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Abstract 
Investigations on the respiratory transport and deposition of airborne asbestos, man-made 
vitreous fibers (MMVFs), and carbon nanofiber/carbon nanotubes have been actively conducted 
in the past few decades. The elongated particles’ distinctive needle-like geometry has been 
identified as the main cause of extreme carcinogenicity when compared to inhaled spherical 
particles. Consequently, uncovering the intrinsic relationship between the particle’s unique 
elongated shape and its transport characteristics in human respiratory systems is crucial for 
understanding fiber inhalation toxicity. Currently, such information can only be provided by 
computational modeling. This review summarized the current state of the art of computational 
modeling of fiber transport in the human respiratory tract. The needed future researches were 
also discussed.  
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1 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 (NIOSH, 2008). It is widely accepted that the 
respiratory pathological response to the inhaled asbestos 
fibers in humans and mammals is mainly induced by their 
deposition and retention in the airway. Measurements of 
particle deposition in human patient tissues as well as in 
vivo animal studies were reported by many researchers in 
the literature. Lippmann (1988), Pott et al. (1987), Wagner 
(1986), and NIOSH (1990) concluded that the mineral fiber 
dimension was the major determinant of their carcinogenicity, 
while the effect of the composition was negligible. EPA 
(2003) concluded that fibers with a length shorter than 5 µm 
posed a low risk, while the threshold for fiber diameter 
needed further investigation. NIOSH (2008) stated that fibers 
with a length smaller than 1.5 µm or greater than 40 µm 
with diameter thinner than 0.25 µm or thicker than 3 µm, 

respectively, had the highest risk to cause lung cancer. 
As a substitute for asbestos in industrial and residential 

applications, man-made vitreous fibers (MMVFs) were 
considered non-carcinogenic under recommended exposure 
levels based on the epidemiological studies (Simonato et al., 
1987; Marsh et al., 2001; IARC, 2002; Hesterberg et al., 2012; 
Lippmann, 2014). In addition, exposure to glass or mineral 
wool fibers (a subgroup to MMVFs) was neither found to 
be related to chest radiographic findings nor to change in 
lung functions (Hughes et al., 1993). However, potential 
inhalation hazards of MMVFs in high exposure conditions 
still raised increased concerns (Brown, 1994; Marsh et al., 
2001; LeMasters et al., 2003; Cavallo et al., 2004; Nielsen 
and Koponen, 2018). 

More recently, the rapid development of nanotechnology 
has seen increased usage of carbon nanotubes (CNTs) and 
carbon nanofiber (CNFs) (Invernizzi, 2011; Schubauer- 
Berigan et al., 2011). These nanofibers possess elongated 
cylindrical structures at micro/nano scales, resembling the 
appearance of asbestos. The analogy between the nanotubes/ 
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nanofibers and asbestos and the similar biopersistence in 
the human body has raised concerns that the CNTs and 
CNFs could cause similar adverse pathologic responses in 
humans (Service, 1998). Though limited data is available 
for human assessment, animal studies have shown adverse 
pulmonary effects in rats and mice exposed to CNTs and 
CNFs (Lam et al., 2004; Poland et al., 2008; Porter et al., 
2010; Murray et al., 2012). Adverse pulmonary responses, 
such as acute lung inflammation and interstitial fibrosis, 
were observed across various types of CNTs and CNFs in 
short-term and subchronic studies (Ma-Hock et al., 2009; 
Mercer et al., 2011). Longer and straighter CNTs tend to 
induce more asbestos-type mesothelial tumors than shorter 
ones (Poland et al., 2008; Murphy et al., 2011). When 
compared to other fibrogenic substances, including asbestos, 
the CNTs and CNFs are of similar or greater potency (Muller 
et al., 2005; Murray et al., 2012). It was also reported that 
agglomeration and formation of agglomerates affect the 
pulmonary response of animal subjects (Mercer et al., 2008; 
Porter et al., 2010; Murray et al., 2012). Though further long 
term animal study is needed to evaluate the carcinogenic 
potential of nanofibers, current findings confirmed the 
exposure risks of humans and animals to CNTs and CNFs. 

In summary, airborne asbestos, human-made vitreous 
fibers (MMVFs), and carbon nanofiber/carbon nanotubes 
were observed or suspected to be highly carcinogenic, and 
the distinctive needle-like geometry was presumed to be the 
leading cause for carcinogenicity. Consequently, uncovering 
the intrinsic relationship between the particle’s unique 
elongated shape and the pathological response in human 
respiratory airways is crucial for understanding the fiber 
inhalation toxicity. Some of the standing questions are:  
z What are the correlations between the physical properties 

and the pathological responses?  
z What are the mechanisms behind the correlations?  
z Why longer fibers induce more asbestos-type mesothelial 

tumors than the shorter ones? 
z How do the agglomeration and agglomerates change the 

behavior of the inhaled micron/nano-particles?  
Answers to these questions will provide a better 

understanding of the phenomenon and a common ground 
for further scientific and industrial research to address  
the problem and for providing mitigation measures. For 
answering these questions, animal studies alone are not 
sufficient. In addition to the exposure input and the 
pathological outcome, the intermediate processes need to be 
revealed. This requires a close examination of the inhaled 
micron/nanofibers and their interactions with the pulmonary 
environment. With current technology, real-time physical 
examination of this nature on test subjects (in vitro/vivo)  
is impractical. The details of transport and deposition of 
micron/nanofibers can only be provided with simulations 

based on sound theoretical and computational models. 
Analyzing the fiber motion is a nontrivial task as the elongated 
particles cannot be simplified as a point sphere, and the 
rotational interactions induced by the geometric anisotropy 
needs to be resolved.   

Dynamics of spherical particles have been extensively 
studied, and well-developed theories are available for analyzing 
particle motion in the entire Knudsen number range (Stokes, 
1851; Einstein, 1905; Cunningham, 1910; Epstein, 1923; 
Saffman, 1965). On the contrary, such understanding is not 
fully available for non-spherical particles, where the theoretical 
expressions for the external forces (e.g., Stokes drag, lift, and 
Brownian) are profoundly affected by their irregular shapes. 
Theories on non-spherical particle dynamics are limited to 
a few regular shapes such as ellipsoids, cylinders, circular 
disks, and straight chain of agglomerated spheres (Oberbeck, 
1876; Jeffery, 1922; Oseen, 1927; Burgers, 1938; Brenner, 1963; 
Batchelor, 1970). The motion and transport of irregular 
shaped particles were mainly investigated experimentally 
(McNown and Malaika, 1950; Horvath, 1974; Lasso and 
Weidmann, 1986; Cheng et al., 1988; Haider and Levenspiel, 
1989; Chhabra et al., 1995; Cichocki and Hinsen, 1995; 
Tran-Cong et al., 2004). In addition to the challenge of 
resolving individual external forces, non-spherical particle 
dynamics requires the information on instantaneous particle 
orientation; therefore, the coupled translational and rotational 
momentum equations need to be solved simultaneously.  

In current literature, the most elegant and cost-efficient 
methodology for evaluating the motion of dilute non- 
spherical particles is the Eulerian–Lagrangian (E–L) approach 
(or discrete phase modeling, DPM). In this approach, 
particles are considered a dispersed phase in the continuous 
flow, and their trajectories are individually examined. 
Attention to the individual particle rather than bulk 
approximation provides the means to extract detailed 
interaction between the particle and its environment. The 
approach also provides insights on correlating particle motion 
characteristics to its non-spherical geometry. Limitations of 
the E–L methodology are: (1) the restrictions of analytical 
expressions available to describe the external forces and 
torques applied to the non-spherical particle in the 
momentum equations; and (2) quality of the solution to 
Navier–Stokes equations for the continuous phase.   

