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Abstract 
While the benefits and possibilities of nanotechnology have received considerable 
attention, the adverse health effects that may follow with widespread use have not 
until recently been illuminated. Recent studies have shown that nanoparticles, due 
to their smaller size and thereby bigger surface area and surface reactivity, can be 
more toxic than larger particles of the same material. However, the risks 
associated with the use of nanoparticles also depend on the extent of exposure. In 
this thesis, the effects upon inhalation are studied. In vivo and in vitro studies 
would be very cost-intensive and difficult to perform for the study of particle 
transport and deposition in the human airways. Therefore, numerical simulations 
are increasingly being carried out together with validating experiments when 
possible. 

The influence of particle size is studied on transport and deposition patterns in a 
rigid, smooth-walled model of the human airways, extending from trachea to the 
segmental bronchi. The morphometrical data is based on the asymmetric lung 
model of Horsfield et al. (1971). Particle deposition efficiency and localisation is 
compared for particles (ρ = 1950 kg/m3) in the size range 15 nm to 100 μm at 
inspiratory flow rates of 0.1-1.0 l/s, measured at trachea. The commercial 
Computational Fluid Dynamics (CFD) software package ANSYS CFX 10.0 is 
used for analysis. A Lagrangian multiphase model approach is employed, and 
one-way coupling is used between the continuum and dispersed phase, which 
allows particle tracking to be run as a Post-process. Steady, laminar, 3-
dimensional flow is simulated and forces included are drag and gravity. The sizes 
of systematic errors are estimated, allowing analysis of accuracy of the results. 
Particle size has substantial influence on deposition, regarding both efficiency and 
localisation. Deposition mainly occurs by inertial impaction, and gravity can be 
neglected at higher flow rates. Deposition generally increases with increase in 
particle size and flow rate. The major part of the larger microparticles are captured 
at the first bifurcation, while smaller microparticles are deposited less efficient, 
but more uniformly throughout the model. The nanoparticles essentially follow 
the streamlines through the model, and only a few percent are deposited in the 
region modelled. Deposition patterns are affected by geometrical asymmetry, and 
local deposition fractions differ up to 25 % between bifurcation units of the same 
generation. 

 
 

III 



 

Contents 
 

 

1. INTRODUCTION 1 

1.1 BACKGROUND 1 
1.2 AIM AND OBJECTIVE 1 
1.3 PREVIOUS WORK 2 
1.4 DESCRIPTION OF PROJECT 2 
1.5 OUTLINE OF THESIS 2 

2. THEORY 3 

2.1 HUMAN LUNG 3 
2.1.1 LUNG GEOMETRY AND PARTICLE CLEARANCE MECHANISMS 3 
2.1.2 MODELS OF THE BRONCHIAL TREE 4 
2.2 PARTICLE DEPOSITION MECHANISMS 4 
2.2.1 INERTIAL IMPACTION 4 
2.2.2 GRAVITATIONAL SEDIMENTATION 4 
2.2.3 BROWNIAN DIFFUSION 5 

3. COMPUTATIONAL METHODS 6 

3.1 GOVERNING EQUATIONS 6 
3.2 INTRODUCTION TO COMPUTATIONAL FLUID DYNAMICS 6 
3.2.1 WHY USE NUMERICAL SOLUTION METHODS? 7 
3.2.2 WHAT IS CFD? 7 
3.2.3 THE FINITE VOLUME METHOD 7 
3.3 SYSTEMATIC ERRORS 7 
3.3.1 MODEL UNCERTAINTY 8 
3.3.2 DISCRETISATION ERROR 8 
3.3.3 ITERATION ERROR 8 
3.4 PARTICLE TRANSPORT THEORY 9 
3.5 BUILDING THE MODEL 10 
3.6 GRID GENERATION 11 
3.7 PHYSICS DEFINITION 12 
3.7.1. DOMAIN MODELS 12 
3.7.2 BOUNDARY CONDITIONS 13 

 

IV 



 

4. RESULTS 14 

4.1 GRID DEPENDENCY 14 
4.1.1 GRID CONVERGENCE TEST 15 
4.2 PARTICLE TRANSPORT 15 
4.3 PARTICLE DEPOSITION EFFICIENCY 19 
4.4 PARTICLE DEPOSITION LOCALISATION 20 
4.6 COMPARISON WITH PREVIOUS STUDIES 22 

5. DISCUSSION 23 

5.1 LIMITATIONS 23 
5.2 CONCLUSIONS 24 
5.3 FUTURE WORK 24 

REFERENCES 25 

APPENDIX A. DATA FROM HORSFIELD MODEL 2 26 

 

 

V 



 

1. Introduction 
 

 

1.1 Background 
Nanotechnology involves the design and manipulation of materials at molecular 
and atomic scale and has evolved into a massive area of research over the past two 
decades. The U.S. government agencies invested $1.6 billion into nanotechnology 
research in 2004 alone, with Asia and Europe close behind. 

