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Deposition and Retention of Ultrafine Aerosol 
Particles in the Human Respiratory System. 

Normal and Pathological Cases

Leon Gradon 
Dariusz Orlicki 

Albert Podgorski

Department of Chemical and Process Engineering, 
Warsaw University of Technology, Poland

The particle number concentration in ambient air is dominated by nanometer
sized particles. Recent epidemiological studies report an association between 
the presence of nanoparticles in inhaled air at the workplace and acute 
morbidity and even mortality in the elderly. A theoretical model of deposition 
of 20 nm particles in the human alveolus was formulated. Gas flow structure 
and deposition rate were calculated for alveoli with different elastic properties 
of lung tissue. Data obtained in the paper show increased convective effects 
and diffusional rate of deposition of nanoparticles tor alveoli with higher 
stiffness of the alveolar wall. The retention of deposited particles is also 
higher in these pathological alveoli. Results of our calculations indicate 
a possibility of existence of a positive loop of coupling in deposition and 
retention of nanoparticles in the lung with pathological changes.

nanoparticles clearance deposition retention toxicity

1. INTRODUCTION

Solid and liquid aerosols in the atmosphere originate from both natural and 
industrial sources. Inhalation of those aerosols from ambient air results in
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the introduction and deposition of various particulate substances in the 
human respiratory tract, creating a potential health hazard. The assessment 
of this hazard and appropriate countermeasures to be taken require under
standing and estimating local and regional deposition of inhaled particles in 
the respiratory tract. Assessment of the toxicity of airborne pollutants can be 
accomplished through epidemiological studies of morbidity and mortality 
patterns in humans. Pollutant toxicity is also determined by studies in which 
animal subjects are exposed to a toxic aerosol in order to predict possible 
toxic effects on human. It appears from experimental data that under high 
exposure condition (mg/m3 range) of large-sized particles (d > 0.2 |am), it 
will induce toxic effects. These effects include pulmonary fibrosis and lung 
tumours, which are associated with a phenomenon of lung particle overload. 
It was observed (Oberdorster, Gelien, Ferin, & Weiss, 1995) that freshly 
generated ultrafine particles, when inhaled as singles at very low mass 
concentration (order of |ag/cm3), can be highly toxic to the lung. Ultrafine 
particles have high deposition rate efficiency in the lower respiratory tract, 
large numbers per unit mass, and increased surface areas available for 
interaction with cells. In addition, particles-cells interactions could be 
potentially amplified by the presence of radicals on these surfaces. Ultrafine 
particles when deposited on the surface of alveolar epithelium penetrate 
rapidly into the pulmonary interstitium. With long-term exposure of ultrafine 
particles, lung clearance processes are overwhelmed, inflammation persists, 
and lung burden increases. This causes the pathogenesis of the lung 
structure (fibrosis; McClellan, 1996). The aforementioned effects indicate 
that ultrafine particles like carbon black, combustion nuclei, oil smokes, 
metallurgical dusts, and fumes frequently present at the workplace can be 
highly toxic and it is necessary to study their balance when inhaled. The 
aim of this study is to model deposition and retention of ultrafine particles 
for healthy and pathologically changed lungs. Fibrosis as an effect of lung 
exposure to ultrafine particles is considered. We would like to see if 
pathologically changed lungs create a positive loop of coupling in lung 
damage.

2. PARTICLE RETENTION IN LUNGS

The time dependent mass of particulate in the pulmonary region of human 
lungs is described in the present model. An accurate quantitative description 
of aerosol retention requires a clearly defined region of observation, such as
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 191

a part of the respiratory system or a differential element in the generation of 
the bronchial tree, alveoli, or nasopharynx. It is assumed, particularly, that 
material deposited in the nasopharynx is removed much more rapidly than 
the particulate in the remaining regions of the respiratory system, and these 
play no role in the retention phenomena (Dahlback, Eirefelt, Karberg, 
& Nebrink, 1989). In the differential equations on which this model is 
based, the smallest region for the mass balance of the particulate matter is 
a single generation in the dichotomy model of the lungs. Therefore, the 
mass balance equation for particle retention in an z'-th generation is