Using this approach, Fan and Ahmadi (1995a) investigated 
the wall deposition of ellipsoidal particles in turbulent flows 
using a sublayer model. By examining the fibrous particle 
trajectories, the effects of particle size, aspect ratio, particle 
to fluid density ratio, and gravity on particle deposition velocity 
were studied. Kvasnak and Ahmadi (1996) analyzed the 
deposition of ellipsoidal particles in a turbulent duct flow 
and accounted for the interactions between particle and 
turbulence fluctuations. By assembling the ellipsoidal fibers 
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into a rigid double link, Asgharian and Ahmadi (1998) 
developed a model of curved fiber using two ellipsoids 
connected at one end and investigated the effect of fiber 
geometry on their deposition in small lung airways. Fan et 
al. (1997) examined the flow-induced resuspension of rigid 
link fibers from surfaces.  

Resolving the small particle molecular collision via a 
Brownian dynamics simulation, Fan and Ahmadi (2000) 
calculated the wall deposition of small ellipsoids from turbulent 
airflows. Employing flow solution from the direct numerical 
simulation (DNS), Zhang et al. (2001) studied the ellipsoidal 
particle transport and deposition in turbulent channel flows. 
Tian et al. (2012) reported the transport and deposition of 
ellipsoidal fibers in low Reynolds number pipe flow, where 
details of the fiber rotational motion were analyzed. Focusing 
on the fiber molecular diffusion, Tian et al. (2016, 2017) 
developed the semi-empirical governing equations for fiber 
diffusion and studied the isotropic and anisotropic diffusion 
properties of ellipsoidal fibers. In addition, they evaluated 
the orientational independent fiber equivalent spheres. Feng 
and Kleinstreuer (2013) analyzed the non-spherical particle 
transport in complex internal shear flows.  

Using the E–L approach, Tavakol et al. (2017) extended 
the formulation of the governing equations to cover non- 
creeping hydrodynamic forces and torques for ellipsoidal 
inertial particles. Njobuenwu and Fairweather (2014, 2015, 
2017) investigated the effect of shape on inertial particle 
dynamics in a channel flow for spherical, needle, and 
platelet-like particles using the large eddy simulations. Cui 
et al. (2018) reported a novel model for calculating the lift 
force acting on a prolate spheroidal particle in an arbitrary 
non-uniform flow. Li and Ma (2018) evaluated the deposition 
dynamics of rod-shaped colloids in porous media. By 
performing a large number of DNS simulations, Zastawny 
et al. (2012) derived the drag, lift, and torque coefficients 
for four different types of non-spherical particles (disk, fiber, 
and two ellipsoids) as a function of the Reynolds number, 
particle shape, and incidence angle between particle and  
the flow. Ouchene et al. (2016) performed a new set of 
correlations of drag, lift, and torque coefficients for non- 
spherical ellipsoidal particles at large Reynolds numbers. Yin 
et al. (2004) conducted numerical simulations of cylindrical 
particles in a burner model.  

The presented literature survey clearly showed that  
the Eulerian–Lagrangian (E–L) approach was widely used 
for evaluating the non-spherical particle trajectories while 
accounting for the coupled translational and rotational 
motions. Also, all reported studies were concerned with 
regular-shaped particles (ellipsoids, spheroids, disks, and 
cylinders), where analytical expressions for the applied forces 
and torques are available. While researchers have continued 
to develop drags, lifts, and torques for other shaped particles 

(Hölzer and Sommerfeld, 2009; Guo et al., 2011; Zastawny 
et al., 2012; Luo et al, 2018), these developments are not 
complete to enable a full Eulerian–Lagrangian (E–L) modeling 
approach to suspension of particles of all shapes.  

Assuming randomized orientation of the non-spherical 
particles, simplified Eulerian–Lagrangian (E–L) approach 
for analyzing the macroscale translational dynamics (rather 
than the instantaneous orientation of each particle) was 
reported in literature (Su and Cheng, 2005; Inthavong et al., 
2008; Wang et al., 2008; Tian et al., 2016). Here an averaged 
drag coefficient accounting for the shape factors of all particles 
randomly oriented in the flow field was used. Stöber (1972) 
derived the dynamic shape factors of oblate and prolate 
ellipsoids based on the solution for fluid drag on ellipsoids 
(Oberbeck, 1876). Lasso and Weidman (1986) studied the 
Stokes drag on hollow cylinders and conglomerates of spheres. 
Haider and Levenspiel (1989) described the non-spherical 
particle drag coefficient correlation to its equivalent surface 
area. The empirical formulation of Tran-Cong et al. (2004) 
was proposed to describe an infinite set of irregularly shaped 
particles formed by the orderly arrangement of joined smaller 
spheres. All these studies provided orientation independent 
drag coefficient of non-spherical particles that can be used 
in the particle linear momentum equation.  

The current review is focused on the conventional 
Eulerian–Lagrangian (E–L) approach for analyzing non- 
spherical particle transport and deposition in human res-
piratory airways. The gas flow is typically evaluated using 
the Reynolds averaged Navier–Stokes (RANS) equations. 
The more computationally intensive DNS and immersed 
boundary method (IBM), as well as the DNS-fictitious domain 
method (FDM) for suspension of non-spherical particles in 
gas flows, are outside the scope of the current review.  

2 Eulerian–Lagrangian (E–L) methodology 

In the Eulerian–Lagrangian (E–L) approach, particles are 
considered the dispersed phase in the continuous flow and 
individually examined. For dilute suspension considered  
in this review, the presence of particles does not affect the 
flow field. The continuous flow field is governed by the 
Navier–Stokes (or RANS) equations and solved in the Eulerian 
framework. The dispersed phase, including the spherical or 
non-spherical particles, is governed by Newton’s second 
law. The solution is achieved after resolving all dynamic 
interactions between the particle and its external environment. 
Particle trajectories can be evaluated by integrating the 
governing equation in the Lagrangian framework. Solutions 
to the continuous flow field are decoupled from the dispersed 
particle phase, while particles are carried by the gas flow 
under that assumption of one-way coupling.  

The Eulerian–Lagrangian (E–L) method is flexible in 
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handling the continuous flow phase by using a variety of 
solution strategies (e.g., laminar, turbulence models, DNS, 
and LES). While the non-spherical particle motions can be 
evaluated through the proper formulation of the gas flow 
environment on the particle. In this section, the theories, 
methodologies, and computational procedures for non- 
spherical fiber particles in the Lagrangian frame are described 
in detail, followed by a brief discussion of the continuous 
flow phase simulation.  

2.1 Kinematics of fiber particle  

Figure 1 shows the coordinate systems associated with the 
motion of an ellipsoidal particle in a general flow field. Here, 
x = [x, y, z] is the inertial coordinate, and ˆ ˆ ˆ ˆ[ , , ]x y z=x  is the 
particle coordinate system with its origin being at the particle 
mass center and its axes being the principal axes. In this 
figure, a third coordinate system ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ[ , , ]x y z=x  with its origin 
coinciding with that of the particle frame and its axes being 
parallel to the corresponding axes of the inertial frame is 
also shown. This third coordinate system will be referred  
to as the co-moving frame. The transformation between 
the co-moving frame coordinates and the particle frame 
coordinates is given by the linear relation: 

 ˆˆ ˆ=x Ax  (1) 

Here the transformation matrix A = [aij] may be expressed in 
terms of Euler angles or Euler’s four parameters (quaternions) 
(Goldstein, 1980; Hughes, 1986), i.e., 
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Here ϕ, θ, and φ are Euler angles (the x-convention of 
Goldstein (1980)), while ε1, ε2, ε3, η are Euler’s four parameters. 
Figure 2 illustrates the definitions of Euler angles and 
Euler’s four parameters. The Euler’s parameters are related 
to the axis and angle of rotation by (ε1, ε2, ε3)T = esin(Ω/2) 
and η = cos(Ω/2), where a superscript T denotes a transpose. 
Due to the inevitable singularity in evaluating the time rates 
of changes of Euler angles (Fan and Ahmadi, 1995b), Eq. (3)  

 
Fig. 1 An ellipsoidal fiber particle and the corresponding coordinate 
systems (Tian and Ahmadi, 2016a; reproduced with permission  
© ASME 2016). 