Nanoparticles are defined as particles with at least one dimension less than 100 
nm. To get a feeling of the size of these particles, the following examples are 
given for comparison: 

Human hair: 100 000 nm 
DNA: 100 nm 
5 atoms: 1 nm 
 
When going down in size to the nanoscale, material properties change. This is 
often desired in the development of new materials, bringing opportunities for new 
products as well as improvements of existing ones. However, these same 
properties potentially may lead to nano-structure dependent biological activity 
that differs from, and is not directly predicted by, the bulk properties of the 
constituent chemicals and compounds [1]. While the benefits and possibilities of 
nanotechnology have received considerable attention, the adverse health effects 
that may follow with widespread use have not until recently been illuminated.  

Recent studies have shown that nanoparticles, due to their smaller size and 
thereby larger surface area and surface reactivity, can be more toxic than larger 
particles of the same material. However, the risks associated with the use of 
nanoparticles also depend on the extent of exposure. Depending on the field of 
application, nanoparticles may enter the body via inhalation, dermal, oral and 
injection exposure routes. In this study, only the effects upon inhalation are 
considered.  

 

1.2 Aim and Objective 
The aim with this project is to investigate how particle size influences particle 
deposition, regarding efficiency and localisation, in the human airways. 

The project was initiated due to the needs in health risk assessments on potentially 
toxic nanoparticles, such as carbon nanotubes. In vivo and in vitro studies would 
be very cost-intensive and difficult to perform for the study of particle transport 
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1. INTRODUCTION 

and deposition in the human airways. Therefore, numerical simulations are 
increasingly being carried out together with validating experiments when possible. 
The results are also applicable in other fields, such as targeted drug delivery with 
aerosols. The administration of a drug at its site of action is beneficial in several 
ways; it can result in rapid onset of activity, that smaller doses are required, etc.  

 

1.3 Previous Work 
A number of authors have investigated bifurcating flows [2-6]. While a few of 
these deal with multiple bifurcations [2, 3], most of the work reported only 
include the effects of single or double bifurcations. The bronchial tree is often 
represented by a generalized model with successive branching planes, embracing 
the Weibel (1963) symmetric lung model [7] and Horsfield et al. (1971) 
asymmetric lung model [8] sometimes complemented with CT (Computerized 
Tomography) scan images [3] and even bronchoscopic data [2].  

While transport and deposition of microparticles have been studied in many 
reports, nanoparticles are not investigated to a great extent.

 

1.4 Description of Project 
Particle transport and deposition is studied for steady, laminar, three-dimensional 
flow in a 4-generation planar, rigid, smooth-walled airway model based on the 
morphometrical data of Horsfield et al. model 2 (1971) [8]. Particles in the size 
range 15 nm to 100 μm are simulated at inspiratory flow rates of 0.1-1.0 l/s, 
measured at trachea. The commercial software package ANSYS CFX 10.0 is used 
for analysis. 

 

1.5 Outline of Thesis 
The problem under consideration is multidisciplinary in its nature and requires 
knowledge in both pulmonary drug delivery and fluid mechanics. Hence, Chapter 
2 starts with some facts about the human lung and models of the bronchial tree. 
After that, the main particle deposition mechanisms are described. In Chapter 3, 
the numerical code and its limitations are discussed, and the setting up of the 
simulations is described. In Chapter 4, the results are presented and finally in 
Chapter 5, discussion of the results and suggestions on further work are given. 
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2. Theory 
 

 

2.1 Human Lung 
The major task in the lung is the exchange of oxygen and carbon dioxide between 
blood and inhaled air, which takes place in the alveoli in the distal airways. 
However, the airways are also constructed to protect the lung from airborne 
foreign particles. In section 2.1.1, the structure of the respiratory tract and the 
particle clearance mechanisms in the lung are shortly described. In section 2.1.2, 
available models of the bronchial tree are mentioned. 

2.1.1 Lung Geometry and Particle Clearance Mechanisms 
The respiratory tract can be divided into conducting and respiratory regions. The 
former comprises trachea, bronchi, bronchioles, terminal, respiratory bronchioles; 
the latter comprises respiratory bronchioles and alveolar regions, cf. Fig. 1. In the 
conducting airways, the walls are covered with a layer of mucus and cilia. 
Insoluble particles deposited in this region are trapped by the mucus and swept 
upwards by the cilia to the pharynx, where they are swallowed. The mucociliary 
transport removes the particles within 24 hours. In the alveoli, the mucociliary 
mechanism is not present. Instead, particles may be engulfed by alveolar 
macrophages and transported to lymph nodes, but this particle clearance is more 
slowly and can take months or even years. 
 