dnii „ „
=  Q i+ 1 ~  Q i  +  R i  ~  (A d p u lm  ( 1 )

where m, denotes the mass of material contained in the z'-th generation, Qi+l 
is mass flow rate into the z-th generation from the i + 1 generation through 
mucociliary action, <2; is the mass flow rate leaving the z-th generation, /?, is 
the mass deposition in the z-th generation originating from the particulate 
rich air flowing through that generation, and (A is the rate of particle 
transport through pulmonary clearance and particulate translocation to the 
pulmonary parenchyma. In addition to that generalised mass balance, 
a complete mathematical model of particle retention in the human lungs 
includes the morphology and geometry of a respiratory system.

3. RATE OF PARTICLE DEPOSITION 
IN A RESPIRATORY SYSTEM

The simplest and most widely used geometrical configuration for the lungs 
is the symmetrical lung model proposed by Weibel (1963). The bronchial 
tree is assumed to consist of an expandable pulmonary region where 
a respiratory gas exchange takes place and a bifurcating series of parallel 
and semirigid cylindrical tubes of the tracheobronchial tree. The geometry 
of a bifurcation is described by three classes of second order functions 
(Gradori & Orlicki, 1990). The air velocity profile within each bifurcation is 
found from the solution of the quasi steady-state Navier-Stokes equation. 
The average velocity at the entrance to any generation is estimated from the 
volumetric flow rate, which in turn is governed by both the lung tidal 
volume TV and breathing frequency fh. The gas flow structure and the mass 
of particles suspended in it determine the deposition rates of particles. For
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ultrafine particles considered in this paper the main mechanism of deposi
tion under flow conditions in the respiratory tract is convective diffusion.

The contribution of convection and diffusion can be estimated through their 
characteristic times. The characteristic time of convection, tc, is defined as the 
time needed for the frontal surface of inspired gases to cross the generation i.

The characteristic time of diffusion, td, is defined as the time needed for 
a volume of gas equal to the duct volume to pass the duct entry by 
diffusion (Paiva, 1972).

According to that definition, for a person breathing with 750 cm3 TV 
and a 4-s symmetric breathing cycle period, the inspired air arrives 
predominantly by convection up to the 20th generation in the Weibel model 
of the lung, and attains them by diffusion. A short residence time of the 
aerosol in the upper generations of the tracheobronchial tree causes that 
ultrafine particles deposit in that region with very low efficiencies. This was 
proved, for the purpose of this paper, using the procedure of calculation 
described by Gradon and Orlicki (1990).

According to our earlier analysis (Gradon & Podgorski, 1996b; Napior- 
kowski, 1980), for particles with high diffusivity, the main region at their 
deposition are generations 21—23 for which an alveolus is the main 
component of a structure.

4. ULTRAFINE PARTICLE DEPOSITION 
IN A SINGLE ALVEOLUS

There are many approaches to calculating the deposition of aerosol particles 
in the pulmonary region of human lungs. For ultrafine particles, local gas 
velocity and particle diffusion are the main parameters that define deposi
tion rate. Macro-transport particles models (Edwards, 1995) or Monte Carlo 
simulations are used for analysing the deposition rate for assumed geometry 
and flow conditions. To emphasise the effect of lung diseases, which affects 
the local flow structure, properties of lung elasticity should be incorporated 
into the model. According to Kaminsky and Irvin (1997), that parameter 
controls gas flow rate for a given transmembrane pressure difference. 
Taking into account all limitations, mass balance with incorporation of wall 
deformation based on the elastic stress approach is used for modelling 
diffusional particles in the human lung.

