed 1.5 mm based on 

[Kleinstreuer et 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. 1973]. The result of this procedure is a multi-block structured 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, according to the physical problem computational needs and with respect to the surface 

shape is following. The refinement is done by an in-house code for 3D grid enhancement based on the solution 

of elliptic partial differential equations, developed according to Thompshon et al. [1999].
 
 

The result of our methodology is the multi-block structured computational grid depicted in figures 3.7 and 

3.8. The grid conforms to the surface of the AAA and with the application of a 3D grid enhancement code 

together with the multi-block technique a local clustering of elements can be applied 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 

 

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

modeled.  (b) Detail from the outer surface of the same domain. (c) A detail of the same grid slice. 
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For the computational domain depicted in Figure 3.8, the calculation of a grid skewness metric is done 

(SKM). The skewness metric is defined as the result of the Eq. (3.7) calculated for every hexahedral element. 
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In Eq. (3.7), maxq  is the maximum angle and minq  is the minimum angle in the hexahedron element. The 0.0 

value corresponds to a perfect equiangular 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 presented in the Table 3.1. 

 

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 produced grid is a high quality grid with the major percentage of its elements in the ñexcellentò quality 

class and almost no elements below the ñgoodò class. The high quality of the produced grid, the element 

alignment with the primary flow direction combined with the ability 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 system of equations, utilized by the proposed methodology, is solved with the non-commercial 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 computer cluster to reduce computational time. 

 The structured grid that is created can be exported as a simple multi-block format 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 Institute 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 brief 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®, are presented. 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 figure 3.9. On the left side of figure 3.9 

the unstructured grid is visualized, on the right side of the figure the multi-block structured grid generated by 

the proposed methodology is visualized. 

 

 

Figure 3.9 : (a) The unstructured computational domain of the AAA created by the Ansys ICEM 

CFD® software.  (b)  The structured computational 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 calculated by the Ansys 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 kg/m
3
 [Li and Kleinstreuer 2007] and the dynamic viscosity equal to 3,1 10

-3
 Pa s[Li and 

Kleinstreuer 2007].As boundary 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 applied. The performed 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 differences of 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 in figure 3.10) , were depicted in figure 3.10. 

On the left side of the figure 3.10 the two planar sections originate from 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 fields visible. A visual 

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. 

  

 

Figure 3.10: (a) Two Planar sections of the AAA along with a velocity contour at 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 measurement is done. 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(
rmse  ). 
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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 results of the computed velocity coordinates X and Y are depicted on Figure3.11 and Figure 3.12 as 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 flow direction coordinates in order to better estimate the ability of the 

computational domain to simulate the secondary flows inside the AAA. 

 

 

Figure 3.11: The Velocity coordinate Y calculated on 180 points for both computational domains. 
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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 skewness with the occurrences 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 terms of 
rmse  the 

Velocity_Y is underestimated by an rmse  equal to 2,05 while the Velocity_X is underestimated by an  rmse  

equal to 4,15. Those facts lead the structured grid to be more accurate in the simulation of secondary flows 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 and a 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 [Longest W. and Vinchurkar 2007; 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 

 

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 shear strain rate on the AAA walls calculated for both domains by Ansys 

CFX® is presented. As it is visible by figure 3.13 the unstructured grid calculated lower shear strain rate at 

every AAA area, with an exception of the area circumferential to the inlet of the domain. 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 for the two domains are presented in Table 3.2. 
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Variable Structured 

domain 

Unstructured 

domain 

Difference 

(%)  

Velocity magnitude 

(cm/s) 
18.93 18.24 3,65 

Velocity_X 

(cm/s) 
9.21 8.80 4,45 

Velocity_Y 

(cm/s) 
12.38 11.61 6,22 

Velocity_Z 

(cm/s) 
15.99 16.88 -5,57 

Shear Strain Rate 61.91 56.20 9,22 

 

Table 3.2: Maximum velocity and shear strain rate computed 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 (Velocity_X and Velocity_Y in Table 3.2) 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 underestimation of the 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 shear strain rate 

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 may affect the flow field and the 

rupture risk. Many previous computational model studies tried to reconstruct the AAA shape and computational 

domain based on statistical data or values measured by a medical exam. Those methodologies have the 

disadvantages of the suppression 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 computational technique was applied for the development of a 

detailed shape reconstruction and structured grid generation of a patient-specific AAA case, using DICOM data 

obtained by a medical imaging examination.  