 
Figure 1. Structure of the human lung, received from adam.com. 
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2. THEORY 

2.1.2 Models of the Bronchial Tree 
The structure of the bronchial tree is often represented by a network of successive 
branching tubes. The symmetric lung model of Weibel [7] is the most frequently 
used due to its simplicity and common comparability. However, analysis of the 
Weibel model cannot give information on the effects of anatomic asymmetry. 
This shortage can be overcome by using the model of Horsfield et al. [8], which 
includes some of the asymmetry of the real structure. Another alternative, not as 
frequently employed, is to use CT scan images from lung casts, alone or as a 
complement to the Weibel or Horsfield model. Neither Weibel nor Horsfield et al. 
provide any information on the angle formed by successive branching planes, 
referred to as the azimuthal angle. Some authors simply set this angle to zero, 
giving a planar airway model, while others fix the angle to be 90 degrees, which 
has been shown to be closer to reality. Using information from CT scan images 
together with bronchoscopy, even better values can be found for the azimuthal 
angle. 

 

2.2 Particle Deposition Mechanisms 
How and where particles deposit in the lung is affected by particle size, the three 
main deposition mechanisms being: sedimentation, impaction and diffusion. 
These are shortly explained below.  

If fibres are considered, deposition by interception may be important as well. In 
this case, a particle in a fluid remains in the air stream, but because of its physical 
size it can still strike a wall.  

Particles of approximately 0.5 μm are inefficiently deposited, being too large for 
effective deposition by Brownian diffusion and too small for effective impaction 
and sedimentation; therefore, they are often immediately exhaled. 

2.2.1 Inertial Impaction 
Inertial impaction is the primary deposition mechanism for particles having a 
diameter greater than 5 μm, and is common in the upper airways and large 
conducting airways. Due to the occurrence of bifurcations in the respiratory tract, 
the air stream changes direction. Particles within the air stream having sufficiently 
high momentum will, instead of follow the redirected air stream, stick to their 
original linear path and impact on the airway walls.  

2.2.2 Gravitational Sedimentation 
Particles with a diameter in the size range 0.5-3 μm that have escaped deposition 
by impaction, mainly deposit by sedimentation (gravitational settling), whereby a 
particle in the air stream is pulled downward by gravity until it strikes a wall. 
Sedimentation is important in the smaller airways and alveoli, where flow 
velocities and airway dimensions are small. It is especially effective in 
horizontally oriented airways. 
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2. THEORY 

2.2.3 Brownian Diffusion  
The rate of diffusion is inversely proportional to particle size, making it the 
predominant deposition mechanism for particles below 0.5 μm. Brownian motion 
is caused by collision of small particles by air molecules in the respiratory tract, 
and concentration gradients result in particle movement to the airway walls. 
Diffusion is important in the distal airways, where distances are short and 
residence time is long. 
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3. Computational Methods 
 

 

3.1 Governing Equations  
According to Newton’s law of motion, the net force on an infinitesimal fluid 
element must equal mass times the acceleration of the element [9]. With 

jij x∂∂ /τ and igρ denoting the i-component of the surface force and body force, 
per unit volume of the element, respectively, Newton’s law gives 

j

ij
i

i

x
g

Dt
Du

∂

∂
+=

τ
ρρ .  (3.1) 

Eq. (3.1), known as Cauchy’s equation of motion, relates the acceleration to the 
net force at a point [9]. To evaluate the stress tensor ijτ , the relation between the 
stress and deformation, i.e., the constitutive equation, must be known. For a 
Newtonian fluid, the constitutive equation is 
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Substitution of Eq. (3.2) into Eq. (3.1) gives the equation of motion for a 
Newtonian fluid, which can be written as 
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The equation above is a general form of the well-known Navier-Stokes equation. 
For an imcompressible fluid with small temperature differences within the fluid, 
as is the case in this project, the Navier-Stokes equation reduces to 

ii
i

i ug
x
p

Dt
Du 2∇++

∂
∂

−= μρρ . (3.4) 

 

3.2 Introduction to Computational Fluid Dynamics 
There are many books on numerical solution methods available on the market, but 
to give an idea of the work procedure as well as limits and possibilities of 
Computational Fluid Dynamics, a short introduction to the field is given below.  
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3. COMPUTATIONAL METHODS 

3.2.1 Why use numerical solution methods? 
The set of partial differential equations (PDEs) describing the motion of a fluid, 
referred to as the Navier-Stokes equations, are only solvable for a limited number 
of flows. Although known solutions are usable in helping to understand fluid 
flow, they can rarely be applied in engineering analysis [10]. Experiments are of 
great importance in fluid mechanics, but may be very difficult if not impossible to 
perform. Further, they may be costly and time consuming. With the development 
of effective computers with larger storing capacities, numerical techniques have 
evolved into an important part of fluid mechanics, known as Computational Fluid 
Dynamics (CFD). However, CFD should be seen as a complementary rather than 
an alternative to experiments and other methods, since the method by definition is 
approximate. 

