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Core-Team:

i) Werner HOFMANN

(coordinator of aerosol modelling)

i) Pierre MADL

(measurements & simulations)

i) Lukas PICHELSTORFER

(aerosol modelling)

i) Renate WINKLER-HEIL

(programming)

Factors determining particle depo.:

i) Biological factors
• lung morphology, 
• respiratory physiology

i) Physical factors 
• fluid dynamics, 
• physical deposition mechanisms

I) Aerosol deposition

• airflow field: air velocity, 

flow structure

• particle properties: size, 

density, shape 



3

15-06-03 Madl 3

Today's Menu
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Core-Team:

i) Werner HOFMANN

(coordinator of aerosol modelling)

i) Pierre MADL

(measurements & simulations)

i) Lukas PICHELSTORFER

(aerosol modelling)

i) Renate WINKLER-HEIL

(programming)

Relevant aspects in particle depo.:

i) Human Respiratory Tract (HRT)

i) Aerosol Deposition 
Mechanisms(ADM) 

I) Aerosol Clearance Mechanisms 
(ACM)

i)    Lung model (IDEAL-code)
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Human Respiratory Tract
(HRT)

Intro ADM ACM IDEALHRT
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The Human Respiratory tract:

i) Extra-thoracic (ET) region
(nose & mouth)

i) Tracheo-Bronchial (TB) region
(bronchial tubes)

i) Bronchial region
(bronchili tubes)

i) Alveolar region
(acinar tubes and alveolar sacs)

ICRP, 1994

Intro ADM ACM IDEALHRT

Koblinger and Hofmann (1985, 1990): Asymmetric stochastic lung geometry 
based on morphometric measurements (Raabe et al. 1976)

Weibel (1963): All airways in a given airway generation have identical linear 
dimensions (symmetric branching) and thus all pathways of an inhaled particle 
can be represented by a single path. Functional residual capacity (FRC) for an 
adult male: 3300 cm3

Source: International Commission on Radiological Protection (ICRP). (1994). Human 
Respiratory Tract Model for Radiological Protection. ICRP Publication 66, Annals of ICRP 
24, Nos. 1–3. Oxford: Pergamon Press.
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The Human Respiratory tract:                              Koolpiruck, 2005

i) Geometry - fractal bifurcation pattern
Yeh & Schum, 1980 .

Raabe et al., 1976

Intro ADM ACM IDEALHRT

Inserts: Silicone Rubber Casts: Silastic is injected into the airways, allowed to cure 24 hrs, then 
tissue is digested in sodium hydroxide

As the heart requires some space, the left lung lobe is usually smaller than the right lobe.  This 
results in a asymmetrical bifurcation angle between right and left main bronchus – the angle to the 
right lobe poses less restriction to the flow of air than the left angle, thereby favouring ventilation 
of the right lobe.  Hence inhaled particles are predominantly deposited in the right pulmonar lobe.  

Jeder Segmentbronchus teilt sich in zwei so genannte Rami subsegmentales. Bis zum
Durchmesser von 1 mm erfolgen weitere Teilungen und nur bis hierher enthält die Bronchialwand
Knorpel, um das Offenbleiben der Bronchien und damit die Belüftung der gesamten Lunge zu
gewährleisten. Mit fortschreitender Teilung nehmen Becherzellen und Flimmerepithel ab und es
bildet sich unter der Schleimhaut ein ringförmiges Muskelsystem. Die Kontraktion desselben
kann zum spastischen Asthma bronchiale führen. 

Image: Schematic description of the upper tracheobronchial tree (Raabe et al., 1976). The binary
identification number system used for the tracheobronchial airways starts with 1 for the trachea
and designates major and minor branches with 1 and 2, respectively.

Table: Airway parameters of the typical path model of the human lung proposed by Yeh and 
Schum (1980).

Source: Raabe, O.G., Yeh, H.C., Schum, G.M., & Phalen, R.F. (1976). Tracheobronchial
Geometry: Human, Dog, Rat, Hamster. Lovelace Foundation Report LF-53. Albuquerque, NM: 
Lovelace Foundation.

Yeh, H.C., & Schum, G.M. (1980). Models of the human lung airways and their application to 
inhaled particle deposition. Bulletin of Mathematical Biology, 42, 461–480.

Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human airway 
models. PhD-Thesis at Brunel University Research Archive (BURA), London.
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Breathing frequency (f): Number of breaths per minute

Tidal volume (TV): Air volume inhaled during a single breath 

Respiratory minute volume (RMV)  = TV·f 

Air volume inhaled per min or hour                                  NRC, 1991

To estimate the intakes of radon (or thoron) progeny activity by men, women, 
children, and infants for unit exposure to potential α-energy at various levels of 
physical exertion, the committee has assumed the breathing rates given in Table 
9-5. p.227

Table: Summary of the Respiratory Data Assumed by the Panel to Calculate
Exposure-Dose Conversion Coefficients for Various Subjects Exposed to Radon 
and Thoron Progeny

Source: http://www.nap.edu/openbook.php?record_id=1799&page=R1

National Research Council (NRC), (1991) Comparative Dosimetry of Radon in Mines and 
Homes. Panel on Dosimetric Assumptions Affecting the Application of Radon Risk Estimates. 
Board on Radiation Effects Research, Commission on Life Sciences. NATIONAL ACADEMY 
PRESS Washington, D.C. USA
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Respiratory parameters:

i) Tidal volume (TV):  Air volume 

inhaled for single breath [cm3] 

i) Breathing frequency (f): 

Cycle per minute [min-1]

i) Respiratory minute volume (RMV):   
RMV = TV · f  [m3·min-1]

i) Flow rate (Q): Air volume inhaled 
during inspiration [cm3·s-1]             

i) Corresponding physical quantity for 

aerosol deposition: particle velocity Hofmann, 2009

Source: Hofmann, W. (2009). Deposition and clearance of inhaled particles in the human 
lung. Summerschool on Aerosol, Vienna University, AUT
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Aerosol Deposition Mechanism
(ADM)

Intro HRT ACM IDEALADM
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Aerosol Dynamics in confined space

i) Ad- & Desorption

i) Nucleation

i) Condensation

i) Coagulation

i) Diffusion

i) Surface deposition

(charge assisted)

Pichelstorfer, 2014

Intro HRT ACM IDEALADM

Here is a draft what processes are usually considered when talking about aerosol
dynamics:

What we see here is an aerosol situated in a containment. There is an inflow and an 
outflow.

We have interaction of the aerosol with the surface of the containment.

And finally, the typical dynamic processes: phase transition, coagulation nucleation and 
diffusion.

Note, we also take into account simple chemical reactions represented by numeric
solution of chemical kinetics (no equilibrium assumptions)

Source: Pichelstorfer L. (2014). Seminar talk at PLUS, AUT
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Flow Dynamics of Inspiration

i) Trachea: flow characterized by the action of the laryngeal jet

i) Upper TB-tree: transition from uniform to parabolic flow

i) Lower TB-airways: regime of laminar flow with a parabolic profile 

i) Alveolar: laminar flow fully with fully developed parabolic profile

Flow Dynamics of Expiration

i) prevailing laminar flow across all regions, 

i) uniform profile caused by merging flows at airway bifurcations

Golser et al. (2003)

Intro HRT ACM IDEALADM

Source: 
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Flow Dynamics Extrathoracic region

i) Flow characterized by the action of the laryngeal jet (Q = 30L/min)  Xi & Longest, 2008

Intro HRT ACM IDEALADM

…. The objective of this study is to assess the effects of geometric simplifications 
on diffusional transport and deposition characteristics of inhaled ultrafine 
aerosols in models of the extrathoracic oral airway. A realistic model of the oral 
airway with the nasopharynx (NP) included has been constructed based on 
computed tomography scans of a healthy adult in conjunction with measurements 
reported in the literature. Three other geometries with descending degrees of 
physical realism were then constructed with successive geometric simplifications 
of the realistic model. A validated low Reynolds number k-ω turbulence model 
was employed to simulate laminar, transitional, and fully turbulent flow regimes 
for the transport of 1–200 nm particles. Results of this study indicate that the 
geometric simplifications considered did not significantly affect the total 
deposition efficiency or maximum local deposition enhancement of
nanoparticles. However, particle transport dynamics and the underlying flow 
characteristics such as separation, turbulence intensity, and secondary motions 
did show an observable sensitivity to the geometric complexity …. The 
orientation of the upper trachea was shown to be a major factor determining local 
deposition downstream of the glottis and should be retained in future models of 
the respiratory tract. In contrast, retaining the NP produced negligible variations 
in airway dynamics and could be excluded for predominantly oral breathing 
conditions. 