Starting from a set of plane grey-value images taken from a medical imaging examination, a three 

dimensional shape is reconstructed with the use of the 3DSlicer® software. From that shape a multi-block 

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 the development of an advanced patient specific 

model. The combination of this model with computational fluid dynamics models, and fluid-structure 

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 multi-block structured computational grid on patient-specific bifurcation 

geometries is presented. The structured grid generation technique is applied to data obtained by medical 

imaging examination, resulting in a surface conforming, high quality, multi-block structured grid of a patient 

specific abdominal aorta bifurcation. For the evaluation of the grid produced, a grid convergence study and a 

comparison between the grid produced by the proposed method and unstructured grids produced by commercial 

meshing software are carried out.  

This section is structured as follows: At first, the methodology is presented, including a description of the 

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 the multi-block structured grid 

generation process. In addition some details of grid enhancement are described.  In the last subsection, 

numerical results are given including a grid convergence - quality study, a brief flow field solver comparison 

between Ansys CFX and an in-house Finite Volume solver and a comparison between 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 model a patient specific 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: 

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

 reconstruction of the volume of interest (VOI). 

¶ Geometry preparation ï topological partition of the triangulated surface . 

¶ Generation of a multi-block surface structured grid over the partitioned triangulated surfaces  

¶ Unification of the partitioned branches and generation of the volume grid. Grid enhancement by  an 

 in house grid enhancement code. 

 A detailed description of the steps follows 

DICOM data processing and segmentation of the volume of interest 

 

Currently almost all the medical imaging machines export their results in a set of grey-scale images 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 customized codes 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 Center: Encephalos ï 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 the segmentation 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 the 

3DSlicer
® 

software, and by user intervention it is possible to extract the bifurcation geometry by a DICOM 

dataset. In Figure 3.14, the segmentation for two cross sections of the abdominal aorta bifurcation is shown. For 

a better optical result, lines are drawn 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 interest (abdominal aorta bifurcation 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 the third dimension. The result of the reconstruction procedure is an STL 

file, the format of which is native to the stereo-lithography CAD software. The STL file used in this study is 

visualized in Figure 3.15a with the triangle edges visible. 

 

Geometry preparation - Topological partition 

 

The bifurcation shape created by the 3D Slicer
®
 software is a closed manifold. Therefore, the surface was 

partitioned into two branches and each branch to two open manifolds. This was achieved using the pyFormex 

open ï source software as developed by Ghent University and dedicated to create and handle large geometrical 

models. By using the pyFormex Graphical 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 shown in Figure3.15b. 

This separation is an essential stage in the methodology of the overall grid generation technique.  

 

 

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 manifold is 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 may be applied only on 

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 now described 

 

Multi-block surface structured grid generation 

 

In this section the method for generating a surface structured grid with concurrent grid preparation for one-to-

one union of the two branches is presented. The surface grid generation methodology is an extension of the one 

presented in a former application [Makris et al. 2012a] and produces a grid strongly conforming to the 

triangulated surface. 

The proposed method combine a multi-block structured surface grid generation over triangular surfaces with 

concurrent topological formation that preconditions a one-to-one block matching in a single framework. This 

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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developed for the manipulation of the opening formed on the main branch, shown in Figure 3.16a, 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 

with triangles. 

 

The approach is comprised of the following steps: 

¶ Creation of a triangulated patch over the opening of the 3D shape  

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

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

¶ Extraction of the curve of the 2D opening  in the planar domain   

¶ Generation of a 2D multi-block structured grid on the planar domain with the generation of a  single 

 structured block bounded by the opening curve. 