 
Fig. 2 Linear transformation of coordinate systems: (a) Euler 
angles; (b) Euler’s quaternions (Tian and Ahmadi, 2016a; reproduced 
with permission © ASME 2016). 

is used in the numerical simulation of particle motions. 
However, Euler angles, which are mutually independent 
variables and Eq. (2), are used to assign the initial particle 
orientations. 

The most general rotation of a rigid body has three 
degrees of freedom. Therefore, Euler’s four parameters are 
subject to a constraint given by 

 2 2 2 2
1 2 3 1ε ε ε η+ + + =  (4) 

The four parameters may also be expressed in terms of the 
elements of the transformation matrix. That is, for η ≠ 0, 
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For η = 0, 
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where aij (elements of A) are the direction cosines. The time 
rates of change of the Euler quaternion (ε1, ε2, ε3, η) are related 
to the fiber angular velocities ( ˆ ˆ ˆ, , x y zω ω ω ) in the particle 
frame. That is,  
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 (10) 

Here t is the time. The translational displacement of the 
particle is described by 

 d
dt =

x v  (11) 

here v is the translational velocity vector of the particle 
mass center in the inertial coordinate. 

2.2 Dynamics of fiber particle 

For a non-spherical particle moving in a general flow field, 
the translational and the rotational motions are governed by 

 d ( )d
p pm m tt = + + +h L Bv g f f f  (12) 
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ωI ω ω I I T T tt - - = +  (15) 

In the above equations, v is the centroidal translational 
velocity, and ( ˆ ˆ ˆ, ,x y zω ω ω ) is the components of the angular 
velocity vector. Here, mp is the mass of the fiber, g is the 
gravitational acceleration, f h is the hydrodynamic drag, f L is 
the shear-induced lift force, and f B is the Brownian diffusion 
force. In Eqs. (13)–(15), ( ˆ ˆ ˆ, , x y zI I I ) is the moment of inertia 
about the principle axes in the particle frame, and ( ˆ ˆ ˆ, ,h h h

x y zT T T ) 
and ( ˆ ˆ ˆ, ,B B B

x y zT T T ) are, respectively, the hydrodynamic and 
Brownian torques acted on the fiber. It is noted that the 
governing equations (12)–(15) are general and apply to all 
irregular shaped particles.  

2.3 Interactions of the fiber particle with external 
environment  

Solutions to the fiber equations of motion (12)–(15) require 
the resolution of interactive forces between the fiber and 

environmental, which appear on the right-hand side of the 
governing equations. Formulations of each individual  
term on the various forces and torques are in general shape 
dependent. 

2.3.1 Hydrodynamic drag  

The hydrodynamic drag force acting on an arbitrary shaped 
particle in a general flow field under the Stokes flow regime 
was obtained by Brenner (1963) in the form of an infinite 
series of fluid velocity and its spatial derivatives. The higher- 
order terms are proportional to higher-order powers of 
particle minor axis. Retaining only the first term of the series 
for small particles, it follows that 

 ˆ̂π ( )μ a= ⋅ -hf K u v  (16) 

where µ is the fluid viscosity, a is the semi-minor axis of the 
ellipsoid of revolution, and u is the fluid velocity vector at 
the fiber centroid. In Eq. (16), ˆ̂K  is the translational dyadic 
in the co-moving frame given by 

 1ˆ̂ ˆ-=K A KA  (17) 

The translational dyadic K̂  in the fiber frame is a diagonal 
matrix.  For an ellipsoid of revolution along the ẑ-axis, 
the diagonal elements are (Jeffery, 1922; Oseen, 1927): 

2
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Here β is the aspect ratio defined as the ratio of fiber’s length 
over its diameter. ˆ

t
iC  s are the translational slip-correction 

factors (Fan and Ahmadi, 2000). It is noted that ˆ
t
iC  is only 

significant in high Knudsen number flows and reduces   
to identify for inertial particles. Details of ˆ

t
iC  is given in 

subsequent sections.  

2.3.2 Shear-induced lift  

The shear-induced lift force acting on an arbitrary-shaped 
particle was obtained by Harper and Chang (1968). For an 
ellipsoid of revolution in a simple shear flow, the lift force, due 
to the dominant streamwise flow shear, can be expressed as 
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¶
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here uL = (ux, 0, 0) is the reference flow for the lift, and  
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is the lift tensor.  

2.3.4 Brownian diffusion force  

The Brownian diffusion force fB in the inertial frame is 
given as  

 1ˆ̂ ˆ-= =B B Bf f A f  (22) 

here ˆ Bf ˆ ˆ ˆ[ , , ]B B B
x y zf f f= ] is the Brownian force expressed in 

the particle coordinate. The component of Brownian forces 
can be modeled as independent zero-mean Gaussian white- 
noise processes with the following statistics (Uhlenbeck 
and Ornstein, 1930; Chandrasekhar, 1943; Gupta and Peters, 
1985; Ounis et al., 1991): 

 ˆ ˆ ˆ( ) 0, ( ) ( ) π ( )t t t t' δ t'< >= < Ä + >=B B Bf f f St  (23) 

Here t’ is the time lag, δ( ) is the Dirac delta function, a pair 
of angular brackets < > stands for the ensemble average, and 
the correlations are obtained by averaging the time-shifted 
dyadic products. In the above equations, St is the spectral 
intensity tensors for the translational Brownian motion, 
which is a diagonal matrix in the fiber frame. That is 

 ˆ̂ ˆ̂2 /πt t
ii iiS κ R= J  (24) 

Here κ is the Boltzmann constant, J  is the absolute tem-
perature, and ˆ̂

t
iiR  is the resistant coefficients for an ellipsoidal 

translating along its principal axes in a quiescent fluid, which 
are given by 
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2.3.5 Hydrodynamic torque  

The hydrodynamic torque acting on an ellipsoidal fiber 
suspended in a linear shear flow is given by Jeffrey (1922).  
Accordingly, for an ellipsoid of revolution with its major axis 
along the ẑ-axis, the hydrodynamic torques are given by 
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                      (30) 

Equations (26)–(28) assume that the flow near a small par-
ticle may locally be approximated as a linear shear flow at low 
Reynolds numbers. ˆ

r
iC s in Eqs. (26)–(28) are the rotational 

slip-correction factors (Fan and Ahmadi, 2000). Similar to 
the translational ˆ

t
iC , the rotational ˆ

r
iC  is only significant 

for high-Knudsen number flows (submicron particles) and 
reduces to identity for inertial fibers. The expression for ˆ

r
iC  

is given in the subsequent section. Equations (29) and (30) 
are, respectively, the fluid deformation rate tensor and the spin 
tensor. In principle, the velocities in these equations are the 
instantaneous velocities including the turbulent fluctuations. 
In the viscous sublayer, the turbulence fluctuations are 
negligible and in the evaluation of the hydrodynamic torques 
given by Eqs. (26)–(28), the gradient of velocity fluctuation is 
neglected. The dimensionless parameters in Eqs. (26)–(28) 
are given by Gallily and Cohen (1979) as 

2 2

0 0 2 3 2
2 2

1ln
1 12( 1)

β β β βα β
β β ββ

æ ö- - ÷ç ÷= = + ç ÷ç ÷ç- è + - ø-
 (31) 

2

0 2 3 2
2 2

12 ln
1 1( 1)

β β βγ
β β ββ

æ ö- - ÷ç ÷=- - ç ÷ç ÷ç- è + - ø-
 (32) 

The velocity gradient in Eqs. (29) and (30) can be obtained 
by using the following transformation: 

1ˆˆ ˆ -=G AGA  (33) 

where Ĝ  and ˆ̂G  stand for the dyadic, respectively, expressed 
in the fiber and the co-moving frames. 