3.2.2 What is CFD? 
To be able to solve the Navier-Stokes equations when analytical solutions cannot 
be found, a discretisation method is applied that approximates the PDEs with a 
system of algebraic equations, solvable numerically on a computer. The algebraic 
equations are solved for small domains in space and time, and the numerical 
solution yields results for discrete locations. The accuracy of the numerical 
solution; therefore, is dependent on the quality of the discretisation method used. 

3.2.3 The Finite Volume Method 
ANSYS CFX, among many other CFD codes, is based on the finite volume 
method, which uses the integral form of the conservation equation as starting 
point. A numerical grid divides the solution domain into a finite number of control 
volumes (CVs) and computational nodes are assigned to the CV centres. The 
integral conservation equations apply to each CV as well as the solution domain 
as a whole, which implies global conservation. 

 

3.3 Systematic Errors 
Numerical solutions are only approximate and always contain three kinds of 
systematic errors, which can be summarized as follows [11]: 

- Model uncertainty: the difference between the real flow and the exact 
solution of the model equations.  

- Discretisation error: the difference between the exact solution of the 
modelled equations and the exact solution of the algebraic system of 
equations received in the discretisation procedure. 

- Iteration error: the difference between a fully converged solution of the 
algebraic systems of equations and a solution that is not fully converged. 
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3. COMPUTATIONAL METHODS 

3.3.1 Model Uncertainty 
Model uncertainties originate from the assumptions made when deriving the 
transport equations. They are far less important for laminar than for turbulent 
flow, as in the case of laminar flow the Navier-Stokes equations represent a 
sufficiently good model of the flow. However, model errors are also introduced by 
simplification of geometry and boundary conditions. These are errors not known 
beforehand, but require evaluation by comparison of numerical solution and 
experimental data. 

3.3.2 Discretisation Error 
The discretisation error can be estimated by calculating an extrapolated, more 
exact, value using solutions from several grids when available. This method is 
known as Richardson extrapolation, and is valid for monotone convergence. 

GCI (Grid- Convergence Index) presents a simple method for grid convergence 
studies and is based on generalized Richardson Extrapolation [12]. Using this 
method, an extrapolated value can be found from comparison of discrete solutions 
of two meshes. The extrapolated value, f[exact] is calculated as 

1-r
f-f  f  f[exact] p

21
1 +≈ , and  (3.5) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1

2

h
h r , (3.6) 

where f represents the discrete solution and h represents the grid spacing. 
Subscripts 1 and 2 refer to the fine and coarse mesh respectively. However, 
solution of f[exact] requires an a priori knowledge of the convergence rate p. The 
convergence rate is easily computed if an exact solution to the actual problem is 
known, else solutions from three grid are required to extract p [12]. With three 
grid solutions available, equation 

1-r
f-fr 

1 -r
f-f

p
12

12
12

23

23 p
p =   (3.7) 

can be used to calculate p. For a mesh with discrete solution fi, the approximated 
discretisation error, e is calculated as 

][f
f][f i

exakt
exakte −

= .  (3.8) 

3.3.3 Iteration Error 
The residual is a measure of the local imbalance of each conservative control 
volume equation. It is the most important measure of iterative convergence, as it 
relates directly to whether the equations have been solved. In ANSYS CFX 10.0 
normalized RMS (Root Mean Square) residuals, which are independent of time 
step choice and initial guess, can be used to check for convergence. If the error 
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3. COMPUTATIONAL METHODS 

level at the start of computation is known, the error will fall 2-3 orders of 
magnitude if the norm of the residuals has fallen 3-4 orders of magnitude. Then 
the first 2-3 most significant digits will not change in further iterations, and thus 
the solution is accurate within 0.01-0.1 % [10]. 

 

3.4 Particle Transport Theory 
Particle transport is modelled with a Lagrangian particle tracking multiphase 
model. The Eulerian model is used for the continuous phase and the Lagrangian 
transport model is used for the dispersed phase. The full particulate phase is 
represented by just a few individual particles. Each particle then represents a 
sample of particles that follow an identical path, and the behaviour of the tracked 
particles is used to describe the average behaviour of the dispersed phase. The 
method is called separated flow analysis and is time-efficient, particularly when 
simulating small particles. The known mass flow rate of particles can be specified 
at the boundaries, this way ANSYS CFX knows how many particles the tracked 
particles represent. 
Because of the low volume fraction of particles, the particulate phase is assumed 
to have negligible effect on the fluid flow. Therefore, one-way coupling is used 
between the two phases, i.e., fluid is allowed to influence particle trajectories 
while particles do not affect the fluid. The flow field and particle tracks may then 
be calculated separately, which is very time-saving as the velocity field for a 
certain mesh just has to be calculated once, to be reused in many particle-tracking 
simulations.  

