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A representative human tracheobronchial tree has been geometrically represented with ad-
justable triple-bifurcation units (TBUs) in order to effectively simulate local and global micron
particle depositions. It is the first comprehensive attempt to compute micron-particle trans-
port in a (Weibel TypeA) 16-generationmodelwith realistic inlet conditions. TheCFDmodeling
predictions are compared to experimental observations as well as analytical modeling results.
Based on the findings with the validated computer simulation model, the following conclu-
sions can be drawn:
(i) Surprisingly, simulated inspiratory deposition fractions for the entire tracheobronchial
region (say, G0–G15) with repeated TBUs in parallel and in series agree rather well with
those calculated using analytical/semi-empirical expressions. However, the predicted particle-
deposition fractions based on such analytical formulas differ greatly from the present simu-
lation results for most local bifurcations, due to the effects of local geometry and resulting
local flow features and particle distributions. Clearly, the effects of realistic geometries, flow
structures and particle distributions in different individual bifurcations accidentally cancel
each other so that the simulated deposition efficiencies during inspiration in a relatively large
airway region may agree quite well with those obtained from analytical expressions. Further-
more, with the lack of local resolution, analytical models do not provide any physical insight
to the air–particle dynamics in the tracheobronchial region.
(ii) The maximum deposition enhancement factors (DEF) may be in the order of 102 to 103 for
micron particles in the tracheobronchial airways, implying potential health effects when the
inhaled particles are toxic.
(iii) The presence of sedimentation formicron particles in lower bronchial airwaysmay change
the local impaction-based deposition patterns seen for larger airways and hence reduces the
maximum DEF values.
(iv) Rotation of an airway bifurcation cause a significant impact on distal bifurcations rather
than on the proximal ones. Such geometric effects are minor when compared to the effects of
airflow and particle transport/deposition history, i.e., upstream effects.
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1. Introduction

Micron particle deposition in the tracheobronchial (TB) airways under normal inhalation conditions (say, inspiratory flow
rate Q = 15–30L/min), is of interest to toxicologists and regulators in case of toxic particulate matter as well as to health-care
providers in case of bio-aerosols, radioactive and therapeutic particles (see review by Kleinstreuer, Zhang, & Donohue, 2008).
While experimental deposition data sets are most valuable for gaining new physical insight and validating computer simulation
models, it is the latter which allow for more realistic, detailed and less costly particle-deposition studies. Nevertheless, there
are three challenging aspects when determining particle deposition in the human respiratory tract, i.e., the complex airway
geometry, two- or three-phase flow simulation, and fluid–structure interaction. Computer modeling of the entire TB region, let
alone the respiratory system, is still prohibitive. For example, considering the idealized lung model of Weibel (1963), there are
215 branches for the 16th generation alone.

As a radically alternative approach, one-dimensional global airway systems have been constructed coveringmajor respiratory
zones or the entire lung. Classic examples are single- or multi-path models with analytical equations based on deposition
calculations (Asgharian, Hofman, & Bergmann, 2001; Choi & Kim, 2007; Koblinger & Hofmann, 1990; NCRP, 1997; RIVM, 2002),
and empirical correlations for total or regional depositions (ICRP, 1994; Kim & Hu, 2006; Kim & Jaques, 2004). While such greatly
simplified systems can predict total micron particle depositions in the lung quite well, they also can be off by several factors at
individual bifurcations (see Kleinstreuer, Zhang, & Kim, 2007).