Image:  Midplane velocity vectors, contours of velocity magnitude, and in-plane 
streamlines of secondary motion for the realistic model with the NP under light 
activity conditions (Qin=30 L/min)

Figs. Predicted aerosol DE versus particle diameter in the four models considered 
with a comparison to experimental data for inspiration flow rates of „a... Qin=4 
l/min and „b... Qin=10 l/min
Source: Xi JX, Longest PW (2008) Effects of Oral Airway Geometry Characteristics on the 
Diffusional Deposition of Inhaled Nanoparticles. Journal of Biomechanical Engineering, Vol.130, 
011008-9
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Respiratory parameters w/n lung:

1) Sedimentation: dependent on terminal 
settling velocity of particle

2) Impaction: dependent on stopping 
distance of particle

3) Diffusion: dependent on Brownian 
motion (mean displacement)

4) electrostatic attraction: dependent on 
charge of particle

Balásházy et al., 1999

Source: Bala ́sha ́zy, I., Hofmann, W., & Heistracher, T. (1999). Computation of local
enhancement factors for the quantification of particle deposition patterns in airway
bifurcations. Journal of Aerosol Science, 30, 185–203.
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Respiratory parameters w/n lung:

1) Sedimentation: dependent on terminal 
settling velocity of particle

2) Impaction: dependent on stopping 
distance of particle

3) Diffusion: dependent on Brownian 
motion (mean displacement)

4) electrostatic attraction: dependent on 
charge of particle

Intro HRT ACM IDEALADM
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Particle Deposition Mechanisms: The lung can be seen as a selective filter, into which the 
particle are stripped off the gas stream in different ways[1].  In the upper air ways (nose, 
throat) the air-speed is high enough to cause  particles to deposit by impaction.
Airway branching pattern favors non-uniform (focal) areas of deposition, especially when 
impaction is an important deposition  mechanism. 

Naso-pharyngeal:    impaction, sedimentation, electrostatic (particles > 1 m)
Tracheo-bronchial:    impaction, sedimentation, diffusion (particles < 1 m)
Pulmonary sedimentation, diffusion          (particles < 0.1 m)

The lung has, like any filter, a certain range in which neither impaction nor diffusion 
predominates and typically occurs at around 300 nm.  

Impaction:  The particle’s momentum in air stream prevents it from making turn at a bifurcation 
(occurs in  the following compartments naso-pharyngeal and tracheo-bronchial).

Sedimentation: When gravitational forces on a particle are greater than air resistance and 
buoyancy, the particle will fall out of the air stream. As air moves deeper into the lung, air 
flow rate decreases.  Sedimentation is proportional to:

• particle time in airway
• particle size and density
• respiratory rate, i.e. breaths/minute
(occurs in naso-pharyngeal, tracheo-bronchial, and pulmonary compartment). 
Diffusion: Particles have random motion, resulting in random impacts. The diffusion coefficient 

is: 
• inversely related to particle size
• independent of particle density
(diffusion occurs in the tracheo-bronchial and pulmonary compartment).
Electrostatic Precipitation: A minor mechanism, but may be more important for freshly 

generated particles because these particles tend to have greater surface charge. Particle 
surface charge induces an “image” charge on lung surface.

Particle characteristic that affect deposition: Size will effect location of deposition; sequential 
removal of particles as go through the lung. Particle hygroscopicity: If a particle is 
hygroscopic, it can pick up water in the humidified air of the lung. This will increase particle 
density and alter deposition. Particle surface charge: This will affect electrostatic deposition.

E-static deposition: B is the mechanical mobility of the particle, ε0 is the electric permittivity of 
air, and t 0 is the is the mean residence time of particles in airway tube. 

Source: [1] AKPF (2000), p.9-10.
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Deposition due to charge:

i) Particle deflection due to space & image charge force
former for >dN & <dP, latter for <dN & relevant in alveoli                                          Majid, et al., 2012

i) Field charging

unipolar ions generate strong localized EMF (>1µm)                                                     Koolpiruck , 2005

Particle deflection in EMF (~1µm)                                                              Bailey, 1997

i) Diffusion charging
ionic collision coupled with charge transmission (<1µm)                                                Koolpiruck , 2005

i) Particle coagulation
due to bipolar charged particle populations                  Melandri et al., 1983

i) Charge limits
Gaussian (max. surface charge), Rayleigh (liquid fragmentation)

i) Charge neutralization 
should take place @ rH >75% but does not happen as tres in alveoli <50ms                      Koolpiruck , 2005

The electrostatic charge carried by aerosol particles greatly enhances their deposition in the airways. Systematic 
measurements have been performed on volunteers with unipolar charged monodisperse aerosols of both polarities. In the 
charge concentration used, the increase in deposition is due to image forces between wall and particle. The particle sizes 
were 0.3, 0.6 and 1.0µm monodisperse within ±10% and charged with a number of elementary units between 12 and 230 
with a distribution of charge within ±18% …. Since in the size range investigated the deposition takes place only in the 
alveolar region, we think that also the deposition for electrostatic effects is alveolar, under the experimental conditions 
described.[1]
The charge on an aerosol particle may affect its behaviour in three ways: (1) it will be deflected by an electric field; (2) 
coagulation and interaction with other particles is altered; (3) particles are attracted to neutral surfaces by image forces. 
Since negligible electric fields exist within the air spaces of the respiratory system, which will act as a Faraday cage, the 
first consideration does not apply. The second factor may be important for dense aerosols. The third factor is significant 
when charged particles are close to the walls of the airways. In general, particles with high electric mobility can have an 
enhanced respiratory tract deposition even though no external field is applied across the chest. The electrostatic 
enhancement of particle deposition, when it does occur, takes place predominantly in the A-region,(2). In practice, most 
ambient aerosols have reached charge equilibrium and have relatively low charge levels. Thus the deposition due to charge 
is usually small compared to deposition by the mechanical mechanisms.[2] 
The particles invariably carry net electrical charge and this mechanism concerns the effects of electrostatic forces due to 
these charges. The study of particle deposition in the respiratory tract generally accounts for only the space and image 
charge forces. The space charge is due to the mutual repulsion of particles, which is a function of concentration of particles
and charge values on the particles. The image charge force is the interaction of charged particles with the lung wall …. 
Triboelectric charging results in bipolar charges, but diffusion and field charging results in unipolar charges. This
phenomenon (also sometimes known as contact charging) arises during the separation of dry, non-metallic particle from
the surface of device.[3]
Diffusion charging appears when an ion randomly collides with a particle, then the particle acquires charges from ions …. 
Consequently, the charging rate reduces because few ions have sufficient velocity to overcome the repulsive force arising
from charges on the particle. For a particle less than 1 µm, diffusion charging is the main charging mechanism.[3]
Field charging occurs on the presence of a strong electrical field, field charging is developed by unipolar ions. Ions rapidly
impact on the particles at the initial stage because the electrical field lines guide the ions towards the particle. Then charges
transfer from ions to the particle …. Field charging is more significant for particles larger than 1 µm and the charge
magnitude increases with the square of the particle diameter.[3]
When the particle size increases, the space charge force is less significant. The space charge force depends significantly on 
the concentration of particles and arises only when there is a high concentration of particles with sufficient charge.[3]
Thus, the image charge force is the important mechanism for the transport of charged aerosol in small airways and alveolar 
regions when the particles carry sufficient charge.[3]
The air inside the human lung has a high humidity (typically 99.5% relative humidity). Nguyen & Nieh have suggested 
that under these conditions particle charges are effectively eliminated. Furthermore their experimental studies showed that 
the charges are practically neutralised at a level of 78% relative humidity. However this process has a decay time to 
complete the charge neutralisation. The numerical model assumes no charge elimination as a result of the high humidity in 
the lung, because of the short residence time in tracheobronchial region (< 50, ms for sedentary breathing).[3]