The equation of motion for a discrete particle travelling in a continuous medium 
was derived by Basset, Boussinesq and Oseen for a rotating reference frame [13]. 
The particle transport model implemented in CFX ANSYS 10.0 is  

( )

( ) ( ) p
p

fpb

pfpfDf
pp

v
d

RdF

vvvvCd
dt

dvd

×−××−−+

−−=

ω
ρπ

ωωρρπ

πρ
ρπ

36

8
1

6
33

2
3

, (3.9) 

which is a reduced form of the equation of motion, valid for flows where the 
particle density is much greater than the fluid density. The particle inertia is 
related to the instantaneous difference in velocity between the particle and the 
fluid, and the rotational and external body forces [13]. Subscripts p and f refer to 
the particle and fluid respectively. In a non-rotating frame of reference, the 
particle transport equation reduces to 

( ) bpfpfDf
pp FvvvvCd

dt
dvd

+−−= 2
3

8
1

6
πρ

ρπ
,  (3.10) 

where the only forces included are the viscous drag and the buoyancy force. The 
drag force acting on a particle is always calculated and it is given by: 
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3. COMPUTATIONAL METHODS 

SSpDD UUACF ρ
2
1

=  , (3.11) 

where CD is the drag coefficient, Ap is the effective particle cross section area and 
US is the slip velocity between particle and ambient fluid.  

In addition to the buoyancy force that arises in single-phase flows, the difference 
in density between the particle and fluid gives rise to an additional buoyancy force 
in multiphase flows. For a spherical particle, this force is given by 

( )gdF fpb ρρπ −= 3

6
1 ,  (3.12) 

where g is the gravitational acceleration. 

In the transitional region between the viscous and inertial regimes, i.e., 0.1 < Re < 
1000 for spherical particles, both viscous and inertial effects are important. Hence, 
the drag coefficient is a complex function of Reynolds number and must be 
determined from experiments [13]. Several empirical correlations have been 
developed. In ANSYS CFX, a modified version of the Schiller-Naumann drag 
model is available. This model is valid for sparsely distributed spherical particles 
and can be written as [13] 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ += 44.0,Re15.01

Re
24max 687.0

DC .  (3.13) 

 

3.5 Building the Model 
Modelling the whole lung would be a task far too big for this thesis; therefore, 
only the large conducting airways are considered for now. The model created 
represents the first 4 generations of the human respiratory airways, extending 
from trachea to the segmental bronchi, and the morphological data is based on 
model 2 of Horsfield et al. [8]. The model of Horsfield et al. was obtained from 
measurements of a resin cast of a human bronchial tree; it extends from trachea to 
the respiratory bronchioles. The bronchial tree develops by dichotomous 
branching, i.e., every “parent” branch divides into two “daughter” branches. The 
distal 20 % of the length of a parent branch constitutes a transition zone in which 
the cross section is changed to form two daughter branches of different diameters 
and branching angles. The angle of branching is defined as the angle by which the 
line of the axis of the daughter branch deviates from the axis of the parent branch. 
For every branch data is given regarding diameter, length, branching angle, ratio 
of curvature to diameter and flow expressed as percentage of tracheal flow. For 
data from Horsfield et al., see Appendix A. The carinal ridge was made sharp. 
Comer et al. [14] studied the effects of rounding the carinal ridge; only subtle 
differences were found between sharp and rounded carinas. Airway walls are 
assumed rigid and smooth; the effects of the cartilaginous rings are neglected. 
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3. COMPUTATIONAL METHODS 

The model is created in ANSYS Workbench 10.0. A framework is made up of 
circles and circular arcs to make sure diameters and ratios of curvature of the 
branches are preserved. To get the curved profiles, “sweep” is used until the right 
branching angle or branch length is reached. Then, if needed, a straight cylinder is 
added by “extrusion” to obtain the correct branch length. The transition between a 
parent branch and its daughter branches is made smooth with “skin/loft”. Finally, 
“add frozen” is utilized to divide the geometry into so called “bifurcation units”, 
consisting of two daughter branches and preceding transition zone, cf. Fig. 2. By 
keeping the geometry separated in bifurcations units, it is possible to get 
information about particle deposition localisation in the Post-processing.  The 
final branches are arbitrarily elongated to avoid recirculation and influence of 
outlet boundary conditions. Elongations are assumed not to effect particle 
deposition, as particle trajectories are shown to be essentially parallel with the 
walls in this region.  

 

 
Figure 2. Simulated geometry. 
 

3.6 Grid Generation 
The mesh is constructed in ANSYS ICEM CFD 10.0. A uniform tetrahedra mesh 
is applied for simplicity, and the near wall region is refined with prism elements 
due to the existence of large velocity gradients in this region. Four meshes are 
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3. COMPUTATIONAL METHODS 

created, consisting of 1.6 to 5 million elements. Due to limiting computer 
capacity, the finest mesh used in the particle tracking simulations consists of 3.6 
million elements, cf. Fig. 3. Mesh quality is checked for every mesh to ensure that 
values of critical parameters, such as small angles, are within recommended 
limits.  
 