Lungs lie within the chest cavity in which ribs form the sides and the 
diaphragm forms the floor. When chest dimensions change due to the action
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 193

of different muscles, lung volume is modified virtually to the same degree 
because of the change in intrapleular pressure. A model to simulate 
ventilation and particle deposition consists of a tube (respiratory bronchiole) 
closed at the end with an elastic spherical balloon (an alveolus) with the 
other end connected with surroundings through extra resistance to gas flow. 
It represents resistance to air flow through nose, pharynx, larynx, trachea, 
and all generations of airways preceding respiratory bronchioles. This 
structure is placed inside a cylinder in such a way that the tubular part 
protrudes through the cylinder wall and opens to the environment (Figure la). 
The cylinder (the thorax) is closed with a moving piston (the diaphragm, 
which regulates inside— intrapleural—pressure). When the piston is pulled 
out by an external force, the pressure inside the cylinder decreases, the 
elastic walls of the balloon stretch, the pressure inside the balloon drops 
below atmospheric pressure, and air is drawn through the extra resistance. 
This sequence of events corresponds to the inspiration part of the breathing 
cycle. When the external force is relaxed, the piston moves until the 
pressure inside and outside equalises. The elastic walls of the balloon recoil 
and the air flows outside. This sequence of events represents the expiration 
part of the breathing cycle. The air flow inside an alveolus is a result of 
pressure difference Ap = Po -  P(t), and the mechanistic properties of the

Q
Po

L

Figure 1. Model of (a) lung ventilation, (b) geometrical configuration of the 
alveolus.
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194 L. GRADON, D. ORLICKI, AND A. PODGORSKI

Figure 2. Two-phase continuum model of lung wall tissue.

alveolar wall. Alveoli walls contain a dense network of capillaries and 
reticular, collagenous, and elastic fibres. The non-linear response of alveolar 
wall tissue can be represented by a two-phase continuum model based on 
the theory of mixtures (Simon, Kaufmann, McAfee, & Baldwin, 1993). The 
tissue (Figure 2) consists of an incompressible, elastic porous solid skeleton 
((3-phase) saturated with viscous fluid (a-phase). A model describing the 
dynamics behaviour of an alveolus during the breathing cycle includes 
conservation equations for mass and momentum conservation and kinematic 
equations for wall deformation. The model is additionally supplied with air 
flow and aerosol transport equations.

Wall deformation model

A local normal force balance between viscous and elastic stiess, surface 
tension, and gas pressure is used to evaluate wall deformation of an 
alveolus, whose geometry is shown in Figure la.

Continuity equation

V(9 «wa + 9 P wp) = 0 (2)

where V— nabla operator, cp— volume fraction, w— velocity of the phase.
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 195

Momentum equation

jT ) \y  __

P a  ~~Dt~ +  V ° ra ~  K a  =  f ° r  a ' P h a s e

Vap + 7ip = 0, for [3-phase (4)

where pa is the apparent density of a-phase, DIDt is the substantial 
derivative, o  is the Cauchy stress tensor, n is the diffusive momentum 
exchange between the two phases.

Constitutive equation

Ooc — (Pa/?I (5)

op = —cpp/?I — Xpl + 2ppl (6)

ftp = - n a = k(wa -  W p) (7)

where p  is apparent pressure, I is identity tensor, X is Lame constant, (I is 
the modulus of elasticity and k is drag coefficient.

Boundary conditions

n • o | =Rf — npn + n%, for inner surface (8)

n*  a  | r=Ro = np(t), for outer surface. (9)

Kinematic equation

clr
n *  = n w “ (10)

where n stands for a vector normal to the surface and % is surface curvature.

Air flow  fie ld

The deformation of alveolus walls creates pressure gradients inside the 
alveolus and then air flow follows. To determine the fluid flow field, the 
continuity and momentum balance equations for air are solved.
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196 L. GRADON, D. ORLICKI, AND A. PODGORSKI

Continuity equation

Vv = 0 ( l l )

p»>^F = - V o^  (l2)

Boundary condition

v = w, at the inner wall 

no air = n(p0 ~ Pad, at alveolus entrance (13)

where v— air velocity, pair— air density.

Particle motion and deposition

Concentration c of ultrafine particles in the alveolus is described by the 
time dependent connective diffusion equation

dc
dt
^  + vVc = D„V2c (14)

where Dp—particle diffusivity.
It was assumed that at the alveolar opening concentration is uniform. 