2.3.6 Brownian diffusion torque  

The Brownian diffusion torque in the particle frame can be 
modeled as independent zero-mean Gaussian white-noise 
processes in the following form (Uhlenbeck and Ornstein, 
1930; Chandrasekhar, 1943; Gupta and Peters, 1985; Ounis 
et al., 1991): 

ˆ ˆ ˆ( ) 0,  ( ) ( ') π ( ')B B BT t T t T t t δ t< >= < Ä + >= rS  (34) 

Here Sr is the spectral intensity tensors for the rotational 
Brownian motion, which is a diagonal matrix in the fiber 
frame, and is given as 
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ˆ̂ ˆ̂2 πr r
ii iiS κ R= /-  (35) 

In the above expression, ˆ̂
r
iiR  are the resistance coefficients 

for an ellipsoid rotating about its principal axes in a quiescent 
fluid:  

2

ˆˆ ˆ
16π

3
r r
xx x

μaR K= , 
2

ˆˆ ˆ
16π

3
r r
yy y

μaR K= , 
2

ˆˆ ˆ
16π

3
r r
zz z

μaR K=   

(36) 

where 

 
2

ˆ 2
ˆ0 0

(1 )
( )

r
x r

x

aβ βK
β β γ C

+
=

+
, 

2

ˆ 2
ˆ0 0

(1 )
( )

r
y r

y

aβ βK
α β γ C

+
=

+
,  

      ˆ
ˆ0 0( )

r
z r

z

aβK
α β C

=
+

  (37) 

2.3.7 Fiber mass and moments of inertia  

The mass of an ellipsoidal fiber is  

 34 π3
p pm a βρ=  (38) 

where ρp is the particle density. The principal moments of 
inertia for the fiber particle are 

 
2 2 2

ˆ ˆ ˆ
(1 ) 2,5 5

p p
x y z

β a aI I m I m+
= = =  (39) 

2.4 Fiber slip correction  

In the free molecular regime where the characteristic length 
scale of the fiber is smaller than the gas mean free path,  
the hydrodynamic drag and torque, developed under the 
assumption of a continuum regime, need to be modified.  
The slip corrections for the translation and rotation of   
an ellipsoidal fiber in Eqs. (18), (19), (26)–(28), and (37) 
are derived based on the procedures suggested by Dahneke 
(1973). The derived slip correction factors are applicable to 
the free molecular regime, the transition regime, and the 
continuum regime where the correction factors are reduced 
to identity. 

2.4.1 Translational slip correction 

Using statistical mechanics, Dahneke (1973) obtained the 
translational tensor components for ellipsoidal particles in 
the free molecular regime, which is 

( )
ˆˆ ˆˆ

2

2

4 π 6π4 1 22 4

xx yy

p p
p

p

K K
G Fβ E α αKn F

=

ì üæ ö+ -ï ïé ùï ï÷ç= + - + + ÷í ýçê ú ÷÷çï ïè øë ûï ïî þ

 (40) 

( )2
ˆˆ 2 2

π2 4 2 4 3 2
p

p pzz
p

GβK E α F α αKn F β
ì üé æ ö ùï ïï ï÷ç= + - - + -ê úí ÷ ýç ÷çï ïè øê úë ûï ïî þ

     

(41) 

where  
1sin p

p
p

F
E F

-

= , 2
11pF
β

= - , 1
p pG Eβ= -   (42) 

In Eqs. (40)–(42), Kn = λ/a is the Knudsen number, λ is the 
mean free path of the fluid, and α is the particle momentum 
accommodation coefficient. Based on Eqs. (18), (19) and 
(40), (41), the free molecular slip correction factors are 
obtained as 

2

ˆ ˆ
16( 1)| | ( )

t t
x fm y fm

β KnC C β B C
-

= =
⋅

, 
2

ˆ
8( 1)| ( )

t
z fm

β KnC β D E
-

=
⋅

 (43) 

( )
2

2
2

2 3 ln 1
1

βB β β β
β
-

= + - +
-

 (44) 

2

2

4 π 6π4 1 22 4
p p

p
p

G F
C E α α

F
æ ö+ -é æ ö ù ÷ç÷ç ÷= + - + +ê ú ç÷ç ÷÷ çç ÷çè øê ú è øë û

 (45) 

( )
2

2
2

2 1 ln 1
1

βD β β β
β

-
= + - -

-
 (46) 

( )2
2 2

π2 4 2 4 3
2

p
p p

p

G
E E α F α α

F β
é æ ö ù÷çê ú= + - - + - ÷ç ÷÷çê úè øë û

 (47) 

The translational slip correction factors of ellipsoidal fiber, 
covering all flow regimes, can be obtained by ensuring a 
smooth transition from the free molecular regime to the 
continuum regime. These are  

ˆ
ˆ ˆ

ˆ

1.11 1.257 0.4exp
t
xt t

x y t
x

a rC C Kn aKnr
é æ öù- ÷çê ú= = + + ÷ç ÷÷çê úè øë û

 (48) 

ˆ
ˆ

ˆ

1.11 1.257 0.4exp
t
zt

z t
z

a rC Kn aKnr
é æ öù- ÷çê ú= + + ÷ç ÷÷çê úè øë û

 (49) 

where  

ˆ 2
1.657 ( )

16( 1)
t
x

aβr B C
β

= ⋅
-

, ˆ 2
1.657 ( )
8( 1)

t
z

aβr D E
β

= ⋅
-

 (50) 

2.4.2 Rotational slip correction 

Accurate expressions for the rotational slip-correction factors 
of an ellipsoidal fiber are not available due to the lack of 
theoretical studies and experimental data. For ellipsoids 
with high aspect ratios (β >> 1), the rotational slip-correction 
is approximated as that of a cylindrical particle following 
similar procedures to derive the translational slip correction 
(Fan and Ahmadi, 2000). In the continuum regime, the 
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rotational resistance tensor is given by Gans (1928) as 

3 3

ˆ ˆ
(6π / 3)

ln(2 ) 0.1931
r r

x y
μa βf f β= =

+
 (51) 

and in the free molecular regime, the rotational resistance 
tensor is given by Eisner and Gallily (1981) as 

 

3 3 3

ˆ ˆ 2 3

2 3

8π 1 1 1 1
4 4 4 8

π 6 1 1 π 4
48 8 8 64

r r
x y

μ a βf f Kn β β β

α β β β

éæ ö÷ç= = + + +ê ÷ç ÷çè øêë
æ öù- - ÷ç+ - - + ú÷ç ÷çè øúû

 
(52)

 

Universal equations for the rotational slip correction factors 
of the ellipsoidal fiber, covering all flow regimes, can be 
obtained by ensuring a smooth transition from the free 
molecular regime to the continuum regime. That is 

ˆ
ˆ ˆ

ˆ

1.11 1.257 0.4exp
r

xr r
x y r

x

a rC C Kn aKnr
é æ öù- ÷çê ú= = + + ÷ç ÷÷çê úè øë û

 (53) 

Here  

ˆ 2 3

2 3

4.971 1 1 1 1[ln(2 ) 0.1931]8 4 4 4 8
π 6 1 1 π 4

48 8 8 64

r
x

ar β β β β

α β β β

éæ ö÷ç= + + + +ê ÷ç ÷çè øêë
æ öù- - ÷ç+ - - + ú÷ç ÷çè øúû

 (54) 

The rotational slip correction in the ẑ-direction is neglected as 
the rotation in the ẑ-direction is expected to have minimum 
effect toward the fiber translation and deposition.  

2.5 Computational modeling procedures  

2.5.1 Computational algorithm 

The computational algorithms for solving the translation and 
rotation of an ellipsoidal fiber in a 3D flow field are:  

1. Initialize the ellipsoidal fiber particle’s position, 
orientation, velocity, and angular velocity. 

2. Compute fiber orientation by using Euler’s quaternion 
(Eq. (2) or (3)). 

3. Solve Eqs. (12)–(15) simultaneously at each time step 
and evaluate: 

a. Hydrodynamic drag by using Eq. (16). 
b. Shear-induced lift by using Eq. (20). 
c. Brownian diffusion force by using Eqs. (22) and (23). 
d. Hydrodynamic torque by using Eqs. (26)–(28). 
e. Brownian diffusion torque by using Eq. (34). 
f. Flow phase velocity and shear gradient by using 

Eqs. (29) and (30). 
4. Update fiber particle’s position. 
5. Update fiber particle’s Euler quaternion by using  

Eq. (10). 