A compromise solution to this complex problem in terms of computationally efficacy and realism has been proposed by
Kleinstreuer and Zhang (2008). They divided the conducting zone, i.e., trachea (G0) to generation G15 into five intricately
connected segments via adjustable triple-bifurcation units (TBUs). These TBUs extend “in series” as well as “parallel” after
appropriate flow rate and geometry scaling, including out-of-plane branch orientation and branch asymmetry, in order to capture
actual lung morphologies. Previous computational studies focused on specific TB segments, say, two or at most six bifurcations
(for the most recent contributions see Li, Kleinstreuer, & Zhang, 2007; Longest & Xi, 2007; Zhang, Kleinstreuer, Donohue, & Kim,
2005; among others). The paper by Nowak, Kakade, and Annapragada (2003) gives the impression that they have already solved
the problem of particle transport and deposition in the (entire) human lung. Specifically, their methodology of “3.5 generation
subunit” used is quite different from what is presented in this paper. Their subunits are isolated, i.e., not interconnected for
particle transport, assuming uniform particle distributions and averaged velocity profiles at the inlet of each subunit. Some other
shortcomings of their paper include a lack of model validation, assumption of laminar flow, and ignoring the impact of head
airways.

In this paper, the validated TBU model was employed to simulate in detail airflow as well as micron-particle transport and
deposition in the TB airways. Deposition correlations for the entire TB tree are discussed as well.

2. Theory

2.1. Multi-level airway geometries

TheTB regionof16generations (i.e., G0–G15) is segmented into five levels, each representedbyaTBU. These scaledTBUsextend
in series and parallel in order to accommodate the TB tree (Fig. 1). Level by level, the TBUs can be adjusted to represent patient-
specific lung morphologies with unique geometric features, such as asymmetric bifurcations, branches with partial occlusions
and out-of-plane configurations to capture “subject variability”, if so desired. In any case, air–particle outflow conditions of a
representative oral airway model (Zhang et al., 2005) are taken as inlet conditions for G0, which at the G3 outlets are adjusted to
become inlet conditions for G3–G6, etc. (see Fig. 1). Thus, multi-level adjustments include scaled geometric configurations and
local flow field quantities, such as velocities, pressures and, if appropriate, turbulence parameters, as well as particle distributions
and velocity profiles. The TBU dimensions are similar to the Weibel Type A geometries, assuming a lung volume of 3.5 L. The
aerosol dynamics in the first TBU, i.e., G0–G3, comparedwellwith simulation results obtained for amore realistic triple bifurcation
(see Li et al., 2007). Uniform pressures were assumed at the outlets of the bifurcation units. But, the outlet tubes were extended
to eliminate/reduce any outlet and downstream effects.

2.2. Airflow equations

For inhalation flow rates above 12L/min turbulent flow may occur in the trachea and the first few bifurcations due to the
laryngeal jet (Kleinstreuer & Zhang, 2003; Zhang & Kleinstreuer, 2004; among others). Various low-Reynolds number (LRN)
turbulence models have been proposed (see Tian & Ahmadi, 2007; Zhang & Kleinstreuer, 2003a); however, as confirmed by
Varghese and Frankel (2003) an adapted form of the LRN k–� turbulence model of Wilcox (1998) is most appropriate for such
internal laminar-to-turbulent flows. It does not require extra wall-layer functions, captures both flow regimes automatically, and
produces sufficiently accurate results (Zhang & Kleinstreuer, 2003a).

All airflow equations as well as the necessary initial and boundary conditions are outlined in Zhang and Kleinstreuer (2003a,
2003b). For the assumed inhalation flow rate of 30 L/min, the flow field after bifurcation B6 for the present configuration is fully
laminar (Kleinstreuer & Zhang, 2008).
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Fig. 1. Schematic of triple bifurcation units. B1—first bifurcation, B2.1 and B2.2—second bifurcation, B3.1, B3.2, B3.3 and B3.4—third bifurcation (the short cross
lines indicate the segmental boundaries).

2.3. Micron particle transport equations

For any given inlet concentration of typically non-interacting, effectively spherical aerosols, a Lagrangian frame of reference
for the trajectory computations of the micron particles (dp � 1�m), can be employed. In light of the large particle-to-air density
ratio, dilute particle suspensions, negligible particle rotation and Brownian motion and small thermophoretic forces, drag and
gravity are considered as the dominant point forces away from the walls. Hence, the trajectory equation can be written as
(Kleinstreuer, 2003, 2006):

d
dt

(mpu
p
i ) = 1

8
��d2pCDp(ui − upi )|uj − upj | + mpgi (1)

where � is the air density; upi , mp and dp are the velocity, mass and diameter of the particle, respectively; gi is the gravitational
acceleration; and CDp is the drag force coefficient given by

