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ABSTRACT 
 Transport and deposition of inhaled asbestos fibers 
has been studied in the past few decades due to its 
pathological response in living being.  Of the earlier 
study, in vitro and vivo experiments in human and 
animal subjects were conducted and measurements 
were made where carcinogenicity of these particles was 
investigated.  In this work, the transport and deposition 
of elongated ellipsoidal fibers were numerically 
simulated in a physiological realistic multi-level lung 
model.  Detailed motion of the inhaled fibers and their 
interaction with the surrounding environment were 
reproduced by solving the system of coupled nonlinear 
equations governing the fibers’ translational and 
rotational motion. This information has never been 
revealed in past studies.  Correlations between the 
deposition pattern, fiber characteristics, breathing 
conditions, and airway morphology in human upper 
tracheobronchial airways were analyzed.  The results 
were compared with experimental measurements, and 
carcinogenicity of these fibers was discussed.     
 
Keywords: Asbestos, elongated mineral particles 
(EMP), fiber, transport, deposition, tracheobronchial 
tree, numerical simulation, airway bifurcation model, 
turbulence. 

INTRODUCTION 
 Occupational exposure to asbestos fibers or 
elongated mineral particles (EMPs) has been linked to 
the occurrence of malignant respiratory diseases such 
as mesothelioma and lung cancer.  Widely accepted, 
the respiratory pathological response in living being is 
mainly induced by the retention and deposition of the 
inhaled asbestos fibers.  Measurements of such 
deposition in human patient tissues as well as in vivo 
animal studies were reported by many researchers, such 
as Lippmann et al. (1988, 1990), Berman et al. (1995), 
and Suzuki et al. (2005).  Based on the available data 
EPA (2003) concluded that fibers with length shorter 
than 5 μm posed minimum risk, while the threshold for 
diameter needed further investigation.  NIOSH (2008) 
concluded that fibers with length smaller than 1.5 μm 
or greater than 40 μm and diameter thinner than 0.25 
μm or thicker than 3 μm, respectively, were at the 
highest risk to cause lung cancer.  
 The lack of theoretical and numerical study of 
asbestos fibers in airway passages was mainly due to its 
complexity.  The fibers’ translational and rotational 
motion was governed by system of coupled nonlinear 
equations which posed enormous challenge for direct 
solution in 3D airway passages.  Among the few 
fundamental studies, Jeffery (1922) evaluated the drag 
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and torque acting on an elongated ellipsoidal fiber in a 
creeping flow, and the rotational motion in a simple 
shear was derived.  Most of the earlier theoretical and 
numerical studies were based on simplified flow field 
where either analytical solution was available or shear 
of the flow was assumed constant. 
 In this study, simulation of the transport and 
deposition of elongated ellipsoidal fibers in a 
physiologically realistic human airway model was 
conducted.  Mathematical description of fiber motion 
was given by system of coupled nonlinear equations 
accounting for the hydrodynamic drag and torque, 
shear induced lift, Brownian diffusion, and the 
gravitational sedimentation. The simulated results 
provided detailed information for analyzing the 
contribution of fiber dimensional characteristics 
(length, diameter, aspect ratio, density) toward 
deposition.  Effect of the airflow pattern and airway 
morphology was also derived.  Results of the study 
were compared to earlier experimental measurements, 
and carcinogenicity of the fiber in relation to its 
dimensional characteristics was discussed. 
 
HUMAN TRACHEOBRONCHIAL TREE 
 
Multi-Level Computational Model of Lung 
 Originated from Weibel’s (1963) idea that the 
human tracheobronchial tree was modeled as repeated 
bifurcations from the trachea (G0, generation 0) to the 
alveoli (G23, generation 23), in the current study, a 
multi-level computational model for simulation of 
airflow and particle transport in the lung is proposed.  
In this approach, a single lung bifurcation (Figure 1) 
serves as the base model element, and the subsequent 
airway generations are generated by scaling down the 
base element according to the airway specifications (as 
suggested by Weibel (1963)).  The entire 
tracheobronchial tree (with the exception of the 
alveolar region) can be constructed by fusing a 
sequence of these base elements.   The schematic of the 
multi-level bifurcation model of human 
tracheobronchial upper airways (G0 to G3) is shown in 
Figure 2.  
  
FIBER MODEL 
  Figure 3 shows a sample elongated fiber particle.  
The relationship between elongated particle transport 
and deposition and its geometric characteristic are 
numerically analyzed in this study.  Details of the fiber 
transport model in an arbitrary flow can be found in the 
work of Fan and Ahmadi (1995). 
 
AIRFLOW SIMULATION  
Laminar flow is assumed in lower level 
tracheobronchial airways where the mass continuity 
and Navier-Stokes equations are governing the flow 

motion.  At trachea and the first two airway 
generations, Reynolds stress turbulence model is used 
to describe the flow motion, Tian and Ahmadi (2007). 
 

 
Figure 1. Asymmetric single tracheobronchial bifurcation 

model. 
 
 

 
Figure 2. Schematic of the multi-level bifurcation model of 
human tracheobronchial upper airways (G0 to G3): AB - 
Trachea, BC - Bifurcation 1, CD – Bifurcation 2, DE – 

bifurcation 3. 

 
Figure 3. Elongated fiber particle. 