6. Go back to step 2 and repeat the computation until 
the termination condition is met. That is 

a. The fiber particle is deposited. 
b. The fiber particle goes out of the domain. 
c. The maximum computation time step is reached. 

2.5.2 Boundary condition—fiber deposition on a smooth 
surface 

When the ellipsoidal fiber particle comes into contact with 
the wall boundary, it is deposited due to the adhesion force. 
The deposition of an ellipsoidal fiber is a function of its mass 
of center position and its orientation relative to the wall. 
Three deposition scenarios could occur: (1) if the distance 
of the fiber’s center of mass from the boundary surface is 
smaller than the semi-minor axis, it will be deposited; (2) if 
this relative position is greater than the semi-major axis, 
the fiber will not be trapped; (3) when the distance between 
the fiber’s mass center and the wall boundary is within the 
range of its semi-minor and semi-major axes, whether the 
fiber is deposited or not depends on its orientation relative 
to the wall. 

Figure 3 shows the deposition of an ellipsoidal fiber in 
scenario three, where the coordinate is described locally 
in the particle and the co-moving frame. If the unit vector 
(0, 0, 1) is attached to the fiber’s major principle axis in the 
particle frame, the projection of this unit vector onto the 
local co-moving frame is given by 

 2 2
31 33l a a= +  (55) 

Here a31 and a33 are from the Euler’s quaternion as shown 
in Eq. (3). The inclination angle between the particle’s 
principal axis in the particle frame and the local co-moving 
frame (Fig. 3) can be found as 

 1cos ( )α l-=  (56) 

The deposition condition of the ellipsoidal fiber is trans-
formed into the computation of its center of mass’s vertical 
distance from the boundary surface. The deposition condition  

 
Fig. 3 Schematics of fiber deposition on a smooth surface (Tian 
et al., 2012; reproduced with permission © Elsevier Ltd. 2011). 
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is related to its orientation identified by the angle α in the 
local co-moving frame. The possible deposition point of the 
ellipsoid can be identified by (Fan and Ahmadi, 1995a): 

 
( ) ( )
( ) ( ){ }

2 2
2 2 2 2 2

2
2 2 2 2

2 2

cos sin( ) sin cos

1 11 sin cos

α αb a α αa bξ
a b α αa b

é ù
ê

é

úë

ù
- +ê ú

ê úë û

-
û

=
+

 (57) 

and 

( ) ( ) ( )
( ) ( )

22 2

2 2

2 2

1 1 cos sinsin cos

cos sin

α α ξξ α αa b a b abς α α
a b

æ ö÷ç- - - + - ÷ç ÷çè ø
=

+
 

(58) 

A positive value of ς indicates no contact between the 
ellipsoidal fiber and the wall, while a negative value indicates 
that the fiber touches the wall boundary and is deposited. 

3 Simplified Eulerian–Lagrangian (E–L) approach 

When macroscale translational characteristics of fiber particles 
are of interest, while information on the orientation of each 
elongated particle is not needed, a simplified Eulerian– 
Lagrangian (E–L) approach can be employed. Here, the 
governing equation consists of only Eq. (12), while the angular 
momentum equations (Eqs. (13)–(15)) are neglected. The 
non-spherical particle dynamics is incorporated in the com-
putational model with the use of a hydrodynamic shape factor 
CD. The shape factor is evaluated using either an empirical 
correlation fitted to the particle free-fall measurements   
in viscous fluids (Lasso and Weidman, 1986; Haider and 
Levenspiel, 1989; Tran-Cong et al., 2004) or from theoretical 
derivations (Stöber, 1972).   

3.1 Hydrodynamic drag 

Hydrodynamic drag is an important force controlling the 
fate of a suspended particle. Tian et al. (2016) utilized the 
dynamic shape factor method to investigate the transport 
and deposition of welding fume agglomerates in the human 
nasal airway. Accordingly, the hydrodynamic drag is given as 

 21
2D DF C ρU A=  (59) 

Here ρ is the fluid density, U is the slip velocity, and A is the 
projected area of the particle in the direction of the moving 
fluid. In their work, the dynamic shape factor CD was from 
Tran-Cong et al. (2004) and in the form of 

 

Re
Re
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0.687

2

1.16
4

24 0.15C 1

0.42

1 4.25 10

A A
D

n n

A

n

A

n

d d
d dc

d
d

dc d

-

é ùæ ö÷çê ú= + ÷ç ÷çê úè øë û
æ ö÷ç ÷ç ÷çè ø

+
é ùæ ö÷çê ú+ ´ ÷ç ÷çè øê úë û

 (60) 

where dA is the surface equivalent sphere diameter, dn is the 
volume equivalent sphere diameter, and c is the surface 
sphericity given by πdA/Pp, in which Pp is the projected 
perimeter of the particle in its direction of motion, and Re is 
the particle Reynolds number given as 

 
p

nρ d URe μ=  (61) 

where ρp is the particle density. 
Alternatively, the Stokes hydrodynamic drag of a non- 

spherical particle is expressed as 

 3πD VF μUd K=  (62) 

where dV is the volume-equivalent diameter, and K is a 
correction factor or the “dynamic shape factor”. As discussed 
earlier, K can be obtained either experimentally (as CD), or be 
derived theoretically. For elongated ellipsoid of revolution, 
K is given as (Stöber, 1972): 

 
2 1/3

2 2 2

8( 1)
3{[(2 3)ln( 1) / 1] }

β βK
β β β β β

-

^

-
=

- + - - +
 (63) 

and 

 
2 1/3

|| 2 2 2

4( 1)
3{[(2 1)ln( 1) / 1] }

β βK
β β β β β

--
=

- + - - -
 (64) 

where the subscript ⊥ and || imply the dynamic shape factor 
measured in the lateral and principal directions, respectively. 
For orientation independent macroscale fiber distributions 
(or randomly oriented fibers), the overall dynamic shape 
factor Kr is given as (Happel and Brenner, 1973):  

 
||

1 1 2
3 3rK K K^

= +  (65) 

3.2 Aerodynamic diameter  

Assuming randomized orientation, the exact orientation  
of each individual fiber does not need to be resolved. The 
macroscale fiber dynamics can be characterized by the 
equivalent aerodynamic diameter to that of a sphere with 
the same settling velocity in a quiescent fluid. As a result, 
simplified Eulerian–Lagrangian (E–L) approach can be used. 
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According to Stöber (1972), the aerodynamic diameter da 
for an elongated ellipsoid fiber is given as 

 
0

p

a V
r

ρd d ρ K=  (66) 

here ρ0 is the unit density (1000 kg/m3).  

3.3 Stokes diameter  

Similar to the fiber aerodynamic diameter, Shapiro and 
Goldenberg (1993) suggested using a relaxation time to 
characterize the motion of the ellipsoidal particle. Assuming 
that the fiber orientation is isotropic and using the averaged 
dyadic mobility (inverse of the translation dyadic), they 
suggested a Stokes diameter for the fiber. That is 

 
2

Stokes _ Shapiro 2

ln( 1)2
1

β β βd a
β
+ -

=
-

 (67) 

Instead of assuming the mobility dyadic, Fan and Ahmadi 
(1995a) used the orientation averaged translation dyadic.  
Accordingly, the equivalent Stokes diameter is given as 

 Stokes _ Fan
ˆˆ ˆˆ ˆˆ

26
xx yy zz

βd a K K K=
+ +

 (68) 

3.4 Shear-induced lift and Brownian diffusion force 

Assuming a randomized distribution of fiber orientation in 
the simplified Eulerian–Lagrangian (E–L) approach, shear- 
induced lift and Brownian diffusion force were frequently 
calculated by using the formulas of volume-equivalent 
spherical particles in literature. Using the fiber mobility 
equivalent sphere, Tian et al. (2017) studied the fiber 
dispersion in inertial and high Knudsen number flows. Based 
on their study, an aerodynamic (or Stokes diameter) for the 
inertia flow and a surface equivalent diameter (or projected 
surface equivalent) diameter for the high Knudsen number 
flow should be used to characterize the fiber motion, 
respectively. 