Source: MELANDRI C, TARRONI G, PRODI V, T. DeZAIACOMO T, FORMIGNANI M, LOMBARDI CC (1983). 
DEPOSITION OF CHARGED PARTICLES IN THE HUMAN AIRWAYS. J. Aerosol Sci., Vol.14(5), pp 657-656
[2] Bailey AG (1997). The Inhalation and Deposition of Charged Particles Within the Human Lung. Journal of 
Electrostatics 42 (1997) 25-32
[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human airway models. PhD-Thesis at 
Brunel University Research Archive (BURA), London.
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GMD 2.2 µm
Deposition due to charge:

Based on the number of elemental charges 
per particle ….  

both are relevant: 

i) Image charge force
@ lung-lining & low c

i) Space charge force
@ high concentrations (1∙E5 cm-3) 

due to mutual repulsion

Balachandran et al., 1997

A computer model has been developed for analysing the deposition of inhaled electroaerosols in 
human airways. The effect of electrostatic charges on the total aerosol deposition efficiency in the 
human respiratory tract has been investigated. Based on measured data, a computer prediction can 
be made of the site of deposition in human airways.[1]

Enhanced deposition due to particle electrostatic charge may take place by two deposition 
processes, i.e., due to (i) space charge effects and (ii) the image charge force. The space charge 
effect arises if densely charged aerosols are inhaled. The repulsive force among the charge cloud 
may result in deposition, but this effect is usually insignificant …. surface. During image charge 
attraction, a particle always induces an equal and opposite charge to itself on a surface such as an 
airway wall, which always results in a net attractive force, regardless of particle polarity. 
Although human airways are normally electrically neutral, image charges with equal magnitude 
and opposite polarity to the charged particles may be induced on the surfaces, especially inside 
small airways in the peripheral lung …. for particle concentrations lower than 1∙E5 particles/ cm3, 
the electrostatic repulsive force is not important because the particles are relatively far apart. 
Therefore, increased deposition of charged particles is mainly due to image force.[2]

The study of particle deposition in the respiratory tract generally accounts for only the space and 
image charge forces. The space charge is due to the mutual repulsion of particles, which is a 
function of concentration of particles and charge values on the particles. The image charge force 
is the interaction of charged particles with the lung wall.[3]

Source: [1] Balachandran B, Machowski W, Gaura E, Hudson C (1997) Control of Drug Aerosol in Human 
Airways Using Electrostatic Forces. Journal of Electrostatics 40&41 (1997) 579-584

[2] Majid H, Madl P, Hofmann W, Alam K. (2012). Implementation of Charged Particles Deposition in 
Stochastic Lung Model and Calculation of Enhanced Deposition. Aerosol Science and Technology, Vol.46: 
547–554,

[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human 
airway models. PhD-Thesis at Brunel University Research Archive (BURA), London.
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Deposition due to charge:

Based on the number of elemental charges 
per particle ….  

both are relevant: 

i) Image charge force
@ lung-lining & low c

i) Space charge force
@ high concentrations (1∙E5 cm-3) 

due to mutual repulsion
Koolpiruck, 2005

A computer model has been developed for analysing the deposition of inhaled electroaerosols in 
human airways. The effect of electrostatic charges on the total aerosol deposition efficiency in the 
human respiratory tract has been investigated. Based on measured data, a computer prediction can 
be made of the site of deposition in human airways.[1]

Enhanced deposition due to particle electrostatic charge may take place by two deposition 
processes, i.e., due to (i) space charge effects and (ii) the image charge force. The space charge 
effect arises if densely charged aerosols are inhaled. The repulsive force among the charge cloud 
may result in deposition, but this effect is usually insignificant …. surface. During image charge 
attraction, a particle always induces an equal and opposite charge to itself on a surface such as an 
airway wall, which always results in a net attractive force, regardless of particle polarity. 
Although human airways are normally electrically neutral, image charges with equal magnitude 
and opposite polarity to the charged particles may be induced on the surfaces, especially inside 
small airways in the peripheral lung …. for particle concentrations lower than 1∙E5 particles/ cm3, 
the electrostatic repulsive force is not important because the particles are relatively far apart. 
Therefore, increased deposition of charged particles is mainly due to image force.[2]

The study of particle deposition in the respiratory tract generally accounts for only the space and 
image charge forces. The space charge is due to the mutual repulsion of particles, which is a 
function of concentration of particles and charge values on the particles. The image charge force 
is the interaction of charged particles with the lung wall.[3]

Source: [1] Balachandran B, Machowski W, Gaura E, Hudson C (1997) Control of Drug Aerosol in Human 
Airways Using Electrostatic Forces. Journal of Electrostatics 40&41 (1997) 579-584

[2] Majid H, Madl P, Hofmann W, Alam K. (2012). Implementation of Charged Particles Deposition in 
Stochastic Lung Model and Calculation of Enhanced Deposition. Aerosol Science and Technology, Vol.46: 
547–554,

[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human 
airway models. PhD-Thesis at Brunel University Research Archive (BURA), London.
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Majid et al., 2012

Deposition due to charge:

Based on the number of elemental charges 
per particle ….  

both are relevant: 

i) Image charge force
@ lung-lining & low c

i) Space charge force
@ high concentrations (1∙E5 cm-3) 

due to mutual repulsion

A computer model has been developed for analysing the deposition of inhaled electroaerosols in 
human airways. The effect of electrostatic charges on the total aerosol deposition efficiency in the 
human respiratory tract has been investigated. Based on measured data, a computer prediction can 
be made of the site of deposition in human airways.[1]

Enhanced deposition due to particle electrostatic charge may take place by two deposition 
processes, i.e., due to (i) space charge effects and (ii) the image charge force. The space charge 
effect arises if densely charged aerosols are inhaled. The repulsive force among the charge cloud 
may result in deposition, but this effect is usually insignificant …. surface. During image charge 
attraction, a particle always induces an equal and opposite charge to itself on a surface such as an 
airway wall, which always results in a net attractive force, regardless of particle polarity. 
Although human airways are normally electrically neutral, image charges with equal magnitude 
and opposite polarity to the charged particles may be induced on the surfaces, especially inside 
small airways in the peripheral lung …. for particle concentrations lower than 1∙E5 particles/ cm3, 
the electrostatic repulsive force is not important because the particles are relatively far apart. 
Therefore, increased deposition of charged particles is mainly due to image force.[2]

The study of particle deposition in the respiratory tract generally accounts for only the space and 
image charge forces. The space charge is due to the mutual repulsion of particles, which is a 
function of concentration of particles and charge values on the particles. The image charge force 
is the interaction of charged particles with the lung wall.[3]

Source: [1] Balachandran B, Machowski W, Gaura E, Hudson C (1997) Control of Drug Aerosol in Human 
Airways Using Electrostatic Forces. Journal of Electrostatics 40&41 (1997) 579-584