CDp = CD/Cslip (2)

where Cslip is the slip correction factor (Clift, Grace, & Weber, 1978) and

CD =
{
24(1 + 0.15Re0.687p )/Rep for 0.0 <Rep�1000

0.44 for 1000 <Rep
(3)

The particle Reynolds number is

Rep = �|uj − upj |dp/� (4)

where � is the fluid viscosity. In Eq. (1), ui is the instantaneous fluid velocity with ui = ūi + u′
i, where ūi is the time-averaged or

bulk velocity of the fluid, and u′
i are its fluctuating components. Traditionally, turbulence is assumed to consist of a collection of

randomly directed eddies; hence, an eddy-interactionmodel (EIM) is used to simulate the particle trajectories, and the fluctuating
velocities u′

i are obtained by (Gosman & Ioannides, 1981; Matida, Nishino, & Torii, 2000):

u′
i = �i(

2
3k)

1/2 (5)
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where k is the turbulence kinetic energy; �i are random numbers with zero-mean, variance of one, and Gaussian distribution. In
the EIM, each particle is allowed to interact successively with various eddies and the random numbers are maintained constant
during one eddy interaction while the corresponding turbulence intensities vary with the particle positions (Macinnes & Bracco,
1992; Matida et al., 2000). Each eddy has a lifetime tE and length scale lE given by

tE = 1.51/2C3/4�
k
�

= 0.2
�

and lE = C3/4�
k3/2

�
= 0.164

k1/2

�
(6a–d)

where C� ( = 0.09) is a turbulence constant, � is turbulence dissipation rate and � is dissipation per unit turbulence kinetic
energy. However, due to the assumption of turbulence isotropy, the fluctuating velocities normal to the wall calculated with
Eq. (5) may be higher than the actual values (Kim, Moin, & Moser, 1987), which may overpredict the particle deposition in some
cases (Matida, Finlay, Lange, & Grgic, 2004). As proposed by Matida et al. (2004), a near-wall correction can be used to simulate
the near-wall particle trajectories, i.e., the component of fluctuating velocity normal to the wall u′

n can be expressed as

u′
n = fv�( 23k)

1/2 (7)

with

fv = 1 − e−0.02y+
(8)

where fv is a damping function component normal to the wall considering the anisotropy of turbulence near the wall (Wang &
James, 1999), y+ is the non-dimensional wall distance, i.e., y+ = u�y/	 with u� being the friction velocity at the nearest wall, y
being the distance to the nearest wall and 	 being the local kinematic viscosity of the fluid. Usually, Eq. (8) is used for y+ < 10.0,
while fv = 1 elsewhere.

2.4. Deposition parameters

The regional deposition of micron particles in human airways can be quantified in terms of the deposition fraction (DF) or
deposition efficiency (DE) in a specific region (e.g., oral airway, first, second and third bifurcations etc.); they are defined as:

DFparticle = Number of deposited particles in a specific region
Number of particles entering the mouth

(9)

DEparticle = Number of deposited particles in a specifc region
Number of particles entering this region

(10)

The relationship between the DE and DF at the TB region can be determined by the following equations:

DFB1 = DEB1(1 − DEoral) (11a)

DFB2 = DEB2(1 − DEoral)(1 − DEB1) (11b)

DFBi = DEBi (1 − DEoral)(1 − DEB1)(1 − DEB2) · · · (1 − DEBi−1
) (11c)

Here, B1, B2, Bi are the first, second and ith bifurcation, respectively. It should be noted that all paralleled bifurcations are
included for the bifurcation with a same number. For example, there are 2i−1 paralleled bifurcations for Bi.