4 Fluid flow dynamics 

The continuity and the Navier–Stokes equations for a viscous 
incompressible fluid are 

 0�⋅ =u  (69) 

 21 p vt ρ
¶

+ ⋅� =- � + �
¶

u u u u  (70) 

where p is the fluid pressure. The solution of the fluid  
flow in terms of the velocity field is fed back into the fiber 

equations of motion that are given by Eqs. (12)–(15), for 
evaluating the fiber transport and dispersion.  

Numerical solution to Eq. (70) for laminar flow is 
straightforward; however, for the turbulent flow regime, 
additional efforts are needed. Currently, there are three 
general approaches for simulating turbulent fluid flows. These 
are, the Reynolds-averaged Navier–Stokes (RANS) model 
method, direct numerical simulation (DNS), and large eddy 
simulation (LES). While DNS provides the most accurate 
capability for reproducing the features of turbulence up to 
the smallest eddies (Kolmogorov scale), the computational 
expenses associated with the current algorithm and need for 
excessive computing resources make it inapplicable to large 
Reynolds number flows or complex geometry applications. 
In the LES approach, the large eddies are directly simulated, 
while eddies smaller than the grid scales are modeled. LES 
is expected to provide a better representation of turbulence 
features beyond the filtered scales; however, the needed 
computational resources are still extensive. While the 
limitations of DNS and LES stated here make them impractical 
for applications to complex regions of industrial interest at 
the present time, these approaches have great potential 
with advances in the development of efficient algorithms 
and/or availability of ever-increasing computing resources. 
For current industrial applications of flows with large Re in 
complex passages, the RANS remains as the most commonly 
used approach. Details of turbulent flow simulation can be 
found in the work of Hinze (1975), Launder et al. (1975), 
Moser et al. (1999), Moin and Mahesh (1998), Hughes et al. 
(2001), Wilcox (2006), and among others. 

5 Applications of fiber transport and deposition in 
human respiratory airways  

5.1 Applications in human nasal cavities 

Using the Eulerian–Lagrangian (E–L) approach and 
accounting for the hydrodynamic drag and torque, Dastan 
et al. (2014) computationally investigated the total and 
regional fiber deposition in human nasal cavities. Fibers 
with diameters of 2–30 µm, breathing rates of 2.5–10 L/min 
under laminar flow conditions were considered. Simulation 
results of the total deposition fraction of inhaled fibers in 
three different nasal cavities are summarized in Fig. 4.   

Figure 4(a) shows that the total deposition increases 
with both the fiber diameter and aspect ratio, although some 
variations are observed between different nasal cavities. To 
formulate an equivalent diameter for collapsing the fiber 
deposition data into a narrow curve that can be compared 
with those of the spherical particles, Dastan et al. (2014) 
investigated a series of expressions and identified the 
equivalent aerodynamic diameter by combining Eqs. (66) 



Computational modeling of fiber transport in human respiratory airways—A review 

 

11

and (68). That is, they replace dV in Eq. (66) by dStokes_Fan  
(Eq. (68)), and set Kr = 1. Using the new aerodynamic 
diameter in the impaction parameter IP defined as, d2

eqQ, 
Dastan et al. (2014) compared the predicted deposition 
fraction of unit density fiber particles with the experimental 
measurement of Su and Cheng (2005) (Fig. 4(b)). They drew 
several conclusions: (1) impaction factor (IP) based on 
the proposed equivalent aerodynamic diameter was able to 
characterize the fiber deposition fraction in each nasal cavity 
by collapsing the deposition data into a narrow curve;    
(2) intersubject variability markedly affected fiber deposition 
fraction, and higher pressure drop in the nasal cavity led  
to an increased deposition of fiber particles; (3) simulation 
results were lower than the experimental measurement of 
Su and Cheng (2005). 

To eliminate intersubject variability, two pressure-based 
impaction parameters SIP and PIP were proposed and tested 
for characterizing fiber deposition data across all subjects 
(Figs. 4(c) and 4(d)). The pressure-based impaction parameter 

(PIP) was derived by Garcia et al. (2009) as d2
eq∆p2/3, while 

the Stokes-based impaction parameter was proposed by 
Dastan et al. (2014) as d2

eqQ/d3
c. Here dc is the characteristic 

diameter of the nasal passage defined as (0.0181Lnose/Rnose)4/19, 
where Lnose is the linear distance from nostril to the end of 
the septum, and Rnose is the nasal cavity resistance defined 
as ∆p/Q1.75.  

As shown in Figs. 4(c) and 4(d), both formulation of the 
pressure-based impaction parameters was able to collapse the 
deposition data (both ellipsoidal fibers and spherical particles) 
into a narrow band; thus, partially eliminated intersubject 
variability across different testing cases. Figures 4(c) and 
4(d) show that for the same values of impaction parameters 
(SIP and PIP), the simulated fiber deposition fractions were 
significantly lower than the measured deposition fractions 
of the spherical particles.  

Extending the work of Dastan et al. (2014), Tavakol   
et al. (2017) investigated the ellipsoidal fiber transport and 
deposition under turbulent flow regime (with Q > 12 L/min) 

 
Fig. 4 (a) Fiber total deposition fraction against fiber semi-minor axis in two human nasal cavities at breathing rate Q = 7.5 L/min; 
(b) deposition fraction of unit density fibrous particles of diameter 2–30 μm and aspect ratio β from 1 to 80 versus impaction parameter 
(IP); (c) comparison of total fiber deposition fraction versus Stokes-based impaction parameter (SIP) with the spherical deposition 
fraction of earlier work (2 μm < d < 30 μm, 1 < β < 80); (d) comparison of total fiber deposition fraction versus pressure-based impaction 
parameter (PIP) with the spherical deposition fraction of earlier work (2 μm < d < 30 μm, 1 < β < 80) (Dastan et al., 2014; reproduced 
with permission © Elsevier Ltd. 2013). 
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in a single nasal cavity (Cast B). In addition to the 
hydrodynamic drag and torque, the turbulent dispersion 
effects were accounted for in Eqs. (12)–(15). For fibers of 
diameter 2–20 µm, and aspect ratio from 2 to 80, the 
findings of Tavakol et al. (2017) are reproduced in Fig. 5.  
Here different stochastic models for generating turbulence 
fluctuations were used.   

Based on the results presented in Fig. 5, the following 
important observations were made:  

1) The DRW (discrete random walk) model of ANSYS- 
FLUENT overestimated the fiber deposition fraction for IP 
< 1000 due to the over-estimation of the normal near-wall 
turbulence fluctuations (Fig. 5(a)). A continuous random 
walk (CRW) model with modified near-wall turbulence 
normal RMS fluctuation was implemented using ANSYS- 
FLUENT-UDF (user-defined function), which produced 
more reasonable deposition rates (Fig. 5(a)).  

2) The effect of turbulence dispersion was demonstrated 
in Fig. 5(b) by comparing the deposition data to those without 
accounting for the turbulence fluctuations; the study revealed 
that the influence of turbulent dispersion on particle transport 

and deposition was significant for 100 < IP < 2000, while 
for IP > 2000, turbulence effect was negligible.  

3) Turbulence rotational diffusion did not affect the fiber 
particle deposition rate (Fig. 5(c)).  

4) The equivalent Stokes diameter of Eq. (68) could be 
used to characterize the fiber transport and deposition rate 
(Fig. 5(d)). 