[2] Majid H, Madl P, Hofmann W, Alam K. (2012). Implementation of Charged Particles Deposition in 
Stochastic Lung Model and Calculation of Enhanced Deposition. Aerosol Science and Technology, Vol.46: 
547–554,

[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human 
airway models. PhD-Thesis at Brunel University Research Archive (BURA), London.
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Charge of sprayed aerosol:

dependent on: 

i) propellant used
and

i) material of valve

Kwok et al., 2008

propellant & valve type propellant & valve type

propellant & valve type propellant & valve type

■□ 5%, ●○ 50%, and ▲Δ 92% rH

e

V

m

q
n





mean number of elementary
charges (n) per particle:

The electrostatic charge properties of drug-free metered dose inhaler (MDI) aerosols 
containing the propellants HFA-134a and 227ea were studied using a modified electrical 
low pressure impactor (ELPI) with aerodynamic cutoff diameters ranging from 0.028 to 
10.07 m. The MDIs were spiked with various amounts of water and crimped with 
Hostaform and PBT (polyester) valves. Polypropylene actuators were dried or wetted by 
storage in a desiccator or a box saturated with water vapour, respectively. The air 
humidity was controlled at 5%, 50%, and 92% RH to maintain the actuator surface 
dryness or moisture during the experiments. The droplet size distributions in the ELPI 
were determined by chemical assays of another set of inhalers containing crystal violet as 
a marker. The charge profiles measured were highly variable but on average both HFA-
134a and 227ea charged negatively, which was ascribed to the electronegative fluorine 
atoms in the HFA molecules withdrawing anions from the MDI components. The drug-
free MDIs produced lower charges than the commercial medicated ones. The charges of 
both HFAs shifted towards neutrality or positive polarity as the water content increased. 
The spiked water would increase the electrical conductivity and/or decreased the 
electronegativity of the liquid propellant surface. The mean number of elementary
charges per droplet decreased with decreasing droplet size.

Image: Mean charge profiles of HFA-134a (closed symbols) and HFA-227ea (open 
symbols) MDIs used with dry actuators in dry air. 

(■□ low water content; ●○ medium water content; ▲Δ high water content). Error bars 
represent standard errors (n = 30 for all except n = 20 for  of HFA-227ea, PBT) 

Formula: where is the density of the propellant concerned (1.226 and 1.408 kg/dm3 at 
20°C for HFA-134a and 227ea, respectively), V the volume of a particle, and e the 
elementary charge (1.602∙10−19 C) 

Source: Kwok PCL, Noakes T, Chan HK (2008).  Effect of moisture on the electrostatic charge properties of 
metered dose inhaler aerosols. J. Aerosol Science Vol.39: 211 – 226
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Charge of sprayed aerosol:

dependent on inhaler type: 

i) Ventoline

and

i) Flixotide

Glover & Chan., 2004

Ventoline

Flixotide

A novel method for characterizing the electrostatic charge in pharmaceutical 
aerosols was developed. Electrical low-pressure impaction (ELPI) was modi6ed 
and optimized to allow the measurement of aerosol particles from metered dose 
inhalers (MDIs) for anti-asthmatic drugs. Two commonly used MDIs, 
VentolinTM and FlixotideTM, were investigated for the charging properties of 
their emitted aerosols. VentolinTM aerosol was found negatively charged, whilst 
FlixotideTM aerosol was bipolarly charged, containing both positive and 
negative charged particles. The electrostatic charge measurements for both MDIs
were reproducible with %CV ranging from 3.3% to 12.5% for 10 actuations from 
each of the inhalers. In addition, chemical assay was undertaken to obtain mass 
distributions of the aerosol collected inside the ELPI. Both MDIs showed that 
only a small amount of the drug was recovered from the submicron size range 
where a large amount of charge was present (negative charge for VentolinTM
and positive for FlixotideTM). For the FlixotideTM, the majority of drug was 
recovered from the 1 to 10 m particles which were negatively charged. Hence, 
different particle size fractions of the aerosol can contribute differently to the 
charge which can feasibly be studied by the ELPI method.

Image: Mean mass and charge distribution for a single actuation of the Ventolin
and of Flixotide type MDI.

Source: Glover W, Chan HK (2004). Electrostatic charge characterization of pharmaceutical 
aerosols using electrical low-pressure impaction (ELPI). Aerosol Science Vol.35: 755–764
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Triboelectric aerosol charging:

due to a dry powder inhaler (DPI) using

i) Albuterol in milled lactose (ML)

0.5% albuterol in 45-75μm sieve fraction of 

excipient; set of actuation conditions (40mg). 

GMD around 1µm!
Telko, 2009

i) Budesonide in milled lactose (ML)

similar mass & charge distribution 

but w/ prevailing neg. charge;

peaks @ -20-25pC.

Electrostatics and triboelectrification phenomena in dry powder inhalers (DPI) are not well 
understood, but as shown in this study they may play an important role. Using model formulations
of albuterol in lactose, the extent of triboelectrification in the operation of DPI was investigated
using an electrical low pressure impactor (ELPI™). An experimental apparatus was developed, 
the performance of the ELPI™ was evaluated for consistency and reproducibility, and compared
to a conventional inertial impactor. Using a statistical experimental design the effects of lactose
type, drug load, capsule fill, capsule material, and inhaler were assessed. DPI formulations appear
to be subject to strong triboelectric effects. Charge separation can occur between different size
fractions, i.e. different fractions can carry charges of different sign. In particular, lactose type, 
inhaler, and capsule material have a strong effect on the magnitude and polarity of the charge
developed during DPI operation. The study suggests that the polarity of the aerosol can be
controlled by choice of lactose type, capsule material, and inhaler, which could be exploited for
targeting different lung physiologies.[2] 

Triboelectric charging results in bipolar charges, but diffusion and field charging results in 
unipolar charges. This phenomenon (also sometimes known as contact charging) arises during the
separation of dry, non-metallic particle from the surface of device.[3]

Image: Formulation (0.5% albuterol in 45-75μm ML80 lactose, 40mg) actuated from SET A 
(three times) on different days, separated by 5 days of storage. The differences in deposition 
(actual quantities shown) are minimal. Differences in charge distribution mirror the differences in 
deposition, and are within a standard deviation from one another. 
Not shown: Same formulation (0.5% budesonide in 45-75μm SV425 lactose) actuated from SET 
A on different days, separated by 36 days of storage. Also shown remade formulation, actuated 
day after it was made. The remade formulation has FPF similar to the old formulation without 
storage, while storage results in higher deposition. Charge deposition profiles are similar for all. 

Large Image: Charge distribution (average particle charge) for drug deposited in ELPI. Shown 
are 0.5% budesonide in ML80 lactose (45-75µm) (blue diamonds), 0.5% albuterol in ML58 
lactose (45-75µm) (yellow diamonds), both actuated from SET A. For comparison, the graph 
shows the charge limit expected for the particles (green triangles) and the Boltzmann charge 
distribution (red squares). In both cases, over 80% of the deposited particles carry >100 charges 
per particle.