¶ Generation of a 3-D multi-block structured grid over the initial 3D triangulation with concurrent 

 preparation for one to one union of the two branches 

 

The opening on the 3D manifold is closed by triangles by applying an unstructured grid generation technique 

,e.g.  the Advancing Front Method [Gordon W. N. and Hall C.A. 1973]. The full surface domain is shown in 

Figure 3.16b.The application of the formalism for the structured grid generation for triangulated surfaces 

includes the isomorphic transformation of the triangular surface leading to a planar triangulation. The 



 Applications 

 

84 

triangulation shown in Figure 3.17a is the result of applying the methodology to the surface domain of Figure 

3.16b. 

 

Figure 3.17: (a) The planar triangulation of the ñfilledò manifold (b) The planar triangulation with the 

triangles of the hole removed (c) The planar multi -block grid that is created and the extracted boundary 

curve of the hole 

 

The indexes 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 to the planar triangulation with an opening  as 

shown in Figure 3.17b. 

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. Based on that fact, the 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 shown in Figure 3.17c as a thick line for better optical interpretation 

and used as a bound for the generation of a multi-block structured planar grid as given in Figure 3.17c. The 

multi-block structured planar grid is then subjected to the full planar triangulation (as in Figure 3.17a). After the 

subjection the barycentric coordinates for 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 structured grid is obtained, resulting in the surface 

structured multi-block domain given in Figure 3.18.  
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Figure 3.18: (a) The surface structured multi-block domain created (b) the surface structured multi-

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

 

The outcome of the procedure is a multi-block structured grid within which a structured block is formed at the 

place where the initial geometry had an opening. This block is used for a one - to - one matching with the 

second branch. 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 in a previous chapter. 

 

Volume grid generation 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 transfinite interpolation (TFI) method. The structured surface grids produced for the 

left and right main branches due to the one-to-one 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 number of elements 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 algorithm [Sorenson, 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 applying it to 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 non-commercial 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 computer cluster to reduce the 

computational time.  

The multi-block structured grid that has been created can be exported as a simple ñmulti-blockò formatted as 

for Plot3D and Tecplot® data. An additional ability of the set of in-house codes developed for the method is the 

export of the structured grid as a CFD general notation system (CGNS). CGNS is a general, portable, and 

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.) and open 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 solution, is given 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 independence 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 from 174,725 to 571,687 

elements. Detailed information 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 ï block structured grids generated by the 

methodology 

 
For the grid independence study a CFD in-house finite volume code based on the pressure correction method 

SIMPLE [Patankar S. 1980] is used. The aforementioned in-house code has already been used in various 

bioflow studies [Neofytou P. et al. 2006;2008].There are two main reasons for 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 



              3.2 Grid generation on arterial bifurcation  87 

a code that is more sensitive ï in terms of convergence - to grid quality and (ii) to develop the in-house 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 comparison between the in-house 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 a quantitative comparison 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 equation 
ie is the relative error at selected 

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

resolution.  
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Specifically, 100 geometrical points are selected along 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, Eqs. (3.10) and 

(3.11) are applied for the same geometrical points and the numerical assessment of grid independence is based 

on the RMS values.  

The RMS values for the four grids are given in Table 3.5, while the more detailed velocity magnitudes 

calculated at the 100 geometrical points, are presented in Figure 3.19. 

Grid sizes 

(X 10
3
) 

Erms(%)  

174-230 1.45 

230-335 1.39 

335-572 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) ï d) of velocity magnitude for a defined of 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 the in-house 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 Ansys CFX® 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 element shape functions 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 selected. Eq.(3.10) is used to calculate rmse  whereas in 

this computational case the relative error ie expressing the solver differences is calculated according to Eq. 