Using the simplified Eulerian–Lagrangian (E–L) approach, 
Inthavong et al. (2008) and Shanley et al. (2018), respectively, 
investigated the inertial fiber deposition in human nasal 
cavities. Inthavong et al. (2008) used the fiber aerodynamic 
diameter defined by Eq. (66), and Shanley et al. (2018) 
employed an empirical equation suggested by Wang et al. 
(2008). The simulation results of these studies are presented 
in Fig. 6. It is seen that both studies obtained a similar 
deposition profile. Figure 6(a) shows that fiber simulation 
results were slightly higher than the experimental measurement 
of Su and Cheng (2005), while lower than experimental 
data for spherical particles (Pattle, 1961; Cheng et al., 2001; 
Kelly et al., 2004). Similar trend was seen in the simulation 
results of Shanley et al. (2018). It should be noted that the  

 
Fig. 5 (a) Comparison of fiber total deposition fraction against impaction parameter IP by using ANSYS-FLUENT DRW and modified 
CRW mode through ANSYS-FLUENT-UDF; (b) comparison of fiber total deposition fraction against impaction parameter IP with and 
without turbulence fluctuations; (c) comparison of fiber total deposition fraction against impaction parameter IP with and without 
turbulence rotational diffusion; (d) comparison of the total deposition fraction of fibers and equivalent Stokes spheres (Eq. (68)) versus
the impaction parameter IP (Tavakol et al., 2017; reproduced with permission © Elsevier Ltd. 2017). 
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inertial parameter and impaction parameters (IP) in Figs. 6(a) 
and 6(b) have the same formulation.  

In summary, the presented survey of existing literature 
showed that the majority of the earlier studies were on 
inertial fibers with the micrometer diameters. For this size 
range, the deposition rate is a function of the impaction 
parameter (IP). In the inertial range, fiber deposition increases 
with both length and diameter of fibers, as well as the IP. 
Simulated fiber deposition efficiency was also lower than 
the experimental measurement of spherical particles. This 
is attributed to the phenomenon that elongated fibers stay 
parallel to the wall in shear flows. The scatter in the data 
could be due to the surface roughness in the experiment, and 
intersubject variabilities. Turbulence fluctuations induce 
additional fiber deposition mainly in IP range of 100–  
2000 (µm2·L/min). Fiber deposition could be reasonably 
approximated with the equivalent Stokes or aerodynamics 
diameters.  

5.2 Applications in human tracheobronchial airways 

Using the Eulerian–Lagrangian (E–L) approach and 

accounting for the hydrodynamic drag, torque, gravitational, 
and lift forces, Tian and Ahmadi (2013) computationally 
investigated the fiber transport and deposition in human 
upper tracheobronchial airways containing trachea and the 
first three bifurcations. Fibers with diameters of 1, 2, and 
3.66 µm, aspect ratios from 2 to 60 at breathing rates of 15, 
40, and 60 L/min were studied. Due to laryngeal induced 
irregularity, airflow in the first three lung bifurcation was 
treated as being in the turbulent regime. The simulation 
study revealed fiber’s rotational behavior along the trachea 
and in the bronchus (Fig. 7). In particular, it was shown that 
slender fibers tend to align with the main flow direction in 
the airway with occasional rapid rotation in the shear flow. 
The fiber rotation frequency was highly dependent on the 
fiber length (aspect ratio), and longer fibers had lower rotation 
frequency. Turbulence fluctuations tended to enhance the 
rotation of shorter fibers (Fig. 7(a)) but had less effect on the 
longer ones (Figs. 7(b) and 7(c)).  

Comparison of the predicted deposition efficiency, against 
the non-dimensional relaxation time (τ+) in the trachea 
and first bifurcation, with the experimental measurement 
of Zhou et al. (2007) showed reasonable agreement (Fig. 8).  

 
Fig. 6 (a) Fiber total deposition against inertial parameter (the same as impaction parameter IP) in human nasal cavities at Q = 7.5 L/min 
(Inthavong et al., 2008; reproduced with permission © Elsevier Ltd. 2007). (b) Fiber deposition efficiency versus impaction parameter
(IP) (Shanley et al., 2018; reproduced with permission © Taylor & Francis 2018). 

 
Fig. 7 Fiber motion in trachea and the first bifurcation in turbulent flow regime (fiber diameter = 1 µm, Q = 37 L/min): (a) β = 4; 
(b) β = 12; (c) β = 50 (Tian and Ahmadi, 2013; reproduced with permission © Elsevier Ltd. 2013). 
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The relaxation time, τ+, for spherical particles is well defined. 
For elongated fibers, however, an equivalent formulation, 
similar to the methodology of the equivalent Stokes number 
taking account of the shape effect, was suggested (Tian and 
Ahmadi, 2013). Within a wide scattered data spread of both 
the experimental measurements and the computational 
results, turbulence shear velocity was found to be closely 
related to the fiber deposition rate. In the inertial range, fiber 
deposition was found to increase as the diameter, length, 
and τ+ increased. Similar deposition trends were found in 
the 2nd and 3rd bifurcations.  

The study also evaluated the fiber deposition charac-
terization by using the equivalent Stokes spheres of Eq. (68), 
and good agreement was obtained (Fig. 9). On the contrary, 
using an equivalent volume sphere to approximate the fiber 
deposition found large discrepancies for fibers of diameters 
2, 3.66, and 8 µm, but acceptable results for fibers of diameter 
16 µm. Using the same Eulerian–Lagrangian (E–L) approach 
accounting for the hydrodynamic drag, torque, gravitational, 
and lift forces, Feng and Kleinstreuer (2013) performed fiber 
transport and deposition study in a 4-generation lung airway 
model including the oral cavity (Fig. 10(a)). For a fixed volume 
of ellipsoidal fibers, the total deposition efficiency was 
found to decrease with the aspect ratio, but the deposition 
efficiency rate increased with the breathing rate (Fig. 10(a)). 
By using the equivalent volume and equivalent Stokes 
diameters, the study compared the local fiber deposition  
in the oral cavity up to G5 of the tracheobronchial tree    
(Fig. 10(b)). Major findings were:  

1) Equivalent volume diameter tends to overestimate 
the fiber deposition in the oral cavity, oropharynx, and 
larynx, while using the Stokes diameters led to reasonable 
predications.  

 
Fig. 8 Fiber deposition in the trachea and first bifurcation (Tian 
and Ahmadi, 2013; reproduced with permission © Elsevier Ltd. 
2013). 

 
Fig. 9 Fiber motion in trachea and the first bifurcation in turbulent 
flow regime (fiber diameter = 1 µm, Q = 37 L/min): (a) β = 4; (b) β = 
12; (c) β = 50 (Tian and Ahmadi, 2013; reproduced with permission 
© Elsevier Ltd. 2013). 

2) Minor discrepancies were observed between the 
simulation results by using the E–L approach and equivalent 
diameters in G1 to G5 of the tracheobronchial tree, and the 
use of the equivalent Stokes diameters was not advantageous 
compared to the equivalent volume sphere in these regions. 

Tian and Ahmadi (2016a, 2016b) performed a series of 
numerical simulations on nanofiber transport and deposition 
in the trachea and the first bifurcation. The airway geometry 
used was the same as that in the prior studies on micron 
fibers (Tian and Ahmaid, 2013). In addition to the hydrody-
namic drag and torque, Brownian diffusion was also 
accounted for in the governing equations. In contrast to the 
micron fibers, for fixed diameter, the deposition efficiency 
of nanofibers decreased as the aspect ratio increased   
(Figs. 11(a)–11(c)). This finding points to the potential that 
very long nanofibers could penetrate deeper into the lung. 
Other significant findings were:  

1) The Brownian diffusion dominated motions of the 
sub-micron fibers (nanofibers).  

2) Brownian excitation enhanced the random rotation 
of shorter fibers while suppressed the rotation of longer 
ones.  

3) Very thin and short nanofibers did not exhibit 
alignment with the main flow direction in airway passages, 
while very thin and long fibers tended to maintain their 
preferred alignment with the flow. 

4) Deposition data correlated to the Peclet number in 
the submicron regime (Fig. 12). Equation (25) in Figs. 11 
and 12 is the predicted fiber deposition efficiency in the 
trachea and the first bifurcation was compared with the 
empirical equation developed by Tian and Ahmadi (2016b).  

Parameter S in Fig. 12 is the fiber particle-to-fluid density 
ratio (Tian and Ahmadi, 2016b).  