Source: Telko MJ (2009) INVESTIGATION OF ELECTROSTATIC CHARGING PHENOMENA IN DRY POWDER 
INHALERS AND THE EFFECT ON DEPOSITION . PhD-Thesis,  University of North Carolina at Chapel Hill, NC, USA
[2] Telko MJ, Kujanp J,  Hickey AJ (2007). Investigation of triboelectric charging in dry powder inhalers using electrical 
low pressure impactor (ELPI).  International Journal of Pharmaceutics Vol. 336: 352–360
[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human airway models. PhD-Thesis at 
Brunel University Research Archive (BURA), London.
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Clearance Mechanisms
(CM)
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Clearance mechanisms:

i) TB-region: 

• mucociliary clearance 

• retention in epithelium

• absorption through epithelium

i) Alveolar region

• macrophage translocation

• transmigration i/o blood & lymph

McWilliam, 2000

Moeller et al., 2007

Intro HRT ADM IDEALACM

The human bronchial tree.  The tracheobronchial region (includes larynx, trachea, bronchi, bronchioles and terminal 
bronchioles) and the pulmonary region (espiratory bronchioles, alveolar ducts, alveoli).  Not shown is the naso-
pharyngeal region (anterior nares to larynx). [1]
Scanning electron micrograph of the adult human lung showing alveolar duct with alveoli where gas exchange takes 
place.[2]

Epithelial cells: Respiratory epithelium is a type of epithelium found lining the upper and lower respiratory tracts, where it 
serves to moisten and protect the airways. It also functions as a barrier to potential pathogens and foreign objects, 
preventing infection by action of the ciliary escalator. The cilia of the respiratory epithelium beat in a concerted 
effort to move secreted mucus containing trapped foreign particles towards the oropharynx for either expectoration or 
swallowing to the stomach where the acidic pH helps to neutralize foreign material and micro-organisms. This 
system is collecively known as the ciliary escalator and serves two functions: to keep the lower respiratory tract 
sterile, and to prevent mucus accumulation in the lungs from drowning the organism.

Goblet cells: Mucus-secreting cells in which the nucleus is also closer to the base of the cell. The majority of the cell's 
cytoplasm is occupied by mucinogen granules, except at the bottom. Rough endoplasmic reticulum, mitochondria, 
the nucleus, and other organelles are concentrated in the basal portion. The apical plasma membrane projects 
microvilli to increase surface area for secretion. 

Clara cells: are non-mucous and non-ciliated secretory cells found in the primary bronchioles of the lungs. Clara cells are 
dome-shaped and have short microvilli. One of the main functions of Clara cells is to protect the bronchiolar 
epithelium. They do this by secreting a small variety of products, including Clara cell secretory protein (CCSP) and a 
component of the lung surfactant. They are also responsible for detoxifying harmful substances inhaled into the 
lungs. Clara cells also multiply and differentiate into ciliated cells to regenerate the bronchiolar epithelium. Clara 
cells play an important defensive role, and they also contribute to the degradation of the mucus produced by the 
upper airways. The heterogeneous nature of the dense granules within the Clara cell's cytoplasm suggests that they 
may not all have a secretory function. Some of them may contain lysosomal enzymes, which carry out a digestive 
role, either in defense. Clara cells engulf airborne toxins and break them down via their their cytochrome P-450 
enzymes present in their smooth endoplasmic reticulum; or in the recycling of secretory products. Clara cells are 
mitotically active cells. They divide and differentiate to form both ciliated and non-ciliated epithelial cells.

Pneumocytes: The lungs contain about 300 million alveoli, representing a total surface area of 70-90 (?) m2, each wrapped 
in a fine mesh of capillaries. The alveoli have radii of about 0.1 mm and wall thickness of about 0.2 µm. The alveoli 
consist of an epithelial layer and extracellular matrix surrounded by capillaries. In some alveolar walls there are 
pores between alveoli. There are three major alveolar cell types in the alveolar wall (pneumocytes):

• Type I cells that form the structure of an alveolar wall.  They are very large, thin cell stretched over a very large area. 
This cell cannot replicate and is susceptible to a large number of toxic insults. Type I pneumocytes are responsible 
for gas exchange occurring in the alveoli.

• The Type II granular pneumocyte is a roughly cuboidal cell that is usually found at the alveolar septal junctions. 
Type II cells cover about 5% of the surface area of the alveoli, whereas type I pneumocytes (because of their 
squamous shape) cover 95% of the total area. Even though they cover less surface area, type II cells greatly 
outnumber type I cells. Type II cells are responsible for the production and secretion of surfactant, which lowers the 
surface tension of water thereby to increase the capability to exchange gases. The Type II pneumocyte can replicate 
in the alveoli and will replicate to replace damaged Type I pneumocytes.

• Type III cells that destroy foreign material, such as bacteria.
The alveoli have an innate tendency to collapse (atelectasis) because of their spherical shape, small size, and surface 

tension due to water vapor. Phospholipids, which are called surfactants, and pores help to equalize pressures and 
prevent collapse.

Source: [2] Möller W., Felten K., Sommerer K., Scheuch G., Meyer G., Häussinger K., Kreyling W.G. (2007). Prolonged 
retention of ultrafine carbon particles from the human airways and lung periphery. EAC, Salzburg – AT.  

Source: [1] McWilliam A.S., Holt P.G., Gehr P. (2000) Dendritic cells as sentinels of immune surveillance in the airways. 
In: Particle-Lung Interaction. Lung Biology in Health and Disease, 143: 473-489.
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Clearance mechanisms:

i) Mass balance for a given bronchial airway

depo-rate:  

Yates et al. (1975 ,‘82)

mass rate leaving the airway 

dmout/dt =  m/Tr

Tr: tresidence in airway

Mucus velocity v = L/Tr

L: airway length

mass rate entering the airway from 
the 2 daughter airways 

actual deposition rate

Intro HRT ADM IDEALACM

Intrasubject variability: Mucus velocity and mucus transit time in a given 
aiway are related to the diameter and length of that airway (variability of 
airway diameters and lengths).

Yeates et al. (1975, 1982):

Tracheal mucus velocity: Median = 4.2  mm min-1 (normalized to 5.5 mm min-1), 
GSD = 1.8 

Mucus velocities are rescaled in relation to the randomly selected tracheal mucus 
velocity.

Source: in: Hofmann, W. (2009). Deposition and clearance of inhaled particles in the human lung.
Summerschool on Aerosol, Vienna University, AUT



25

15-06-03 Madl 25

Clearance mechanisms:

i) Mass balance for a given bronchial airway: 

Sturm. 2012

(1) Transepithelial transport

(2) Transfer from sol to gel layer

(3) Macrophage uptake

Intro HRT ADM IDEALACM

Background: A mathematical model describing mucociliary clearance in cystic
fibrosis (CF) patients and its development with progressing course of the disease
was developed. The approach should support the prediction of the disease state
on the basis of measured bronchial clearance efficiencies.
Methods: The approach is based on the assumption of a steady-state steady-flow
mucus transport through the tracheobronchial tree which enables the
determination of airway generation-specific mucus velocities by using a 
measured tracheal mucus velocity and a realistic morphometric dataset of the
human lung. Architecture of the tracheobronchial tree was approximated by a 
stochastic model, reflecting the intra-subject variability of geometric parameters
within a given lung generation. 
Results: As predicted by the appropriately validated mathematical approach, 
mucociliary clearance efficiency in CF patients is partly significantly decreased
with respect to healthy controls. 24-h retention of patients with mild CF (FEV1 > 
70% of predicted) is reduced by 10% compared to healthy subjects, whilst 24-h 
retention of patients with moderate to severe CF (FEV1 < 70% of predicted) 
differs by 25% from that of the healthy controls. These discrepancies are further
enhanced with continuation of the clearance process.
Conclusions: The theoretical results lead to the conclusion that CF patients have
a higher risk of inhaled particle accumulation and related particle overload in 
specific lung compartments than healthy subjects. 