The rate of particle deposition on the walls is given as

j  = -fD ,, ( )r=„ 2nrl sin0<r/0 (15)
Qa

and the accumulated particle loss t0 to t is then

1
J = Jjdt. (16)

The model just formulated was solved numerically by using the finite 
element method (Gallagher, Simon, Johnson, & Gross, 1982), where the 
functional is defined by the Galerkin method. The domain was discretised 
into isoparametric rectangular elements and Lagrangian polynomials were 
used as basis functions. For time integration, the explicit Adam-Bashfort
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 197

predictor method with an implicit trapezoid corrector was used. As a result 
of these procedures a set of non-linear equations was obtained and solved 
by the modified Newton-Raphson interactive method. In order to reduce the 
computational effort, the physical domain, which undergoes changes of 
shape, area, and volume, was mapped out of the unchangeable computa
tional domain. Such a procedure makes it possible to model the deformation 
of bodies with complex geometry. Calculations were done for the following 
set of parameters defined in the model (Equations 2-16): geometry of 
alveolus (Figure lb), ra = 2.05 • 10-4 (m); L = 2 • 10-4 (m); rh = 2.5 • 10"1 (m); 
alveolar wall thickness A =  1.0* 10~4 (m); properties of poroelastic body 
(Figure 2), Lame constant X = 5714 (N*m); modulus of elasticity = 1375 
(n 'lr f2); volume fraction of a-phase cp« = 90%, <pp = 10%. The drag coefficient 
k  was estimated as equal to 20% of a drag at air flow; density of a-phase 
pd = 999.8 (kg’nrT3); and viscosity \i -  1.8 • 10~3 (Pa’s). Air flow calculations 
were made for a respiratory cycle of 7.5 • 10~4 (m3) tidal volume and a 4-s 
period of breathing. It was assumed that inspiration and expiration have 
equal duration in the cycle and there is no pause between the parts. Air 
density was assumed to be equal to pair = 1.29 (kg’irT3), and viscosity 
M-air = 1.71 • 10“5 (Pa’s). The transmembrane pressure difference was 1960 
(N*m“2). For calculating aerosol particle deposition, submicron particles of 
20 nm were used, their diffusion coefficient was Dp -  1.34 • 10-8 (m2-s"').

5. RESULTS OF CALCULATIONS

The deposition process of particles for which the predominant mechanism of 
transport is connective diffusion occurs close to the wall, where particles are 
collected. In the analysis of connective diffusion problems (Equation 15), it 
is important to estimate a relation between the thickness at momentum and 
mass transfer boundary layers. These thicknesses are a result of simultaneous 
diffusion and flow of particles. Information on the convective diffusion 
effect is included in the value of the connective mass transfer coefficient kc. 
Particles flux lost from the surrounding fluid at the surface of a vessel is 
proportional to the average particle concentration in a gas with coefficient 
of proportionality kc. A concept often useful in modelling a mass transfer 
process follows from the assumption that it occurs in the slow-moving gas 
layer adjacent to the surface of the vessel-boundary layer. If the “stagnant” 
film thickness 8 is chosen so that the fluid film alters the same resistance to
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198 L. GRADON, D. ORLICKI, AND A. PODGORSKI