 
 

FIBER EQUATION OF MOTION 
The translational motion of the fibers is governed by 
Newton’s second law: 
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The governing equations of rotational motions of the 
fibers are: 
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ŷx̂ẑx̂ẑ
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ŷ =−ωω−
ω   (14) 

 ,T)II(
dt

dI h
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Here v is the velocity vector of the fiber particle mass 
center in the fixed coordinate, and ( ẑŷx̂ ,, ωωω ) is the 
angular velocity vector of the fiber in the particle frame 
(Cartesian coordinate attached to the fiber centroid with 
its axes parallel to the fiber’s principle axis).  mp is the 
mass of the fiber, g is the acceleration of gravity, fh is 
the hydrodynamic force and fL is the shear induced lift 
force.  ( ẑŷx̂ I,I,I ) is the moments of inertia of the fiber 

about the principle axes in the particle frame ( ẑ,ŷ,x̂ ), 

and ( h
ẑ

h
ŷ

h
x̂ T,T,T ) is the hydrodynamic torques acting 

on the particle with respect to the principle axes in the 
particle frame.  

    
RESULTS AND DISCUSSION 
 Figure 4 displays the simulated fiber motion in the 
human upper tracheobronchial airway.  Upon entering 
the airway generation adjacent to the wall, the fiber 
tends to align itself with the main flow while traveling 
to deeper lung.  Occasional rotation is observed, 
however the fiber quickly returns to its alignment 
position.  Figure 4 clearly shows the coupling between 
its translational and rotational motion.  The coupling 
has profound effect in predicting its position at 
complex flow domain – the partition at the bifurcation 
in Figure 4.     
 Figure 5 displays the simulated fiber deposition 
pattern in the human upper tracheobronchial airways up 
to the third bifurcation for fibers with aspect ratio of 15 
and 80, diameter of 3.66μm and breathing rates of 
40L/min and 15L/min at the trachea.  It is shown in 
Figure 5a that the deposition sites of the elongated 
fibers are highly localized in the trachea and the first 
bifurcation.  It is also seen from Figure 5a that the fiber 
deposition  is  significantly  enhanced  with  its  aspect 
ratio from 15 to 80.  Figure 5b displays the fiber 
deposition pattern in the second bifurcation. While the 
deposition rate is enhanced as the fiber aspect ratio is 
increased, the deposition is more uniformly distributed 
across the airway surfaces.  Figure 5c displays the fiber 
deposition pattern in the third bifurcation at the light 

breathing condition with 15L/min at the trachea. It is 
observed that most of the fibers entering the third 
bifurcation penetrate through.  The effect of fiber 
aspect ratio toward the deposition is less significant. 
 

 
Figure 4. Simulated fiber motion in the upper airway. 

 
 
 

 

 
Figure 5. Fiber (diameter = 3.66μm) deposition pattern 

in the human upper tracheobronchial airways: (a) 
Trachea and first bifurcation (40L/min); (b) Second 

bifurcation (40L/min at the trachea and 20L/min at the 
inlet of the second bifurcation); (c) Third bifurcation 
(15L/min at the trachea and 5L/min at the inlet of the 

third bifurcation). 
 

 Figure 6 compares the predicted fiber deposition 
efficiency in the third bifurcation (Generation 2 and 3). 
Experimental measurements of Zhou et al. (2007) and 
Wang and Hopke (2008) are plotted in this figure for 
comparison.  Carbon fibers of diameter 3.66 μm, and 
aspect ratios from 1 to 80 are used in these simulations. 
Light to moderate breathing conditions of 15 to 40 
L/min are also considered.  It is shown that deposition 
rate increases with the increase of the non-dimensional 
relaxation time, while the measured data are quite 
scattered.   It is also observed that the stronger the 
breathing intensity, the higher the deposition rate.   
 According to Tian and Ahmadi (2007), the near 
wall correction on the turbulence fluctuation near a 
surface is essential for correct prediction of the particle 
deposition rates in turbulent flows.  The present 

β = 80 β = 80 β = 80 

β = 15 β = 15 β = 15 

(a) (b) (c) 
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simulation accounts for this correction by using the 
turbulence near wall “two-layer zonal model” and the 
“quadratic variation near wall model”.  A series of 
simulations for wall corrections being made assuming a 
range of u* are performed and the results are presented 
in Figure 6.  By altering the flow shear velocity for the 
turbulence near wall correction, the numerical 
simulation leads to slightly different deposition rates, 
all of which are in range of the experimental data.  This 
result implies a weak turbulence activity in the third 
bifurcation.  One set of simulation is performed with 
laminar model in bifurcation 3 at lower breathing rate 
of 15L/min. The predicted data corresponds well with 
the experimental measurement, though statistical 
fluctuations are observed due to very low deposition 
rate (< 1%). 
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Figure 6. Comparison of the fiber deposition efficiency in the 
third bifurcation 
 
 
CONCLUSIONS 
    This work simulated the transport and deposition 
of fiber in a physiologically realistic human airway 
model.  The simulated results verified the coupling 
between the fiber’s translational and rotational motion, 
and the importance of including the coupling effect for 
the accurate prediction of fiber motion in human lung.  
The deposition pattern and deposition rate were 
calculated based on the simulation results.  It was 
shown that the deposition sites and rate are highly 
dependent on fiber’s geometric characteristic that is the 
fiber length and diameter.  The result correlates to the 
findings of EPA (2003) and NIOSH (2008). The 
computational simulation also finds the close 
correlation of the fiber deposition rate with the flow 
pattern.  Further research will be focused on 
quantitative comparisons with the. 
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