Source: Sturm R. (2012) An advanced stochastic model for mucociliary particle clearance in 
cystic fibrosis lungs. J. o.Thoracic Disease, Vol 4(1): 48-57
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Clearance mechanisms:

i) From TB to alveolar: 
delayed

mucociliary

clearance in 

bronchioli

(mucus patches)

i) AL-region

Macrophage

mediated in 

alveoli only

Gradon & Podgorski, 1992

Hofmann, 2009

Intro HRT ADM IDEALACM

____________________________________________________________

Airway                Airway Residence          Macrophage

generation         length [cm]          time [min]    velocity [cm·min-1]

____________________________________________________________

17                      0.141                   100 0.709

18                      0.117                   250 0.468

19                      0.099                   400 0.248    

20                      0.083                   600 0.139    

21                      0.070                   700 0.100 

22                      0.059                   800 0.074  

23                      0.050                 1000  0.050    

____________________________________________________________

A mathematical model of retention of insoluble aerosol particles penetrating the
lungs during inhalation has been described. Based on data of the streams of 
deposited particles and their residence times in the subsequent generations of the
respiratory system - due to different mechanisms of clearance - the retention
dynamics of particles has been determined. The influence of particle
concentration and particle toxicity on retention is considered. 

Source: Gradoń L, Podgórski A (1992)  Mathematical model of dust retention in the human 
respiratory system, in: Journal of Aerosol Medicine, Vol. 5(4): 229-240

in: Hofmann, W. (2009). Deposition and clearance of inhaled particles in the human lung.
Summerschool on Aerosol, Vienna University, AUT
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Inhalation & Deposition of Aerosols in the Lung
(IDEAL)
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Modelling particle deposition @ PLUS:

i) IDEAL (developed by HOFMANN & KOBLINGER) ….. currently used 
This aerosol dynamics model has been implented into an extended version of the IDEAL 
(Inhalation, Deposition and Exhalation of Aerosols in the Lungs) code to compute
particle deposition in the airway generations of the human lung. 

i) ADiC (currently under development by PICHELSTORFER) …. future extension model
The dynamic changes of the droplets during puffing, mouth-hold and within the lungs
during inspiration and expiration are described by the aerosol dynamics model ADiC
(Aerosol Dynamics in Containments), which considers coagulation, conductive heat
transport, diffusive vapor transport, phase transition and particle deposition

Source: 

Hofmann W, Koblinger L. (1990): Monte Carlo modeling of aerosol deposition in human lungs. 
Part II: Deposition fractions and their sensitivity to parameter variations. - Journal of Aerosol 
Science, 21: 675-688 

Koblinger L., Hofmann W. (1990): Monte Carlo modeling of aerosol deposition in human lungs. 
Part I: Simulation of particle transport in a stochastic lungs structure. - Journal of Aerosol 
Science. 21: 661-674 

Pichelstorfer L, Hofmann W. (2014) Modelling Aerosol Dynamics of Cigarette Smoke in a 
Denuder Tube. Submitted to Journal of Aerosol Science.
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Modelling particle deposition:

i) Why: 

• immediate info on what deposits where 

• into on total lung deposition

• Risk assessment

i) But:

• morphometric data from few specific individuals 

• under defined conditions only (breathing frequency, particle size)

Riepe, 2003

Grenzwerte: sind gesetzlich verankerte (justiziable) grössen; eine
überschreitung ist demnach klagbar; bei jeder messung treten allerdings
messfehler auf (zufällige und systematische fehler); daher gilt das der grenzwert
nur innerhalb eines bestimmten toleranzbereiches gültig ist; wird ein grenzwert
gemessen, so lässt sich nicht genau sagen ob man jetzt schon darüber oder noch
unterm grenzwert liegt! Vorsorge-, richt-, und orientierungs-werte sind nur
empfehlungswerte und haben daher keine gesetzeskraft;

Riepe W. (2003). Lecturing Script, PLUS, AUT
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Modelling particle deposition:

i) Semi-empirical model ….  

• for regional deposition efficiencies

• function of particle size & flow rate

• obtained from mathematical fits 
through the available experimental 
data (Eulerian model).

i) Lagrangian vs. Eulerian

• trajectories of single particles

• population of particles

ICRP, 1994

Image: Empirical representation of inhalability of particles and their deposition in 
the extrathoracic (ET), bronchial (BB), bronchiolar (bb), and alveolar-
interstitial (AI) regions in the human respiratory tract during continuous
breathing by transport through a series of filters (ICRP, 1994).

Source: International Commission on Radiological Protection (ICRP). (1994). Human Respiratory
Tract Model for Radiological Protection. ICRP Publication 66, Annals of ICRP 24, Nos. 1–3. 
Oxford: Pergamon Press.
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Modelling particle deposition:

i) Comparison of models ….  

• semi-empirical

• trumpet

• single path (IDEAL)

• Multiple path (CFD)

• Stochastic (IDEAL) 

Hofmann, 2011

Taulbee & Yu, 1975

Conceptual models:

semi-empirical regional models
one-dimensional cross-section (“trumpet”) models
deterministic symmetric generation  (“single-path”) models
deterministic asymmetric generation (“multiple-path”) models
stochastic asymmetric generation (“multiple-path”) models

Eulerian model: A population of particles is tracked through the human airway system and 
deposition in a given airway generation is given by the difference between the incoming and the 
outgoing number (or mass) concentrations.

Lagrangian model: Trajectories of single particles are followed through the whole lung;  
simulations have to be repeated many times to obtain statistically significant average deposition 
fractions. 

Image: Comparison of model predictions of total deposition for unit density particles ranging 
from 1 nm to 10 mm under nasal sitting breathing conditions (ICRP, 1994), applying 5 different 
deposition models: semi-empirical (ICRP, 1994), trumpet (Choi & Kim, 2007), single path
(Hofmann, 1982a), multiple path (Asgharian et al., 2001), and stochastic (Koblinger & Hofmann, 
1990).

Insert: Human airway system is approximated by a one-dimensional, variable cross-section 
channel, mass balance equation with different loss terms for the various deposition mechanisms 
(1-dimensional Eulerian model).

Source: Hofmann W. (2011). Modelling inhaled particle deposition n the human lung – A review. 
Journal of Aerosol Science, Vol 42: 693-724.

Taulbee, D.B., Yu, C.P., & Heyder, J. (1978). Aerosol transport in the human lung from analysis
of single breaths. Journal of Applied Physiology, 44, 803–812.
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Modelling particle deposition:

i) IDEAL (Lagrangian) ….  

• Random walk of inhaled and exhaled particles
through an asymmetric, stochastic airway model
of the human lung

• Behaviour of inhaled particles is simulated by
the action of individual particles inhaled at 
random times during the inhalation phase

Versus

i) CFD (Eulerian) ….  
• Behaviour of an inhaled bolus (population of 

particles is simulated.
Pichelstorfer, 2014

•random path
selection
through the
lung

•deposition
calculated via 
deterministic
formulae

Insert: Human airway system is approximated by a one-dimensional, variable 
cross-section channel, mass balance equation with different loss terms for the 
various deposition mechanisms (1-dimensional Eulerian model).