diffusion as encountered in the combined process of molecular diffusion and 
diffusion by mixing of the moving fluid, kc = D/8. The local motion of the 
fluid strongly affects the deposition. The numerical solution of the problem 
(Equations 2-14) with parameter data indicated in the set of parameters of 
the model shows that the relative velocity of the air near an alveolar wall is 
very low. For a perfectly elastic wall (for assumed values model parameters), 
inertia of inhaled air and inertia of the wall are similar. Air follows the 
alveolar wall displacement. The pathological case assumed here is related to 
lung fibrosis. In a normal individual lung elastic recoil increases with 
increasing lung volume in a non-linear fashion. In the case of increased 
lung elastic recoil (fibrosis) the relation between the volume of inhaled air 
and transpulmonary pressure indicates a significant increase of the differ
ence of the gas and tissue inertia (Kaminsky & Irvin, 1997). To see this 
effect we have calculated the model (Equations 2—14) for increased Young’s 
modulus of elasticity of the alveolar tissue 30% compared to the perfectly 
elastic tissue. The result of calculations of the local gas velocity in the 
alveolus is shown in Figure 3. Figure 3a indicates velocities at the 
beginning of inspiration, Figure 3b at the end of inspiration, whereas 3c 
shows velocity of particles at the beginning of expiration, and 3d at the end 
of expiration. The length of the arrow is proportional to gas velocity and the 
arrow indicates the direction of the flow. Generally gas flow occurs mostly 
in the centre of the alveolus. Local velocities of the gas at the wall increase 
for the transition between inspiration and expiration. The relative velocity of 
a gas and wall is higher for increased lung elastic recoil (fibrosis). It is in 
very good agreement with the observation of the so-called “fast” and 
“ slow” alveolus behaviour (Nunn, 1977). According to the aforementioned 
aspects, it can increase the diffusional deposition of ultrafine particles in the 
alveolus. In the next step of our analysis, the rate of fractional deposition 
(j/M) of particles as a function of time during a cycle for the steady-state 
condition was calculated (Equations 15-16). The steady-state deposition was 
reached in the 5th cycle of breathing. The total number of particles M 
entering into the alveolus in a respiratory cycle was calculated from the 
balance of particles for the assumed average number concentration of 
particles at the entrance to the cylinder attached to the alveolus, duration 
time, and flow conditions. The results are shown in Figure 4. One can see 
that the convective effect discussed here, which is the result of increased 
stiffness of the alveolar wall fibrosis, increases the rate of deposition of 
ultrafine particles. It is also observed that the rate of fractional deposition
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 199

increases significantly at the moment of transition between inspiration and 
expiration.

Z  d i r e c t io n
C)

-1.5 -1.0 -.5  0 .5 1.0 

Z  d i r e c t io n
d)

M---------

-1.5 -1.0 -.5  0 .5 1.0 

Z  d i r e c t io n

-1.5 -1.0 -.5  0 

Z  d i r e c t io n

Figure 3. Flow structure of air in the alveolus during (a, b) inspiration and (c, d) 
expiration.

Time in a Breathing Cyde (s)

Figure 4. Rate of fractional deposition of 20 nm particles in the alveolus during 
steady-state breathing.
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200 L. GRADON, D. ORLICKI, AND A. PODGORSKI

6. RETENTION OF INHALED PARTICLES

Clearance mechanisms

The ultrafine particles considered in this paper are assumed to be insoluble. 
When deposited in the lungs, they are gradually eliminated by means of several 
mechanisms. In tracheobronchial or conducting airways, mucociliary clearance 
is the most important mechanism. Particles deposited on the surface of mucus 
are transported into the pharyngeal region as the mucus is propelled by the 
rhythmic beating of cilia. Taking into account rheological properties of mucus 
(Gilboa & Silberberg, 1976) and cilia beating pattern (Sleigh, 1981), the rate of 
mucociliary clearance was calculated (Gradon & Yu, 1986).

In our case, when ultrafine particles, which are mostly deposited in the 
respiratory zone, are considered the mucociliary escalator serves as a trans
porter of deposits coming from the pulmonary region.

Particles deposited in the pulmonary region of the respiratory system 
(generation 17-23) exist as “free” and phagocytosed by alveolar macro
phage (AM) particles at any given instant. Both forms of deposits are 
withdrawn by a mucociliary escalator and subsequently propelled into the 
lung’s interstitial, lymph nodes, and finally into the blood system.

The estimation of residence time for both forms of particles in the 
pulmonary region of the lung is uncertain. Recent publications on lung 
clearance include relatively insufficient information on macrophage mobility 
and its translocation velocity from the alveoli to the mucociliary escalator. 
Morrow (1989) suggests two general mechanisms of AM translocation. The 
first is that of directed migration through airways to the mucociliary 
escalator. In this case, AM migration is presumed to be due to either 
directed motion of the alveolar lining layer on which the AM are placed, as 
well as free deposited particles are passively transported by hydrodynamic 
effects caused by the surface tension gradient in the surfactant monolayer 
adsorbed on the hypophase (Podgorski & Gradon, 1991, 1993).