In addition to the above two traditional deposition parameters DE andDF, a deposition enhancement factor (DEF) is considered
to be employed to quantify local particle deposition patterns (Balashazy, Hofmann, & Heistracher, 2003; Zhang et al., 2005). The
DEF is defined as the ratio of local to average deposition densities, i.e.,

DEF = DFi/Ai∑n
i=1DFi/

∑n
i=1Ai

(12)

where Ai is the area of a local wall cell (i), n is the number of wall cells in one specific airway region and DFi is the local DF in the
local wall cell (i). Clearly, the presence of high DEF-values indicates inhomogeneous deposition patterns, including “hot spots” in terms
of locally maximum particle depositions.

The following common-used DE equations, as recommended by NCRP (1997), are employed to calculate the DE in the
present airway geometries, i.e., for the analytical equation based mathematical modeling. It should be noted that the following
Eqs. (13)–(15) were derived analytically for particle depositions in very simple geometries (e.g., straight circular tubes and bent
tubes) with idealized inlet conditions (e.g., fully developed flow and uniform particle distribution).

Deposition by diffusion:

DEd = 1 − 0.819e−14.63
 − 0.0976e−89.22
 − 0.0325e−228
 − 0.0509e−125.9
2/3
(13)

where 
 = �D̃L/4Q and D̃ is the particle diffusivity, L is the tube length, and Q is the volumetric flow rate.
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Deposition by inertial impaction:

DEi = 1 − 2
�
arccos(�St) + 1

�
sin[2 arccos(�St)] (14)

where � is the branching angle (in radians) and St = �pd
2
pU/(18�D) with U being the mean velocity.

Deposition by sedimentation:

DEs = 1 − exp
(

− 4
�
vsettling

U
L
D

cos �
)

(15)

where vsettling is the terminal settling velocity given as vsettling = Cslip�pgd
2
p/(18�), and � is the inclination angle relative to

gravity (� = 0 degree for horizontal tube). Assuming that deposition mechanism is mutually exclusive, the total deposition
efficiency DE can be given as (Goo & Kim, 2003):

DE = DEi + DEs + DEd − DEiDEs − DEiDEd − DEsDEd + DEiDEsDEd (16)

3. Numerical methods

The numerical solutions of airflow transport equations with LRN k–� model or laminar flow model, were carried out with
a user-enhanced commercial finite-volume based program, i.e., CFX from ANSYS Inc. (2006). The numerical program uses a
structured, multiblock, body-fitted coordinate discretization scheme. All variables, including velocity components, pressure, and
turbulence quantities, are located at the centroids of the control volumes. An improved Rhie–Chow interpolation method was
employed to obtain the velocity components, pressure and turbulence variables on the control volume faces from those at the
control volume centers (ANSYS Inc., 2006). A Quadratic Upwind (QUICK) differencing scheme, which is third-order accurate in
space, was used tomodel the advective terms of the transport equations (ANSYS Inc., 2006). The sets of linearized and discretized
equations for all variables were solved using the Block Stone's method (ANSYS Inc., 2006).

The particle transport equation (Eq. (1)) was solved with an off-line F90 code with parallelized algorithms (Longest,
Kleinstreuer, & Buchanan, 2004; Zhang et al., 2005). A second-order improved Euler predictor–corrector method (Longest
et al., 2004) was then used for the integration of the particle trajectory equation, including turbulent dispersion effects with
near-wall correction (cf. Eqs. (5)–(8)). Particle deposition occurs when its center comes within a radius from the wall, i.e., local
surface effects such as migration in mucus layers or resuspension due to clearing have been currently ignored. In the present
simulations, 200,000 to 1,000,000 randomly selected, uniformly distributed particles were originally released at the mouth inlet.
Considering the large loss of particles in the medium to the lower airway units, the particle inlet profiles at bifurcation units
B7–B9, B10–B12 and B13–B15, were reconstructed to increase the amount of released particles. In this case, a certain amount
of “daughter” particles were generated randomly in a circle around each “parent” particle, forming small “particle clouds”. The
radius of the small circle is about 5–10 times of the particle diameter and the distribution of daughter particles inside the circle is
randomly uniform. The introduction of daughter particles has been tested to have negligible effects on actual particle deposition.
That was deduced after finding that additional “parent” particles at the mouth inlet and upstream units had no measurable
impact. In a word, particle deposition, including DE and DF, was tested to be independent of the number of particles released and
particle cloud reconstructed.