(3.12) 

, 1 , 2

, 2

i solver i solver

i

i solver

u u

u
e

-
= ,   (3.12) 

To make quantitative comparison between the solvers, three flow fields (one from the in-house code and two 

from the commercial Ansys CFX® using different advection terms discretization schemes) are depicted in 

Figure 3.20, in the same way as Figure 3.19. 
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Figure 3.20: A comparison of Ansys CFX solver (using two different advection discretization schemes) 

versus in-house Finite Volume solver. Visualization of the velocity magnitude for 100 points fit the S3 

structured computational domain 

 

The rmse  for the comparison between Ansys using the 1st order upwind scheme and the in-house code is 

calculated equal to 4.3 % while the erms between Ansys using the high resolution scheme and the in-house code 

is calculated equal to 2.6%. 

In order to asses the quality of the grid and the geometric 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 between the grids surface 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 reports [Baerentzen J.A. and Aanaes H. 2002, Jones W.M 1995]. For every structured 

grid node the 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 calculated and 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 value equal to 0.78%.  

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

calculated for every structured grid element. 

)
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=SKM , (3.13) 

)
60

60
,

120

60
max( minmax qq --
=SKM , (3.14) 



 Applications 

 

90 

In Eq.(3.13), maxq  and minq  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 are presented in Table 3.6.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 empirical rules. 

The selected S3 grid is a high quality grid. The majority of its elements are in the ñexcellentò quality class 

and only a few elements are classified as ñpoorò. These ñpoorò quality elements arise from the grid generation 

topology as explained previously.  

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 most efficient grid topology for a given patient specific mesh generation 

framework is the objective of future work. 

 

3.2.3 Comparison of current methodology with commercial unstructured grid 
approach.  

 

In order to evaluate the quality of the proposed methodology 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 the commercial software 

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.It is reminded 

that the structured grid S3, was composed 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 Table 3.6. In order to estimate the quality of the compared grids, 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 domains are 

presented in Table 3.6. Both the grouping and classification are common for both kinds of grids. 

 

SKM 

S3 U1 U2 U3 

Number of 

Elements - 

Percentage (%) 

Number of 

Elements - 

Percentage (%) 

Number of 

Elements - 

Percentage (%) 

Number of 

Elements - 

Percentage (%) 

0.0 ï 0.25 

(Excellent) 

169104 ï 

50.48 
42196 ï 12.56 107682 ï 12.78 

321767 ï 

15.05 

0.25 ï 0.50 

(Good) 

148512 ï 

44.33 

258376 ï 

76.92 
649410 ï 77.07 

1622952 ï 

75.93 

0.50 ï 0.75 

(Medium) 
16691 ï 4.98 35306 ï 10.51 85452 ï 10.14 192463 ï 9.00 

0.75 ï 1.00 679 - 0.20 19 ï 0.005 33 ï 0.004 84 ï 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 

U1 335897 Tetrahedral Unstructured 

U2 842577 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 computational domains used for the comparison are shown in Figure 3.21. Figure 3.21 a), b) and c) 

respectively depict multi-block structured grid S3, unstructured grid U2 and unstructured grid U3 generated 

using Ansys ICEM CFD®. 

 

 

Figure 3.21: A view of three grids used for the comparison. (a) The structured grid S3 (b) The ñcoarseò 

unstructured grid U1. (c) The ñfineò unstructured grid U3. 

 

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

case of blood flow in the human abdominal aorta. In order to conform with the in vivo 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 was assumed to be an incompressible, homogenous, Newtonian 

fluid, with density equal to 1056 kg/m
3
 and dynamic viscosity equal to 3.1 x 10

-3
 Pa s. The convergence 

criterion was set as an Root Mean Square (RMS) equal to 5 x 10
-6
.  

In order to make a comprehensive evaluation, 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, U1 and U3 

respectively. A visual comparison of the contour colors reveals the fact that the unstructured grids 

underestimate the velocities, the effect being more pronounced for the ñcoarseò unstructured grid U1.  

 

Figure 3.22: A visualization of a coronal planar contour of the velocity magnitudes presented for three 

computational domains. (a) The structured grid S3  (b)The ñcoarseò unstructured grid U1. (c) The ñfineò 

unstructured grid U3. 