Source: Pichelstorfer personal comm.
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Modelling particle deposition:

i) Nasal breathing: 

i) Oral breathing:
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Heyder et al., 1986

Source: Heyder, J., Gebhart, J., Rudolf, G., Schiller, C.F., & Stahlhofen, W. 
(1986). Deposition of particles in the human respiratory tract in the size range
0.005–15 mm. Journal of Aerosol Science, 17, 811–825.
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Modelling particle deposition:

i) ET-region: 

i) TB-region:

i) Alveolar region:

Hofmann, 2009

Source: Hofmann, W. (2009). Deposition and clearance of inhaled particles in the human lung.
Summerschool on Aerosol, Vienna University, AUT
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Modelling particle deposition:

i) Rule of thumb: 

• NPs found in

alveolar regime

• MPs found in 

TB regime

• CPs found in ET 

Hofmann, 2009

Source: Hofmann, W. (2009). Deposition and clearance of inhaled particles in the human lung.
Summerschool on Aerosol, Vienna University, AUT
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Modelling particle deposition:

i) Breathing conditions: 

• > TVs, 

> depo-rates

• < BR

> depo-rates

Schiller et al.. 1988

Source: Schiller, C.F., Gebhart, J., Heyder, J., Rudolf, G., & Stahlhofen, W. 
(1988). Deposition of monodisperse insoluble aerosol particles in the 0.005–
0.2 mm size range within the human respiratory tract. Annals of 
Occupational Hygiene(Suppl. 1), 41–49.
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Modelling particle deposition:

i) Inhalation: 

• dry NaCl aerosol

i) Exhalation:

• humidified NaCl

aerosol

Anselm et al., 1989
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Modelling particle deposition:

i) Hygroscopic Growth: 

• prevailing rH ~99.5% 

• hydrophilic particle growth

• e.g. NaCl / Oil-samples

Telko, 2009

Vitamin-C enriched sodium-chloride (15% NaCl solution) from the Dead Sea and organically 
grown and extracted olive-oil samples with traces of supplemented Vitamin-D (totalling 5mL 
each) were separately nebulized by ultrasound atomizers in a therapeutic aerosol chamber 
constructed by Selsonics GmbH.  Particle growth dynamics from aerosol processing reactions 
were measured with a Scanning Mobility Particle Sizer (SMPS) immediately after a 3 minutes 
long sample injection sequence.  Scanning times with the SMPS covered a potential exposure 
window of at least 9 minutes in the size range of 0.01 to 1.1 µm.  Based on the data obtained from 
the SMPS measurements, the stochastic lung particle deposition model IDEAL-2 (Koblinger & 
Hofmann, 1990; Hofmann & Koblinger, 1990) was applied and the associated particle deposition 
analyzed.

The air inside the human lung has a high humidity (typically 99.5% relative humidity). Nguyen & 
Nieh have suggested that under these conditions particle charges are effectively eliminated. 
Furthermore their experimental studies showed that the charges are practically neutralised at a 
level of 78% relative humidity. However this process has a decay time to complete the charge 
neutralisation. In drug delivery application, the particles reach the alveolar region very quickly 
due to the small residence time in tracheobronchial region. The charge elimination process should 
be highly effective when particles are suspend in the alveolar region …. The numerical model 
assumed no charge elimination as a result of the high humidity in the lung, because of the short 
residence time in tracheobronchial region (< 50, ms for sedentary breathing).[3]

Image: Selsonic’s nebulization chamber.  The nebulizer on the top left (1) is used to emit the
NaCl aerosol, whereas the one on the top right (2) is used for olive-oil vaporization.  The drawers 
for the vials (3) house the monousable NaCl- and oil vials respectively (image: Selsonics, 2007). 

Insert: Hygroscopic growth. Particles absorb moisture as they traverse the humid environment of 
the airways resulting in increased particle size.

Source: Telko MJ (2009) INVESTIGATION OF ELECTROSTATIC CHARGING 
PHENOMENA IN DRY POWDER INHALERS AND THE EFFECT ON DEPOSITION . PhD-
Thesis,  University of North Carolina at Chapel Hill, NC, USA
Madl P, Hofmann W. (2008) Analysis and Modeling of SELSONICS Ultrasonic Nebulization
Chamber. In: Berichte der Naturwissenschaftlich-Medizinischen Vereinigung in Salzburg, 15, 
109-117;
[3] Koolpiruck D (2005). Investigation of charged aerosol transport and deposition in human 
airway models. PhD-Thesis at Brunel University Research Archive (BURA), London.
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Modelling particle deposition:

i) New features provided by 
ADiC: 

• composition, 

• vapor pressure

• temperature

• pH

i) Eulerian element: 
an elemental air volume
(bolus) containing information
on size distribution and 
concentration will be
simulated.

Pichelstorfer et al., 2014
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A new aerosol dynamics model, ADiC (Aerosol Dynamics in Containments), was developed, 
which considers the effects of coagulation, heat and vapor transfer, phase transition and 
deposition of particles. The particle size distribution is represented by individual uniform 
distributions situated in a fixed size grid. That way numerical diffusion is avoided and quasi 
simultaneous simulation of coagulation and growth processes is possible. Due to the complexity 
of the computer model, partial model validation was performed by testing the individual sub-
models against the existing experimental evidence. The ADiC model was used to simulate the 
aerosol dynamics of freshly generated cigarette smoke in acid-covered denuder tubes. Modeling 
results were compared to data from several studies that report nicotine deposition rates. 
Simulations revealed that several parameters with large uncertainties potentially can have great 
effects on the nicotine deposition rate. A nicotine protonation interval from 75% to 90% of the 
nicotine mass initially on the particle fits the experimental data well in the posterior tube sections. 
For the anterior tube sections, however, a steady increase of nicotine protonation by roughly 15% 
is required. Loss of water in denuder tubes has not been documented in the experimental studies 
found in the literature. Increased deposition rates by a factor up to 7 have been simulated in case 
of the denuder tube being a perfect sink for water. A simplified sub-model describing diffusion 
limited phase transition showed a considerable effect on total nicotine deposition in the order of 
10% and more for experimentally determined viscosity values. Temperature differences between 
the tube wall and the aerosol have a considerable, however timely very limited, effect on 
deposition rate. Several poorly quantified processes and parameters have been discussed and 
simulated with respect to their potential to affect nicotine deposition rate in a denuder tube. While 
some of them are difficult to measure (e.g. nicotine protonation, diffusion limited transport within 
particles), others (e.g. water deposition within the denuder tube) can easily be determined. Thus, 
the ADiC model can be used, apart from evaluating experimental data, as a tool to plan and 
design experimental setups.

Source: Pichelstorfer L, Hofmann W. (2014) Modelling Aerosol Dynamics of Cigarette Smoke in 
a Denuder Tube. Submitted to Journal of Aerosol Science.
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Conclusion (1/1)

HRT ADM ACM IDEALIntro

In the wake of the available timeline:

i) Human respiratory tract reveals a high particle filtering effect

i)

Thank You for your attention!

Particle deposition due impaction, sedimentation, diffusion, e-static attraction

i) Particle clearance via MC-escalator (till gen. 14-17), macrophages later on

i) Particle deposition modelling to determine potential fate & associated RISKs

i) Upgrading code (IDEAL) to include chemical parameters



Analytical deposition equations for cylindrical airways

Deposition by diffusion (laminar flow conditions):

Ingham (1975)

Pd =  1 – 0.819 exp(-14.63∆) – 0.0976 exp(-89.22∆) – 0.0325 exp(-228∆) 

– 0.0509 exp(-125.9∆2/3)

with diffusion parameter ∆ = LD / 4R2u 

Length L, radius R, mean air velocity u, diffusion coefficient D

Deposition by sedimentation:

Yeh and Schum (1980)

Ps =  1 – exp[- (4gCρr2Lcosφ) / 9πµRu)] 

Length L, Radius R, mean flow velocity u, gravity angle φ, particle radius r, density ρ, 
acceleration due to gravity g, Cunningham slip correction factor C, air viscosity µ
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Semi-empirical deposition equations for 
nasal and oral airways

Cheng (2003)

Fits to experimental data (volunteers, casts) 

Nasal deposition efficiency:

Ε =  1 – exp(-0.00309dae
2Q – 16.6D0.5Q-0.28)    

Oral deposition efficiency:

Ε =  1 – exp(-0.000278dae
2Q – 20.4D0.66Q-0.31)    

Aerodynamic diameter dae (dae = d (ρ/ρo)
1/2), particle diameter d, particle density ρ, 

unit density ρo, flow rate Q, diffusion coefficient D 
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Particle transport mechanisms 

Convective transport 

Particles are transported by the inhaled and exhaled air flow

Mean particle velocity u (u = Q / Across) 

Axial diffusion

Scherer et al. (1975)

Deff =  χ (D + 1.08ud) for inspiration, where χ = 0.65            

Deff =  χ (D + 0.37ud) for expiration, where χ = 0.70

Diffusion coefficient D, axial flow velocity u, airway diameter d 

Alveolar mixing

Mixing of inhaled air (tidal volume) with the residual air in the lung

Empirical mixing factor: fraction of total mixing (approximately 0.3) 43
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Mucus velocities related to 

bronchial airway diameters

Hofmann and Sturm (2004):
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Slow bronchial clearance

(i) Delay of mucociliary clearance at airway bifurcations (split of mucus flow and/or impaired mucociliary
activity):

Mucus delay at bifurcations is simulated by a pre-specified delay time Δt, randomly selected from a 
uniform distribution with Δtmax = 10 min (default value), or by the fraction of particle trapped at the 
bifurcation.