The computational mesh was generated with CFX Build4 (ANSYS Inc., 2006), where the near-wall region requires a very
dense mesh. Specifically, the thickness of the near-wall cells was chosen to fully contain the viscous sublayers and to resolve
any geometric features present there. The mesh topology was determined by refining the mesh until grid independence of the
solution of flow and mass fraction fields as well as particle deposition was achieved. The final mesh featured about 670,000
cells for a triple bifurcation airway unit. All computations were performed on an IBM Linux Cluster with 175 dual Xeon compute
nodes at North Carolina State University's High-Performance Computing Center (Raleigh, NC) and local dual Xeon Intel 3.0G
Dell workstations (CFPD Laboratory, Department of Mechanical and Aerospace Engineering, NC State University). The solutions
of the flow field were assumed to be converged when the dimensionless mass and momentum residual ratios were < 10−3.
Improving the convergence criteria to < 10−4 had a negligible effect on the simulation results. Typical run times for the fluid
flow simulations were approximately 60–100 CPU hours for one TBU under steady inhalation condition. Utilizing the converged
flow field solution, the micron particle trajectory simulations required approximately 20–80 CPU hours on four processors for
each case simulated.

4. Model validations

The present computational fluid–particle dynamics (CFPD) model has been validated with various experimental data sets
for steady and transient laminar flows in bifurcations (Comer, Kleinstreuer, & Zhang, 2001; Zhang & Kleinstreuer, 2002) and for
laminar, transitional and turbulent flows in tubes with local obstructions (Kleinstreuer & Zhang, 2003; Zhang & Kleinstreuer,
2003a). Especially, the LRN k–� model has been extensively validated and has been proven to be an applicable approach to
capture the velocity profiles and turbulence kinetic energy for laminar-transitional-turbulent flows in the constricted tubes of
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the upper airways (see Zhang & Kleinstreuer, 2003a). The current simulation approaches of micron particle deposition because
of impaction and sedimentation, have been validated with both analytical solutions in straight pipes and experimental data
for oral and double-bifurcation airway models (Kleinstreuer et al., 2007; Zhang et al., 2005; Zhang, Kleinstreuer, & Kim, 2002).
A comparison of micron particle deposition in the present airway model with in vivo deposition data as a function of the particle
aerodynamic diameter is given in Section 5.1.

In summary, the good agreements between experimental observations and theoretical predictions instill confidence that
the present computer simulation model is sufficiently accurate to analyze airflow and particle transport/deposition in three-
dimensional TB airways.

5. Results and discussion

5.1. Comparisons of TB DFs

One key validation approach for computer simulations is a comparison between predicted TB deposition and experimental
measurements, as shown in Fig. 2. The TB DF is defined here as the number ratio of deposited particles in the entire TB region
(i.e., G0 to G15, or B1–B15 for simulations) to the incoming particles at the mouth inlet. Considering the asymmetric airflow
and particle distributions after the first TBU B1–B3, simulations of particle deposition in all subsequent TBUs in the lower
airways are almost impossible (e.g., there are 2048 paralleled TBUs for B13–B15). Hence, we tracked the selected representative
parallel TBUs (e.g., the TBUs which feature the highest and lowest flow rates), and then calculated the average deposition in the
parallel bifurcation units to obtain the total TB deposition (see Fig. 2). The branch-averaged DFs were obtained from the specific
correlations for each bifurcation “in series” in terms of the data for the representative “parallel” bifurcations. Of interest is that
variations of simulated DFs in the TB region, as a function of particle diameter, are consistent with the experimental studies,
and the simulation results essentially fall into the uncertainty bars for in vivo measurements (see Fig. 2). This confirms that the
current CFPD modeling results, relying on the new TBU methodology, are sufficiently accurate.