Motion may also arise from the chemoattractant gradient, which directly 
polarises and facilitates AM migration on the alveolar epithelial surface. 
Macklin (1955) proposed another concept of directional movement based on 
the assumption of the continuous capillary effusion into the alveoli, but this 
theory is still not elaborated in detail. The second mechanism for the 
translocation of the macrophages assumes the motion not to be directional, 
but a random walk as a result of chemotactic displacement of AMs (Gradon 
& Podgorski, 1995). The average residence time for balanced deposits in the 
pulmonary region of lungs xu is given as
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DEPOSITIONS OF AEROSOLS IN PATHOLOGICAL LUNGS 201

Xa = <|> * Td + (1 -<)))• XcH (17)

where (j) is the mass fraction of the deposits that exist as free particles, xd is 
the average particle residence time of AMs loaded with particles.

There is a second proposed pathway for deposits to enter the pulmonary 
region. It is the slow phase of displacement of the particles into the lung 
parenchyma, followed by entrance into the blood system.

In the model (Gradon & Podgorski, 1991), we assume that this slow 
phase is composed of two stages. In the first stage, part of the deposited 
material contained in the alveoli and terminal bronchiale of a given 
generation is transferred to the wall of the lung tissue at a constant rate K. 
The material is then transported to the lymphatic and blood system at a rate A. 
The value of the transfer constant K is determined by the permeability of 
the lung parenchyma membrane subjected to free and phagocytosed par
ticles. The value of the coefficient A is a function of cell metabolism.

Retention curve

Figure 5 shows control areas for mass balance of the particulate matter retained 
in the airways of the respiratory system. In accordance with the Weibel 
schematic presentation (Weibel, 1963), the lung has been divided into 
a conducting part consisting of generations 0-16, and a respiratory part with 
generations 17-23. Because of the physical properties of the surfaces in the 
respiratory region and the long residence times there, a fraction of the deposited 
matter is transported from the air space to the lymphatic and blood systems, an 
effect that can be neglected in the conductive section. The kinetic equation of 
retention (Gradon & Podgorski, 1991) describes time variation of the mass in 
the region under consideration. The amount of deposited particles is expressed 
in the form of surface concentration C, (number of particles per unit surface of 
the airways 5, of the respiratory system) at a given i-th generation. In the 
balance equation for a selected generation, i, an average flux R, of the particles 
deposited in the generation, a flux of particles transferred from the generation 
i + 1 in a clearing transport, and a flux of particles leaving the generation 
i contribute to the time variation of C,. Transport rate into the lung parenchyma 
and blood characterised by coefficients K and A contributes to the balance in 
the pulmonary region.

Retention of particles, R(t), determined as the amount of particles 
retained at a given moment in the respiratory system was calculated from 
the mathematical model described in detail in the paper by Gradon and 
Podgorski (1991).
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0 CONDUCTING ZONE 16 17 RESPIRATORY ZONE 23

Figure 5. Schematic representation of the retention model based on Weibel s 
model of the lung.

For the conductive section (Figure 5), the equation for mass balance 

takes the form

= r  + -  — 0 < i < 16.
dt ' Si x i+, Xi

Equations for the pulmonary section have the form

dC'! „ . Si+] . C?+I

(18)

*  * ' + 5, x /+,
-  K • C? 17 < i < 23

—  = K • C? -  A • Q . 
dt

(19)

(20)

Retention of particles, /?(f), is calculated from

R(t) = 2i  [Q  (0  + C?(0 + C?(f)] • 5,-. (21)1=0

The system of equations (18-21) is completed with the initial condition 
C f’c (0) = o and the continuity condition C“6 = Cf6.

Relative retention R(t) related to deposited particles as a function of 
post-exposure time for the inhalation of 20 nm particles was calculated. 
Fluxes Ri at alveolated generations were computed from the aforementioned 
model assuming tidal volume 750 ml and a symmetrical 4-s breathing cycle. 
Particle mass concentration in inhaled air was equal to 10' paiticles/cnv and
exposure time was 8 hrs.