 

A similar comparison for an axial planar section, in the area near the branch, is depicted in Figure 3.23. 

Again, Figure 3.23 a),b) and c) correspond to structured 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 (b)The 

ñcoarseò unstructured grid U1. (c) The ñfineò unstructured grid U3. 

 

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

contour boundaries in the unstructured ñcoarseò grid U1 contour indicates high numerical skewness. The effect 

is fade out and almost invisible for the ñfineò unstructured grid U3. However, the structured grid S3 provided a 

smooth velocity magnitude transition while using only almost a quarter of the ñfineò unstructured grid U3 

elements. 

To make quantitative comparison between different grids, the velocity magnitudes are depicted in Figure3.24 

for  100 geometrical points inside the computational domain, in the same way as Figure 3.20. 

 

Figure 3.24: Comparison of velocity magnitudes defined at 100 points for the structured grid c) 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 unstructured grid  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 particular, use of the unstructured grid U1 leads to velocity magnitude underestimation of 10.23% rmse  

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

grid refinement of the unstructured grid by a factor of 2.5  (U2, 842,577 elements) resulted in less obvious signs 

of numerical skewness and gave an rmse equal to 5.03%, i.e. the solution was closer to the one obtained using 

the structured grid S3.Further refinement of the unsruuctured domain to the U3 grid resolution (2,137,266 

elements) resulted in an rmse  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 S3 is calculated to be 2.8%. Based on this parameter 

the behavior of the ñfineò Unstructured grid U3 is almost equivalent to the ñcoarseò Structured grid S1.  

The differences reported here and the visualization of the flow fields obtained by the different computational 

grids confirm the conclusions reached in previous comparison studies [Longest, P. W. and Vinchurkar S.2007; 

Vinchurkar S. and Longest P. W. 2008; De Santis G. et al. 2010], namely that the structured grid is capable of 

providing a more accurate flow field 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 many human body 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 accompanying limitations. 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 centerlines and 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 disadvantages of the 

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 branching shapes is the generation of a structured multi-block grid on a domain described by 

a surface triangulation (STL type and similar)[ De Santis et al. 2010]. Recently, few studies have addressed the 

problem of hexahedral mesh generation from STL-type surface [De 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 of patient-specific bifurcation geometry. 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 multi-block 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 tetrahedral meshes produced by commercial meshing software.  

The use of a óone block per branchô topology, suggested by this study, has the advantage of topological 

simplicity. It also provides the ability to create multiple branching geometries without the structured grid 

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, different 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 a series of 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 Fig 3.25. 

 

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 multi-block structured grids that may be 

used for the computational study of branching biological systems. This novel approach perfectly fulfils  the two 

basic criteria, 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 methodology 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 



 Applications 

 

96 

 



3.3 Particle transport and deposition under high frequency Oscillatory ventilation and 

Normal Breathing 97 

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 different methods. The 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 (Ɂȸ) and to further clarify the mechanisms of particle transport and deposition under oscillating 

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, under different transient flow 

conditions, inside a single physiologically realistic bifurcation created by generations G3 ï G4 of the human 

lung.  

An insight into the particle dynamics under high frequency oscillating flow fields is given and the results 

showed that the highly oscillating field HFOV displayed 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 technique of mechanical ventilation assisting or 

replacing spontaneous breathing, with major application the adequate ventilation of neonates. HFOV is 

characterized by high oscillation frequency (5 ï 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 pulmonary 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 Bronchiolo-Alveolar injury in neonates [Clark et al. 1986; Derdak et al. 2002; The Acute Respiratory 

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 the same time. 