 
 

Figure 3. Structure of the finest particle simulation mesh at the inlet boundary. 
 

3.7 Physics Definition 
Quasi-steady, three-dimensional flow is studied by simulating volume flow rates 
of 0.1, 0.5 and 1.0 l/s (measured at trachea), representing quiet to moderate 
breathing states. Maximum Reynolds number for the three flow rates are 515, 
2575 and 5150 at the inlet. In general, transition from laminar to turbulent flow 
occurs at Re = 2500 for pipe flow, but this is dependent on the disturbance of the 
flow. As the air in the simulation model is assumed fully undisturbed at the inlet, 
the transition probably occurs at a higher Reynolds number. Further more, 
according to van Ertbruggen et al. [2] the lower limit for turbulent flow is about 
8000 in the present case, hence the flow is assumed laminar. 

3.7.1. Domain Models 
The continuous phase is set to air at 25°C with density 1.185 kg/m3. For the 
dispersed phase, new materials of type particle solid are created, with particles 
spherical by default. The density of the particle solids are set to 1950 kg/m3, 
representative for carbon.  
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3. COMPUTATIONAL METHODS 

The interaction between particles and continuum is modelled with one-way 
coupling (See Chapter 3.3.1). For the momentum transfer, the Schiller-Naumann 
drag model (Eq. (3.13)) is chosen. Multiple materials are created with the same 
properties, and then each new material is used to define a set of particles with 
unique diameter. This way particle sets of various sizes can be included in the 
same simulation, although this is possible for one-way coupled particles only.  

Both buoyant and non-buoyant simulations are performed to study the effects of 
gravitation on particle transport and deposition. In the buoyant simulations, 
gravity is set to - 9.81 m/s2 in the vertical direction and buoyancy reference 
density is set to the density of the continuous phase.  

To solve for the advective terms, Upwind Differencing Scheme (UDS) is used. 
Specified Blend Factor is set to 1.0, making the scheme formally second order 
accurate. As convergence criteria, normalised RMS residuals are used, with 
residual target 10-7. The residuals are reduced at least 3 decades in all simulations, 
which is shown to be enough in most cases. Further decrease in the residuals did 
not affect the results. 

3.7.2 Boundary Conditions 
- Inlet boundary conditions: mass flow rate directed normal to boundary is 
specified for the continuous phase. For the dispersed phase, zero slip velocity is 
chosen, i.e., the particles enter the domain with the same velocity as the fluid. 
Particles are uniformly injected over the inlet and total mass flow rate of particles 
is specified for each particle set to account for the fact that a smaller number of 
particles are modelled than what really exist. The CPU cost of tracking particles is 
proportional to the number of particles tracked [13]. Simulations were performed 
with up to 40 000 particles; however, there were only minor differences in the 
particle deposition efficiency upon variation of the number of particles injected. 
Thus, 1000 particles were assumed enough to model the behaviour of all particles.  

- Outlet Boundary Conditions: mass flow rate is provided for all outlets but one, 
where average static pressure is set to zero to avoid redundancy in boundary 
conditions. Outlet mass flow rates are based on data from Horsfield (see 
Appendix A) and are calculated by multiplying inlet mass flow rates with 
percentage of lung supplied by each branch respectively. The choice of outlet with 
average static pressure is shown not to affect the results. 

- Wall Boundary Conditions: no slip is used on all walls, being a reasonable 
assumption due to the existence of mucus on the airway walls. The ratio of 
velocity after and before a particle has hit a wall is specified with the restitution 
coefficients. Parallel and perpendicular restitution coefficients are set to zero, i.e., 
particle tracking is terminated after hitting a wall. 
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4. Results 
 

 

4.1 Grid Dependency 
To investigate the grid dependency on the solution of the flow field, flow 
simulations are performed at 0.1 l/s on four meshes. Average grid spacing is 
computed for every mesh by dividing the total volume by number of 
computational nodes. The verifying parameter is arbitrarily taken to be the 
average inlet pressure, cf. Table 1. In addition, the grid-dependency of particle 
deposition efficiency is shown, cf. Table 2. 
Table 1. Grid dependency on average inlet pressure. 

Mesh 1 2 3 4 

Number of nodes 445 693 620 930 912 756 1 208 540 

Ave. grid spacing 
[mm] 0.4774 0.4274 0.3747 0.3423 

Ave. inlet pressure 
[Pa] 0.8711 0.9022 0.9289 0.9433 

 
Table 2. Grid dependency on particle deposition. 