The TB deposition may increase for micron particles as their diameters increase from 1 to 10�m with Q = 15L/min or from
1 to 7�m with Q = 30L/min, due to the increasing impaction (see Fig. 2). The higher the inhalation flow rate, the higher is the
deposition of micron particles. Clearly, particles with dp � 7�m and Q � 30L/min deposit either in the oral airway or in the
TB region; they do not reach the alveolar region because of high inertial impaction. However, the TB DFs may decrease for large
micron particles with high flow rates (e.g., dp � 10�m and Q = 30L/min) because of enhanced uptake in the oral airway.

Comparisons between CFPD simulations and “mathematical modeling”, i.e., results obtained with analytical and/or semi-
empirical correlations are depicted in Fig. 3. In the mathematical modeling framework, the DFs in the oral airway are assumed
to be the same as those in the CFPD simulations in order to have comparable starting points. The commonly used DE equations
(13)–(16) were employed to calculate the DE for the present airway geometries. Clearly, considering the total deposition in the
TB region, the CFPD simulations and mathematical modeling results agree astonishingly well, i.e., the relative errors are only
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Fig. 2. Comparison of inspiratory TB deposition fractions between the present simulations and experimental measurements at different inspiratory flow rates Q
(Chan and Lippmann, 1980; Emmett, Aitken, & Hannan, 1982; Foord, Black, & Walsh, 1978; Lippmann, 1977).
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between 2.5% and 26%. However, on a local airway basis significant discrepancies appear. Specifically, Fig. 4 shows comparisons
between CFPD simulation and mathematical modeling results for DFs of 3 and 10�m particles at each bifurcation. It is shown
that at some local bifurcations, for example, bifurcations B2, B3, B7, and B9, the mathematically predicted DF-values for 10�m
particles may differ greatly from the CFPD simulated data. This is due to the effects of local geometric features, and resulting
local airflow structures and particle distributions as well as upstream deposition, recalling that the analytical DE-equations
(see Eqs. (13)–(16)) were derived from particle transport in simple geometries (e.g., straight tubes) with idealized inlet flow
profiles and particle distributions. The relative difference between numerical modeling and mathematical calculations can be as
large as a few hundred percent at selected bifurcations. This indicates that the effects of geometry, flow structure and particle
distributions at local bifurcations may cancel each other so that the simulated DFs in a relatively large airway region (e.g., the
entire TB region) may agree well with that obtained from mathematical modeling.

From simulated results in Fig. 4 it can be also observed that the deposition of 10�mparticles at Q = 30L/min mainly occurs at
the large to medium-size airways (say, from mouth the generation G12 or bifurcation B12), while 3�m particles still penetrate
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Fig. 5. Distributions of particle deposition enhancement factor (DEF) (Q = 30L/min and dp = 5�m). The cross-sectional views of particle distributions and
direction vectors at the inlet of each airway unit are also shown. The mean areas of the surface element for calculating DEF are 0.2 and 0.05mm2 for airway units
B1–B3 and B4–B6, respectively.

deeper into the lung. In general, the variations of local DFs for micron particles from B1 to B15 as a function of serial number
(bifurcation levels) are complicated due to the mutual interactions among local airflow, particle distribution as well as particle
deposition mechanisms. For example, the micron particle deposition due to impaction in small airways may decrease with the
reduced flow rates, but the deposition due to sedimentation in these airways may increase with increasing residence time.

5.2. Local particle distributions and deposition patterns

Affected by the upstream deposition, local airflow and particle motion, micron particle distributions are non-homogenous
and concentrations tend to be high in some areas (see Fig. 5). Specifically, at the oral and upper airways (e.g., trachea outlet),
turbulent dispersion may randomize the cross-sectional particle distributions (see the inlet distribution at the TBU B1–B3.4).
At the large airways (e.g., B4–B6), secondary flow mainly influences the cross-sectional particle distribution, and again inertial
impaction is the dominant deposition mechanism. The distinct particle swirl motion can be observed at the inlets of the second-
level TBUs (e.g., TBU B4.1–B6.4 and B4.3–B6.12), associated with the corresponding secondary vortices. At the small airways, the
gravity angle may play a significant role on particle distribution due to the mechanism of sedimentation (e.g., fifth-level TBUs).
Both gravitational settling and secondary motion lead to micron particle deposition in medium-sized airways (say, third- and
fourth-level TBUs).