Lunkenheimer et al. [1972] introduced HFOV as an improved version of other high frequency ventilation 

methods. Theoretical [Watson EJ 1983] and experimental findings [Joshi et al. 1983] proved that in oscillatory 

forced flows the longitudinal flux of a gas is augmented by the increase of the oscillation frequency. Fredberg et 

al. [1987] assessed factors influencing the mechanical performance of high frequency ventilators under 

controlled conditions and noted that the dominant mechanisms of gas transport during HFOV are longitudinal 
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(or Taylor) dispersion and molecular diffusion. Krishnan and Brower developed a review study [2010] and 

concluded that HFOV treatment is superior than conventional mechanical ventilation  (CV) and should be 

considered promising as an experimental 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 order to 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 secondary flows and recirculation in the 

HFOV flow field.  

Hirahara et al. [2011] 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, 

specifically noting the longitudinal gas redistribution characterized by the incoming central flow and the 

outgoing near wall flow. Zhang et al. [2002] performed a computational study for the air and particle flow under 

normal breathing and high frequency oscillatory 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. However no information about 

particle transfer under HFOV was presented. Choi et al. [2010] studied high frequency oscillatory flow under 

consecutively more complex geometries (straight tube, single bifurcation tube model and computed tomography 

based human airway model) using CFD methods and concluded that counter flow phenomenon enhances gas 

mixing in combination with geometrical complexity. 

Scholz A.W. et al. [2011] developed a comparative simulation combining Magnetic Resonance Imaging with 

contrast gases with Computational 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 the gas transport 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 studied case due to the difficulty of in ï vivo measurements and 

ethical concerns in conducting studies in neonates [Sood et al. 2010]. Nevertheless some experimental studies, 

available at the literature, examine the ability of drug delivery during HFOV. 

Sood et 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 [1992] measured the particle transport through a 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 deposition is expected to increase with 

the oscillating frequency at high frequency situations (>2 Hz).Garner et al. [2000] examined albuterol transfer 

by metered-dose inhaler in a high-frequency oscillatory ventilation model and concluded that albuterol transfer 

under that model would be problematic due to the high particle deposition on the endotracheal tube of the setup. 

Alzahrani [2010] 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 adult cast 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 deposition, 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 comes to particles. Particle inertia and wall deposition enforced 

by secondary flows and counter flow may play a considerable role that may lead to different results. 

The current study is a computational simulation of transport and deposition of inertial particles, under HFOV 

and normal breathing (NB) conditions, inside a physiologically realistic bifurcation, modelling the third and 

fourth lung generation (G3 ï G4). The computational simulation is a fully Eulerian approach, for both air and 

particle phases. The Eulerian approach offers significant advantages over the frequently chosen Lagrangian 

approach [Pilou et al. 2011]. Initially, it may be used for small particle diameters where the Lagrangian 

approach becomes highly demanding in terms of numerical implementation due to the stochastic method 

utilized in order to calculate particle diffusion. Furthermore the Eulerian model is more efficient compared to 

Lagrangian models as it can take into account simultaneous diffusive and inertial particle transport. The 

advantages 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 particle 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 deposition under 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 and fourth lung generation (G3 ï G4) according to Weibelôs model [Weibel 

1963]. These generations are selected due to the peak particle deposition in this region that previous 

experimental studies have recorded [Schlesinger et al. 1977]. Additionally the simulation of aerosol flow inside 

bifurcations is of significant interest because the geometry resembles the basic geometrical element of the 

branching airway of the lung, thus that geometry has been repeatedly used in literature [Asgharian B. and 

Anjilvel S. [1994]; Kim et al. [1994]; Comer et al. [2001a] ]. 

 The computational domain of the study is created by the proposed in-house structured grid generation code 

[Makris et al. 2012]. In Figure 3.25 the computational domain of the study is visualized. The computational 

domain is a multi-block high quality structured grid with the adoption of the ñbutterflyò topology. 
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Figure 3.25: The computational domain of the study. a) A multi-block structured grid with the 

adoption of the ñbutterflyò topology representing G3 ï G4 bifurcation of the human lung, b) an 

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 Eulerian (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 numerical simulation of the air 

flow field is carried out by the commercial software Ansys CFX®. The aerosol particle dynamics simulation is 

carried out using an in-house particle dynamics code, based on an Eulerian description of the particles General 

Dynamic Equation. Due to the small size of the particles, the influence of the particulate phase on the air flow 

field is considered negligible (one-way 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. The aerosol particles are assumed to be spherical with diameter ranging from 

1nm to 10ɛm.   