(ii) Slow bronchial clearance fraction fs (uptake by sol layer, patchy mucus layer) with a halftime of 20
days

Relationship between fs and geometric particle diameter dg:

fs = 0.77 – 0.12 dg

(ICRP 1994: fs = 0.5 exp[0.63 (dg -2.5)] for dg > 2.5 μm)

Slow bronchial clearance scenarios (models 1-5):
fs depends on airway generation number, i.e. slow bronchial clearance is less effective in large bronchial 
airways, but operating primarily in distal bronchiolar airways. 
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ICRP clearance model
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Particle retention in the lungs 

Simultaneous effects of deposition, clearance and tissue interaction (toxic particles)

Steady-state conditions for chronic exposures (number or mass of inhaled particles 
within a given lung region or airway generation) 

Short-term interaction with tissue:

Dominated by the initial deposition pattern

Long-term interaction with tissue:

Dominated by the retention pattern
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Retention: experiments vs. theoretical predictions

Hofmann and Sturm (2004):
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Retention and intersubject variability of 
mucociliary clearance velocities

Hofmann and Sturm (2004):
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Fraction of mass retained in the bronchial region: 
dependence on particle size 

Hofmann and 

Asgharian (2003):
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Mass retained in the bronchial region: 

dependence on airway generations 

Hofmann and Asgharian (2003):

0.1 µm unit density particles

2 µm unit density particles
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Dose-metrics for risk assessment 

What is the most appropriate dosimetric quantity to be related to epidemiologically 
observed health effects?

Number of particles

Total particle surface area

Total particle mass 

Number density: number of particles per unit airway surface area

Surface density: total particle surface area per unit airway surface area  

Mass density: total particle mass per unit airway surface are

Large particles: particle mass

Nanoparticles: number of particles



Particle deposition models
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Modelling concepts for particle deposition
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Whole lung approach

The lung is viewed as a system of branching tubes. Because of the complexity of the airway 
system, the airflow and the transport and deposition of inhaled particles have to be de-coupled 
and hence are treated independently. Consequently, particle deposition in individual airways is 
only indirectly connected to the airflow by using analytical equations for particle deposition 
efficiencies for pre-specified flow conditions, thus simulating the average behavior of many 
particles. 

Local scale approach

Only deposition in selected components of the branching system, e.g. bronchial airway 
bifurcations or alveolar ducts and sacs, is considered. This geometrical limitation permits the 
correlated solution of airflow and particle transport equations by numerical methods, e.g. by finite 
elements. Such two- or three-dimensional fluid dynamics and particle trajectory models provide 
information on particle deposition patterns within structural elements of the lung, thus simulating 
the behavior of individual particles.



Whole lung models

 Current whole lung models permit the prediction of particle deposition in single airways (airway 
generations) in currently available morphometric lung models for any combination of particle size and 
breathing pattern. By integration over a defined sequence of airway generations, average local, 
regional and total deposition and their statistical distributions can be obtained. Comparisons with 
experimental data in human subjects indicate that all currently available models correctly predict total 
and regional deposition.

 However, two basic limitations of the whole lung approach must be recognized: 

(1) Models cannot be validated by comparison with experimental in vivo data at the single airway 
level, only for total and regional deposition, and

(2) Models cannot predict deposition in single airway generations in a specific test subject, only for 
the lung geometry represented by the various morphometric lung models. 
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Computational fluid dynamics (CFD)

Computation of the air flow field within a three-dimensional airway geometry unit (e.g. 
bronchial airway bifurcation) for the steady motion of an incompressible and viscous fluid

Solution of the  Navier-Stokes equation

and the continuity equation

where  is the velocity vector of air, g is the gravitational acceleration, p, ρ and µ are the 
pressure, the density and the absolute viscosity of air, respectively.

Solution of a three-dimensional, second order, partial differential equation by applying finite 
element (differences, volumes) methods  

Computation of the air velocities in the grid points of the three-dimensional computer mesh 
(extrapolation between grid points)
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Particle tracking (Lagrangian approach)

For inertial impaction, sedimentation and Brownian motion 

du/dt = FD (v – u) + g (ρp – ρ) + FB

drag force     gravity   Brownian motion 

with air velocity v, particle velocity u, drag force FD, gravitational acceleration g, air 
density ρ, particle density ρp, and Brownian forces FB

Particle trajectory:  dx/dt =  u 

Simulation of particle locations x after time interval ∆t 

Deposition sites: interaction of particle trajectories with airway surfaces
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Local scale particle deposition

Current computational fluid dynamics (CFD) and particle deposition models vary primarily with respect 
to the anatomical sites simulated and their morphological complexity:

bronchial airway bifurcations

extrathoracic region (nose, mouth)

alveolated airways and alveoli

The computational methods employed in these anatomical structures are generally similar, using 
commercially available computational fluid dynamics (CFD) program packages, based on finite 
elements, finite differences or finite volumes methods. 

 permit the prediction of realistic particle deposition efficiencies and localized patterns in a few 
selected geometric units of the human respiratory tract, e.g. in single or multiple bronchial airway 
bifurcations.

Again, there are three major limitations to the numerical local scale approach: 

(1) Models cannot be validated by comparison with experimental in vivo data at the corresponding 
anatomical level, e.g. in single airway bifurcations (in particular not the distribution of the deposited 
particles), only in airway models, and

(2) Models cannot capture the biological variability of macro-and microanatomical details of the realistic 
airway geometry, but only for highly stylized geometric boundary conditions.

(3) At present, models cannot be used to predict deposition in the whole lung. 58



Non-spherical shape

Combustion particles consisting of a fractal-like aggregation of nanometer-sized primary 
particles, e.g. diesel aerosols   

Dynamic shape factor χ = dme Cve / dve Cme

Mobility equivalent diameter dme and Cunningham slip correction factor Cme for a non-spherical 
particle 

Volume equivalent diameter dve and Cunningham slip correction factor Cve for a spherical 
particle  

dme : Measured by an SMPS 

dve :  Relevant diameter for deposition (related to the diffusion coefficient)
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Shape factor as a function of particle diameter 

for diesel aerosols
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Deposition of fibers in the human lung

Deposition by Brownian motion, impaction, sedimentation, interception

Fiber parameters:
Diameter D, length L, aspect ratio β = L/D, density ρ

Corresponding aerodynamic diameter dae for random orientation

dae =  [(1/3 bII + 2/3 b ) (ρ/ρo) dev
2]1/2

where bII and b are the normalized mobilities of the fiber moving parallel and perpendicular to 
the direction of the flow, dev is the volume equivalent diameter of a spherical particle, and ρ
and ρo are the densities of the particle and the fluid, respectively.

bII and b are functions of the aspect ratio β

61



Comparison between the deposition of fibers and spheres
in the human respiratory tract
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Sturm and Hofmann (2006):

Diameter = 3 µm

aspect ratio = 20

density = 2.5 g cm-3