Mesh 1 2 3 
Particle diameter [μm] % Deposited on walls 
100 100 100 100 
50 95,5 95,2 95,4 
10 26,6 26,6 24,1 
5 10,5 8,8 7,1 
3 6,9 4,6 4,5 
1 3,6 3,8 3,7 
0.1 4,8 4,1 2,6 
0.015 4,9 3,4 3,3 
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4. RESULTS 

4.1.1 Grid Convergence Test 
GCI (see Chapter 3.3.2) is used to estimate the discretisation error, and 
calculations are performed with MATLAB 7.0.1. Values from the three finer grids 
(mesh 2-4 in Table 1) give the convergence rate p = 2.2229 and an extrapolated 
value 1.0077 Pa for the average inlet pressure, cf. Fig. 4. The difference when 
using function values from mesh 1-3 is about 1.5 %.  

Substituting the extrapolated value into Eq. (3.8), the discretisation error for a 
certain mesh can be estimated. For the mesh used in the particle tracking 
simulations, i.e., the second finest mesh, the approximated discretisation error is 
about 8%. 

 
Figure 4. Values of average inlet pressure for different grid spacings, including an 
extrapolated value for infinitesimal grid spacing. 
 

4.2 Particle Transport 
Particle transport can be visualised in several ways. Here, particle trajectories and 
contour plots of Average volume fraction of particles are shown. 

The velocity field in a plane situated half-way through the depth of the geometry 
(z = 0) is shown together with samples of particle trajectories of particles with 
diameters ranging from 50 μm to 15 nm, cf. Figs. 5-7. While the major part of the 
50 μm particles are captured at the first bifurcation, the 10μm particles reach 
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4. RESULTS 

further down in the geometry. The 15 nm particles essentially follow the 
streamlines through the model.  

With contour plots of average volume fraction of particles the deposition patterns 
are better illustrated, cf. Figs. 8-10. Again, deposition of the 50 μm particles is 
found to occur at the first bifurcation. The 10 μm particles are less efficiently, but 
more uniformly deposited throughout the model and the 15 nm particles are too 
poorly deposited for the contour plots to show any deposition at all. 

 

 
Figure 5. Velocity field and sample of particle trajectories of 50 μm particles. 
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Figure 6. Velocity field and sample of particle trajectories of 10 μm particles. 

 
 

 
Figure 7. Velocity field and sample of particle trajectories of 15 nm particles. 
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4. RESULTS 

 
Figure 8. Average volume fraction of 50 μm particles at inspiratory flow rate of 0.5 l/s. 

 
 

 
Figure 9. Average volume fraction of 10 μm particles at inspiratory flow rate of 0.5 l/s. 
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4. RESULTS 

 
Figure 10. Average volume fraction of 15 nm particles at inspiratory flow rate of 0.5 l/s. 

 

4.3 Particle Deposition Efficiency 
The influence of particle size on deposition efficiency is studied. The extent of 
deposition in the whole domain is quantified in terms of deposition Fraction (DF), 
defined as: 

tracheatheenteringparticlesofflowMass
domaintheinparticlesdepositedofflowMass

DF = .  (4.1) 

The sensitivity of velocity is examined by performing simulations on flow rates 
representative for quiet to moderate breathing state. Both simulations with and 
without buoyancy are performed in order to find out for which particle sizes, and 
to what extent, deposition is caused by gravitational settling.  

Deposition generally increases with increased flow rate and particle size. 
However, there are only minor differences in deposition efficiency for particles in 
the size-range 15 nm-1 μm.  

The effect of gravity is evident on particles above the nano-scale, especially for 
particles 3-10 μm at the lower flow rate. However, the importance of gravity 
decreases rapidly with increased flow rate, and at flow rates of 1.0 l/s there are 
hardly any differences between the solutions from the buoyant and the non-
buoyant simulations, cf. Fig. 11. 
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Figure 11. Comparison of deposition efficiency for different particle sizes and flow rates, 
with and without including the effects of gravity.  
 

4.4 Particle Deposition Localisation 
The influence of particle size on region of deposition was shown with contour 
plots in Chapter 4.2. Although the Post-processor provides illustrative images that 
give an idea of how the deposition pattern looks like, it is more informative to 
view particle deposition localisation graphically. For easier comparability 
between particle sizes, the local deposition patterns are quantified in terms of a 
Local Deposition Factor (LDF) defined as: 

domainwholeinparticlesdepositedofflowMass
regioninparticlesdepositedofflowMass

LDF =  .  (4.2) 

Local deposition fraction is calculated at 0.5 l/s for 15 nm-100 μm particles, cf. 
Figs. 12 and 13.  
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Figure 12. Deposition patterns of 5-100 μm particles at inspiratory flow rate of 0.5 l/s. 
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Figure 13. Deposition patterns of 15 nm- 3 μm particles at inspiratory flow rate of 0.5 l/s. 
Note scale on Y-axis. 
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4.6 Comparison with previous studies 
Nowak et al. [3] studied particle deposition in a geometry based on the Weibel 
lung model, and with the azimuthal angle fixed to 90 degrees. In the steady 
simulations, the flow rate used was 28.3 l/min. Simulations were performed with 
the CFD code FLUENT, which also allows the choice of including Brownian 
motion.  