As for micron particle deposition, impaction is the dominant deposition mechanism at large airways (say, bifurcation unit
B1–B3) so that depositions mainly occur around the carinal ridges (see Figs. 5 and 6). However, at medium to small sized airways
(say, bifurcation units B7–B9 and B13–B15), sedimentation cannot be neglected, and the deposition patterns change somewhat.
In this case, many particles essentially settle on the tube wall which is normal to the gravity direction. At the same time, the
presence of gravity and the gravity direction affect the maximum DEF-value in each bifurcation. In general, some particles which
may directly land on the carinal ridges when considering impaction only, can be diverted. As a result, the maximum DEF-values
may decrease due to gravitational sedimentation. Specifically, the maximum DEF-values may reduce one order of magnitude
(e.g., from about 1450 in B1–B3 to 340 in B7–B9 and 190 in B13–B15 as shown in Fig. 6) with much broader distribution of
micron particles due to gravitational settling. Furthermore, the carinal ridges are not the unique deposition “hot spots” anymore;
in fact, the entire airway surfaces which are normal to the gravity direction may become high-deposition regions. The location of
bifurcation units, airway rotation and particle size may have significant effects on the maximum DEF-values for micron particles
(Figs. 5 and 6).

In general, the maximum DEF-values range from the order of 102–103 for micron particles, which indicates that some local
cells may receive hundreds times higher doses than the average values. Such extremely high local DEFs, i.e., “hot spots”, for
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Fig. 6. Distributions of particle deposition enhancement factor (DEF) (Q = 30L/min and dp = 10�m). The mean areas of the surface element for calculating DEF
are 0.2mm2, 0.012mm2 and 3×10−3 mm2 for airway units B1–B3, B7–B9 and B13–B15, respectively.

D
ep

os
iti

on
 F

ra
ct

io
n 

(%
)

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
B5.1
B5.2
B5.3
B5.4

Fifth Bifurcation DFmax/DFmin>10

D
ep

os
iti

on
 F

ra
ct

io
n 

(%
)

0
0

0.1

0.2

0.3

0.4

0.5

0.6
B6.1
B6.3
B6.10
B6.12

Sixth Bifurcation DFmax/DFmin>35

dp (µm)
2 4 6 8 10 12

dp (µm)
2 4 6 8 10 12

Fig. 7. Variations of local deposition fractions for micron particles (Q = 30L/min).

micron particles indicates the possibility of local pathological changes in bronchial airways, such as the formation of lung tumors
(Balashazy et al., 2003).

5.3. Variations of local DF and impact of airway rotation

5.3.1. Variations of local DFs
Variations of the total DFs for all parallel bifurcations as a function of particle size and level of the bifurcation “in series” were

discussed in Section 5.1 (see Figs. 3 and 4). However, affected by the asymmetric flow rates at the outlets of each bifurcation unit
as well as different parallel tubes, the local DFsmay be quite different among parallel bifurcations with the same “serial number”.
Fig. 7 depicts the variations of local DFs as a function of particle size formicron particles in selected individual bifurcations, which
feature the highest, lowest and medium depositions. Clearly, variations of DFs vs. micron-particle size are more complicated,
because DFs may decrease for some large micron particles in some bifurcations due to the effects of upstream deposition and
local air/particle transport. The local DF-values among individual parallel bifurcations may differ greatly; for example, the ratios
of DFmax/DFmin may be larger than 10 for parallel bifurcations B5, while the ratios can be greater than 35 for the sixth-level
bifurcations. It should be noted that the deposition in some small bifurcations (say, after B6) can be as low as zero when there
are no incoming particles due to the extensive, asymmetric upstream depositions; hence, the ratio of DFmax/DFmin tends to
be infinite in this case. All of these large differences among parallel bifurcations can be attributed mainly to the highly varying
particle distributions at the inlets of specific bifurcations.
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Fig. 8. Impact of airway rotation on micron particle deposition (Q = 30L/min).
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data points are for cases of both Q = 15 and 30L/min.