Tian and Ahmadi (2016a) investigated the rotational 
contribution of Brownian excitation to the motion of  
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Fig. 11 Fiber deposition efficiency versus the aspect ratio in 
the trachea and the first bifurcation at Q = 37 L/min (Tian and 
Ahmadi, 2016b; reproduced with permission © Elsevier Ltd. 
2015). 

 
Fig. 12 Comparison of the fiber deposition efficiency in the 
trachea and the first bifurcation (Tian and Ahmadi, 2016b; 
reproduced with permission © Elsevier Ltd. 2015). 

nanofibers in the human trachea and the first bronchi. They 
reported that the combination of turbulence dispersion and 
Brownian diffusion significantly enhanced the fiber deposition 
rate, while turbulence or Brownian alone was not able to 
produce the same level of deposition (Fig. 13(b)). Furthermore, 
the effect of Brownian rotational excitation is negligible 
whereas the translational Brownian excitation plays a major 
role in the fiber deposition processes.  

6 Summary and future research need 

This article reviewed the current state of computational 
modeling of micron and nano elongated particle dynamics 
and their application to fiber transport and deposition in 
human respiratory airways. Accordingly, the most versatile, 
efficient, and practical approach is the Eulerian–Lagrangian 
(E–L) simulation methodology. In this approach, the details 
of the translational and rotational motions of fibers, and 
their couplings are simulated. In particular, the influences 
of the rotation on the fiber macroscopic transport and 
deposition are evaluated. The methodology is flexible and 
can accommodate different flow models for the continuous 
phase, and at the same time, the model is robust in accounting 
for various particle–fluid interactions.  

Of the reported applications on fiber deposition in the 
human nasal cavity, all earlier studies were focused on 
quantifying the total or regional deposition fractions and 
developing correlations to the equivalent diameter spheres. 
Currently, only inertial fiber particles (micron size range) 
were investigated, and the deposition fraction correlations 
to impaction parameters (IP) were evaluated. In the inertial 
range, it was found that the fiber deposition rate increases with 
both its length and diameter, as well as to appropriately 
formulated impaction parameters (IP). In particular, the 
equivalent Stokes number was able to characterize the 
deposition of fibers in the human nasal cavity reasonably 
well. While the intersubject variability brings additional 

 
Fig. 10 (a) Fiber total deposition efficiency against aspect ratio in human oral and upper tracheobronchial airway branches (fiber volume
equivalent diameter = 2.16 µm); (b) local deposition efficiency prediction by using Eulerian–Lagrangian (E–L) approach and equivalent 
diameters (Feng and Kleinstreuer, 2013; reproduced with permission © AIP Publishing LLC. 2013). 
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complexity to the problem, by proper selection of the 
impaction parameter (IP), the variability can be reduced 
but not eliminated.  

Comparisons of the simulations results with the 
experimental data of both spherical and fiber particles showed 
good agreement on the deposition rate, however, not 
conclusive about the subtle differences between fibers and 
the spherical particles on the same benchmark parameters. 
For the same impaction parameters (SIP/PIP/IP), experi-
mentally measured deposition rates of spherical particles 
were always higher than those of the fiber deposition rates. 
This was attributed to the phenomenon that elongated 
fibers stay parallel to the wall in shear flows. The surface 
roughness in experiment and intersubject variabilities may 
also play a role.  

Contributions of turbulent dispersion to fiber deposition 
were also analyzed, and it was found that for the lower IP 
values (100 < IP < 2000), turbulent diffusion significantly 
enhances fiber deposition rate; however, for IP > 2000 the 
effect of turbulence on fiber deposition is negligible.   

Although quantitative analysis of the fiber deposition 
rate in the human nasal cavity was performed, the detailed 
understanding of the fiber–fluid interactions and their influence 
on transport processes are yet to be provided. Currently, 
the role of the fiber rotation along its path in interpreting 
the fiber deposition data has not been fully elucidated.   
In this regard, detailed analysis of the fiber fully coupled 
translational and rotational motions will be of significant 
benefit.  

Due to geometric complexity, simulations of the fiber 
transport and deposition in the human lung were performed 
only in the first few generations of the tracheobronchial 
tree. Nevertheless, these studies qualitatively identified that 
the very long and slender fibers could penetrate the upper 

airways into the deep lung and pose extreme health hazards.  
The deposition rate of the inhaled fibers in selected 
tracheobronchial airways was simulated, and the capability 
of using spherical equivalent diameters to characterize fiber 
deposition was also evaluated. These studies found that the 
fiber equivalent relaxation time and Stokes diameters were 
able to characterize fiber deposition reasonably well. However, 
the effect of using the equivalent volume diameter was not 
conclusive. While studies of Tian and Ahmadi (2013) noted 
the overprediction of fiber deposition efficiency in human 
upper tracheobronchial airways by using fiber equivalent 
volume diameters, the investigation of Feng and Kleinstreuer 
(2013) indicated reasonable fiber deposition prediction in 
G1 to G5 of the tracheobronchial tree beyond larynx.  

In addition to the inertial fibers, the transport and 
deposition of nanofibers under high Knudsen number con-
ditions in human tracheobronchial airways were studied. 
Instead of the equivalent Stokes diameters, the deposition 
results of the nanofibers correlated closely to the Peclet 
number. Tian et al. (2016, 2017) presented a detailed com-
parison of the various equivalent diameters in characterizing 
nanofiber dynamics. While they identified the surface 
dominated transport mechanisms as most pertinent to the 
high Knudsen number flows, the application of these findings 
to deposition in tracheobronchial airways has yet to be 
reported. Preliminary studies, however, suggest that the 
rotational diffusion due to turbulence fluctuations and 
Brownian excitation do not make a significant contribution 
to fiber deposition in human upper tracheobronchial airways. 
Similarly, systematic analysis of the fiber fully coupled 
translational and rotational motions are needed in human 
nasal cavities and in the lower airway passages to interpret 
role of the rotation in the fiber transport and deposition 
processes.  

 
Fig. 13 Comparison of the fiber deposition efficiencies in the trachea and the first bifurcation (Tian and Ahmadi, 2016a; reproduced with
permission © ASME 2016). 
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To fully understand the respiratory transport and 
deposition of airborne asbestos/man-made vitreous fibers 
(MMVFs)/carbon nanofiber/carbon nanotubes, and com-
prehend why such needle-like slender particles are so 
hazardous to human respiratory health, significant researches 
are still needed. In particular, providing full information on 
the role of the rotation, shape and particle-fluid interactions 
of non-spherical particles in comparison with the spherical 
particles is critical. In particular, future research in the 
following areas are needed: 
z Fiber dynamics in the high Knudsen flow regimes. Most 

prior studies in human respiratory systems were on inertial 
fibers, and more studies investigating the transport behavior 
of the nanofibers are needed. 

z Individual fiber dynamics to reveal the intrinsic relationship 
between the particle’s unique elongated shape and the 
transport characteristics in human respiratory systems.  

z A comprehensive investigation of suitable fiber equivalent 
diameters for characterizing fiber transport and deposition 
in human respiratory airways. While the particle flow 
regimes will be the critical factor, the regional airway 
geometries may also affect the selection of appropriate 
equivalent sphere parameter. 

z Detailed information on the role of the fiber rotation, 
shape and particle–fluid interactions in order to gain more 
in-depth insight of elongated particle hazard to human 
respiratory health. 

z Detailed analysis of the fiber deposition model and the 
effect of rotational interceptions on fiber deposition study 
in human respiratory airways. 

z Complete respiratory airway modeling covering from 
the nasal and oral cavities, upper and lower tracheobronchial 
tree, and down to the deep lung passages and alveolar 
ducts. 

z Providing more comprehensive experimental data for 
fiber transport and deposition in human and animal 
respiratory airways. 

z Detailed analysis of fiber transport and deposition under 
transient breathing conditions. 

z Including the effects of non-creeping flow condition on 
the simulation of fiber transport and deposition.  
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