As the model of Nowak is symmetric and has non-zero azimuthal angles it differs 
in some ways from the geometry in this work. The results from Nowak et al. are 
still comparative in some sense, in that the order of magnitude of deposition can 
be assumed the same. Deposition Fractions are shown for 10 and 5 μm unit 
density spheres, cf. Fig. 14.  
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Figure 14. Comparison of deposition predictions for 10 and 5 μm particles with results of 
Nowak et al. [3]. 
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5. Discussion 
 

 

5.1 Limitations 
There are a few limitations in the interpretation of the results due to the 
assumptions made when solving the flow in the geometry defined. These can be 
summarized as follows: 

I. Planar model. The azimuthal angles are fixed to zero degrees. This is 
probably a rather idealised image of reality, but is a consequence of lack of 
information. Some authors argue that 90 degrees is closer to reality, but 
these uses the Weibel symmetric model, which is not affected of the 
direction of rotation, as is the case with the Horsfield model used in this 
work. The investigation of the effect of a non-zero value of the azimuthal 
angle is left for future work. 

II. Smooth airway walls.  The effects of the cartilaginous rings, present in the 
bronchial tree, are neglected in this study. For accurate modelling of the 
lung airways, the surface structure should be taken into account as it might 
affect fluid motion and thereby particle transport.  

III. Laminar flow. It is not clear whether the flow in the airways is turbulent or 
laminar. Probably, it is laminar or slightly turbulent, but this is depending 
on where in the airways flow is considered. Reynolds number is computed 
for each inspiratory rate, but the question is at what Reynolds number the 
transition to turbulent flow occurs as the geometry is rather complex. 

IV. Steady flow. Particle transport and deposition depend on the flow 
conditions. Simulations are performed at varied inspiratory flow rates, 
which make the simulations quasi-steady. The question is if the history of 
the flow matters, then transient simulations are needed to model the 
behaviour of the flow. 

V. Exclusion of Brownian diffusion. Deposition by diffusion is generally 
important for nanoparticles. However, in the large conducting airways it is 
assumed that the effects of Brownian diffusion can be neglected in 
comparison with drag and gravity forces. Modelling of Brownian diffusion 
is a task for future work.  
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5. DISCUSSION 

5.2 Conclusions 
The limitations mentioned in Chapter 5.2 imply that absolute values of the results 
should be treated with some care. However, a few conclusions can be drawn from 
the results. These are summarised as follows: 

I. Particle size has substantial influence on deposition, regarding both 
efficiency and localisation. Larger particles (50-100 μm) are deposited to a 
great extent, and major parts of the particles are captured at the first 
bifurcation. Deposition of smaller microparticles (3-10 μm) is less 
efficient and more uniformly distributed throughout the model. The 
nanoparticles essentially follow the streamlines through the model, and 
only a few percent are deposited in the region modelled. Because 
deposition of nanoparticles is very inefficient in the large conducting 
airways, particle transfer to deeper parts of the lung can be assumed 
extensive. Particles might then even reach the alveoli, which is often 
desired in treatment with aerosols but highly undesired if considering 
inhalation of toxic particles.  

II. Deposition patterns are affected by geometrical asymmetry. Local 
deposition fractions differ up to 25 % between bifurcation units of the 
same generation, as shown in Chapter 4.4. 

III. Deposition mainly occurs by inertial impaction in the region modelled. 
Gravitational settling is important at the lower flow rate (0.1 l/s) only, 
where deposition fraction of particles above the nano-scale are more or 
less affected by gravity forces, cf. Fig. 11. At higher flow rates, gravity 
can be neglected.  

IV. Deposition generally increases with increase in particle size and flow rate, 
which is to be expected, as the probability of impaction is proportional to 
particle diameter squared and air stream velocity.  

 

5.3 Future work 
For future work, the effects of some of the limitations mentioned in Chapter 5.1 
could be further investigated. Suggestions of these and other features are: 

- Investigate the sensitivity of varying the azimuthal angle. 

- Include Brownian diffusion. 

- Perform transient simulations. 

- Simulate turbulent flow. 

- Extend the model to include a larger part of the lung. 

- Study non-smooth airway walls. 

- Include air humidity. 
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Appendix A. Data from Horsfield 
model 2 
 
 

 
Figure 15. Central branches of bronchial tree as shown by a resin cast. Numbers are 
identification numbers for each branch [8]. 
 
 

 
Figure 16. Curvature of lateral bronchial wall at a dichotomous branching, d is diameter of 
daughter branch, and R is radius of curvature at origin at each daughter branch [8]. 
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APPENDIX A. DATA FROM HORSFIELD MODEL 2 

Table 3. Details of central branches [8]. 
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APPENDIX A. DATA FROM HORSFIELD MODEL 2 

Table 4. Angles of branching (degrees) and curvature ratios of central branches [8]. 
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