5.3.2. Impact of airway rotation
The effects of non-planar geometries on particle transport and deposition patterns have been demonstrated in the previous

sections (see Fig. 5). The impact of airway rotation on local DFs of micron particles in some selected bifurcations are given in
Fig. 8. As expected, rotations of airway bifurcation may have a significant impact on distal bifurcations (say, B6.9 and B6.12)
rather than the proximal ones (say, B4.3). The maximum variation of local DFs due to non-planar geometry effects ranges from
18% to 100% for micron particles. This may also imply that the flow history (i.e., local, incoming particle distributions and airflow
structure) has amore significant effect on local DF-values than flow development and particle motion in local bifurcations caused
by non-planar geometry. The variations of local inlet air/particle distributions can generate differences exceeding 35 times in
local DFs among parallel bifurcations.
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As shown in Fig. 8, the impact of airway rotation angle is complicated. For example, for micron particles in B6.9, the “30◦
rotation” case shows a maximum deposition for 1, 3, 5 and 10�m particles, but the “90◦ rotation” may maximize the deposition
of 7�m particles. The situation may completely change in airway bifurcation B6.12.

5.4. Particle DEs and correlations

Asmentioned, thedevelopment of deposition equations is crucial for swift, easy-to-execute assessments. The single correlation
formicron particle DE is very difficult; because, as shown in Figs. 9 and 10, theDE-values are very scattered. Ignoring the geometric
effects, theDE should be a function of both Stokes number andReynolds number for the large airways, say, first to sixth bifurcation.
The DE at small airways may be mainly a function of Stokes number, sedimentation parameter ( = (vsettling/U)(L/D) cos �),
and Reynolds number. Clearly, the DE usually increases with an increasing Stokes number due to impaction and an increasing
sedimentationparameter because of gravitational settling (Fig. 10). The effect of Reynolds number onDE is somewhat complicated
(Fig. 10). As the Reynolds number increases, the DE due to impactionmay increase, but theDE due to sedimentationmay decrease.
Additional data points need to be obtained to generate good DE-correlations for micron particles.

6. Conclusions

This paper presents the first comprehensive attempt to compute micron particle transport in a 16-generation model of the
human tracheobronchial region. Based on the experimentally validated computer simulation results, the following conclusions
can be drawn:

(1) Surprisingly, simulated inspiratory deposition fractions for the entire tracheobronchial region (say, G0–G15) with repeated
TBUs in parallel and in series agree rather well with those calculated using analytical/semi-empirical expressions. However,
thepredictedparticle-deposition fractions basedon suchanalytical formulas differ greatly fromthepresent simulation results
for most local bifurcations, due to the effects of local geometry and resulting local flow features and particle distributions.
Clearly, the effects of realistic geometries, flow structures and particle distributions in different individual bifurcations
accidentally cancel each other so that the simulated deposition efficiencies during inspiration in a relatively large airway
region may agree quite well with those obtained from analytical expressions. Furthermore, with the lack of local resolution,
analytical models do not provide any physical insight to the air–particle dynamics in the tracheobronchial region.

(2) The maximum deposition enhancement factors (DEF) may be in the order of 102 to 103 for micron particles in the tracheo-
bronchial airways, implying potential health effects when the inhaled particles are toxic.

(3) The presence of sedimentation for micron particles in lower bronchial airways may change the local impaction-based
deposition patterns seen for larger airways and hence reduces the maximum DEF values.

(4) Rotation of an airway bifurcation cause a significant impact on distal bifurcations rather than on the proximal ones. Such
geometric effects are minor when compared to the effects of airflow and particle transport/deposition history, i.e., upstream
effects.

(5) Future work will consider the effects of realistic airway geometries (e.g., asymmetry), unsteady flow conditions and particle
characteristics (e.g., hygroscopicity, non-sphericity, etc.).
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