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 peak inhalation 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, GII and GIII respectively. 

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

mean squarermse of the relative erroreof the velocity magnitude at 70 geometrical points inside the flow field 

is made. The relative error for the velocity magnitude is calculated by Eq.(3.10) while the root mean square of 

the relative error is calculated by Eq.(3.11) 

The velocity magnitude is calculated for the three meshes and the differences in terms of Ůrms between GI and 

GII and between GII and GIII are summarized in Table 3.8. 

 

Compared grids Ůrms 

GI vs GII 1.15 % 

GII vs GIII 0.61% 

 

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

 

Due to the 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 calculated values of rmse  are 1.15% between GI and GII and 

0.61% between GII and GIII. These results suggest that all the computational domains are of an excellent 

quality and produce grid independent flow fields.  Therefore GI would be the better choice, 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 of the G3 ï G4 

region for both cases. A frequency equal 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 no-slip condition. The two cases produced the same Peak Reynolds Number defined from the 

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

 

0Re
U D

v
= ,  (3.15) 

 

where 0U  is the peak inhalation velocity, D  the tube diameter and v  the kinematic viscosity of the fluid. 

The two cases produced different tidal volumes; the tidal volume TV  is calculated by Eq.(3.16), 
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where A  is the inlet area and f  is the inlet frequency. 
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For the NB case a tidal volume equal to 0.10075 l is produced and for the HFOV a tidal volume equal to 

0.00157422 l is produced. The Womersley number is a widely used dimensionless expression of the unsteady 

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

a R
v

w
= Ö ,  (3.17) 

where R  is the radius of the tube and w is the angular frequency of the flow. In Table 3.9 a summary of the 

fluid flow characteristics for both cases is illustrated. The difference in the tidal volume is consistent with the 

experimental findings of Fredberg et al. [1987] who concluded that tidal volume decreases with frequency. 

 

Case Period T(s) 
Frequency 

f (Hz) 

Peak 

Reynolds 

number 

Tidal 

Volume (l) 

Womersley 

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 use of 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 , 50 nm , 100 nm , 900 nm 

, 5 ɛm and 10 ɛm respectively. The transport and deposition for all the particle diameters has been studied for 

both HFOV and NB conditions. In Table 3.10 the particle diameter and the corresponding Stokes number is 

presented. 

 

Particle Size Stokes number 

1nm 7.1533 x 10
-7
 

50nm 4.0785 x 10
-5
 

100nm 9.3226 x 10
-5
 

900nm 3.0116 x 10
-3
 

5ɛm 8.1702 x 10
-2
 

10ɛm 3.2188 x 10
-1
 

 

Table 3.10: Spherical Particle diameters and Stokes number 

 

At the inlet of the bifurcation a constant uniform (plug) concentration 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 assumed to deposit on it without 

being able to re-enter 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 phase lags in 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 NB case almost no counter flow is present. In Figure 3.26 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, d)exhalation peak), while in Figure 3.27 the respective 

time phases for the NB case are illustrated.  

 

 

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, b) inhalation 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, d)exhalation 

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 one-way at almost every time step. This remark is consistent with Heraty et al. [2008] 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 boundary layers 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 streamlines and secondary velocity contour magnitudes for defined 

planes are presented for both cases in Figure 3.28 (named A-Aô plane near the end of the main branch and 

named B-Bô plane near the middle of the left bifurcation leg). For the HFOV case a strong pair of vortices is 

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 is critical because secondary flows are reported to be strongly related with particle 

deposition [Hofmann et al. 2001].For both cases the region near the carinal ridge remains less influenced in 

every flow inversion and presents small fluid velocities almost at any flow phase. This fact leads to particle 

ñentrapmentò and increased deposition near the carinal ridge wall. 




















































































































