Residence times and deposition rates at a particular generation for
a normal lung are collected in Table 1.
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Figure 6. Relative retention curves for a normal curve (1) and pathological 
cases (curves 2 and 3).

The results of calculating the relative retention curve are shown in Figure 6. 
Curve l represents dynamics of retention for the model of a normal alveolus. 
Particles 20 nm in diameter, according to the analysis presented in this 
paper, deposit in the pulmonary region of the respiratory system. The 
retention curve does not include the fast clearance stage, because there are 
no deposited particles in the tracheobronchial tree where fast mucociliary 
clearance operates. Particles presented in the pulmonary region are removed 
by directional displacement due to the activity of the surfactant, due to 
phagocytosis, and finally they are translocated into lung parenchyma. The 
half-time of clearance, defined as time in which 50% of deposits are 
removed out of the lung, equals 5 1 days.

For pathological alveoli (fibrosis), deposition rates /?, for the same 
condition of inhalation were approximately 20% higher than for normal 
alveoli. Residence times x, in pathological alveoli due to a reduction of 
surfactant activity and overloading of macrophages (Gradon & Podgorski, 
1996a) were about 5 times longer than for normal alveoli (Table 1).

The calculated retention curve for that case, even for significantly 
slower clearance rate in the air space of alveolus, gives almost the same 
curve as curve 1. Both curves overlap in Figure 5. Calculated X\n for that
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case was only a few percent longer than for a normal alveolus. An increased 
retention of particles in the lungs with fibrosis observed in experiments is 
caused probably by a changed structure of the lymphoid layer of lung 
parenchyma. The releasing of included particles in that region into the blood 
system is slower than for normal lungs (Foster, Pearman, & Ramsden, 
1989). In relation to the model just formulated it means a decrease of the 
value of parameter A. To simulate the influence of that effect on retention, 
we calculated the relative retention for pathological lung, assuming 
A = 1 • 10“6 min-1 (curve 2 in Figure 5) and A = 5 • 10“7 m in'1 (curve 3 in 
Figure 5). Calculated x m for curve 2 was equal to 485 days and for curve
3 it was equal to 950 days.

The results of calculation indicate a very strong influence of the metabolism 
of the transformation of deposits and their releasing from lung parenchyma 
into the blood on the retention of particles in the lungs. This effect is 
particularly strong for the stiffer structure of lungs. Increased deposition rate 
and slower clearance for the lung with fibrosis can create a synergetic toxic 
effect for such pathology when exposed to a high concentration of nano
particles.

7. CONCLUSION

The mathematical model of particle deposition and retention in the lung 
presented in this paper gives the possibility of an analysis of the influence of 
lung pathology on the behaviour of inhaled particles. The results of calculations 
indicate the specific flow structure in an alveolus with stiffer tissue. The strong 
convective effect, especially at the transition between inspiration and expiration, 
causes an increase of the deposition rate of nanoparticles in the alveolus. The 
increased deposition rate and the overloading of the pathological alveoli with 
deposits prolong a clearance effect in the pathological alveolus.

If, in addition, the rate of releasing of deposits from lung parenchyma 
into the blood system is slow, it can create significant structural changes in 
lung parenchyma.

SYMBOLS

p —  pressure, N ’lrT2 
w —  vector of the phase velocity, n v s -1
I — identity tensor
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n —  orientation vector normal to the surface 
v —  gas velocity, n v s -1 
C —  particle number concentration, m“3 
D, ,—  particle diffusion coefficient, m2*s-1 
j  —  particle flux, m_2*s"'
K —  constant in the retention model, s '1
S —  surface of lung airways, m2 
t —  time, s 
R —  relative retention
R, —  rate of particle deposition in z'-th generation
ra —  radius of the alveolus
rb —  radius of bronchioli
(p —  volume fraction of the phase
a  —  Cauchy stress tensor, N*m-2
re —  diffusive momentum exchange, N*m-3
A —  constant in the retention model, s_l
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