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Abstract

Considering a human upper airway model, or equivalently complex internal flow conduits, the transport and de-
position of nano-particles in the 1-150 nm diameter range are simulated and analyzed for cyclic and steady flow
conditions. Specifically, using a commercial finite-volume software with user-supplied programs as a solver, the Euler—
Euler approach for the fluid-particle dynamics is employed with a low-Reynolds-number 4k~ model for laminar-
to-turbulent airflow and the mass transfer equation for dispersion of nano-particles or vapors. Presently, the upper
respiratory system consists of two connected segments of a simplified human cast replica, i.e., the oral airways from the
mouth to the trachea (Generation G0) and an upper tracheobronchial tree model of GO-G3. Experimentally validated
computational fluid-particle dynamics results show the following: (i) transient effects in the oral airways appear most
prominently during the decelerating phase of the inspiratory cycle; (ii) selecting matching flow rates, total deposition
fractions of nano-size particles for cyclic inspiratory flow are not significantly different from those for steady flow; (iii)
turbulent fluctuations which occur after the throat can persist downstream to at least Generation G3 at medium and
high inspiratory flow rates (i.e., O, = 30 I/min) due to the enhancement of flow instabilities just upstream of the flow
dividers; however, the effects of turbulent fluctuations on nano-particle deposition are quite minor in the human upper
airways; (iv) deposition of nano-particles occurs to a relatively greater extent around the carinal ridges when compared
to the straight tubular segments in the bronchial airways; (v) deposition distributions of nano-particles vary with airway
segment, particle size, and inhalation flow rate, where the local deposition is more uniformly distributed for large-size
particles (say, d, = 100 nm) than for small-size particles (say, d, = 1 nm); (vi) dilute 1 nm particle suspensions behave
like certain (fuel) vapors which have the same diffusivities; and (vii) new correlations for particle deposition as a
function of a diffusion parameter are most useful for global lung modeling.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nano-particles, or ultrafine particles with d, < 1 pm, are encountered in the ambient air and at the
workplace, or are generated by inhalers as drug aerosols for therapeutic purposes. These airborne particles or
drug aerosols are inhaled through the extrathoracic and tracheobronchial airways down into the alveolar
region. A certain percentage may deposit by touching the moist airway surfaces in various lung regions and
hence are available for interactions with pulmonary tissue [1]. As a result, toxic particles may induce pul-
monary and other diseases [2,3], while drug aerosols may be absorbed to combat diseases. Moreover, studies
over the last decade have confirmed that many particles in the nanometer range (actually less than 100 nm) are
more harmful than large, respirable particles made of the same material [2,4-7]. However, the exact mecha-
nisms of lung injuries by nano-particles are still being explored. Hence, detailed analyses of nano-particle
transport phenomena in the human respiratory tract are needed for a better understanding of the fluid-particle
dynamics, and to provide more useful information for health risk assessment or drug aerosol impact studies.

There are relatively few investigations of nano-particle deposition in the human airways, primarily because
of the difficulty of nano-particle generation for experimental measurements and accurate predictions with
computational fluid-particle dynamics (CFPD) simulations. In a series of papers, Cheng et al. [8—12] reported
their measurements of mass transfer and deposition of ultrafine particles (3.6 < d, < 150 nm) in a human
nasal and oral airway cast; Cohen et al. [13]and Liet al. [14] reported their experimental work on nano-particle
and iodine vapor deposition in an upper tracheobronchial airway cast. For numerical simulations, the
transport of nano-particles in an air stream can be considered as a “two-phase flow” problem, for which the
basic modeling approaches have been recently analyzed by Kleinstreuer [15]. Fortunately, particle suspen-
sions in human airways can be considered to be dilute due to the low mass loading ratio at the oral/nasal inlet,
i.e., one-way coupling is assumed between airflow and particle transport. Both Eulerian and Lagrangian
approaches are usually employed to model the transport of nano-particles in airways after the flow fields have
been established. As for the Eulerian approach, the particle transport is described by the convection—diffusion
equation. Examples include simulations by Yu et al. [16,17], Kimbell et al. [18], and Kepler et al. [19]. Spe-
cifically, Yu et al. [16,17] simulated the ultrafine particle diffusion in a single bifurcation airway model and a
human upper airway model from mouth/nose to the first two generations of the tracheobronchial tree. Kimbell
etal.[18] and Kepler et al. [19] in their numerical analysis parts used a commercial software to simulate the gas
transport patterns within nasal airways of a rat and a rhesus monkey, respectively. In the Euler—Lagrange
approach, the particle transport is simulated using trajectory equations including random displacement of
particles due to Brownian motion. Specifically, Balashdzy et al. [20,21] simulated the deposition of 10 nm
particles in Generations 3 and 4 of the Weibel model [22]; Asghraiam and Anjilvel [23] calculated the depo-
sition efficiency of 100 nm particles in Generations 16 and 17 of the Weibel model. Recently, Moskal and
Gradon [24] simulated the deposition of particles with diameters of 10 and 100 nm in the first two bifurcations
of the human respiratory system. However, the k—e model which they employed to simulate the airflow field
may overpredict the turbulence effects [25]. Hofmann et al. [26] computed the inspiratory deposition effi-
ciencies of ultrafine particles with 1 < d,, < 500 nm in airway Generations 3 and 4 for different inlet flow rates.
The theoretical as well as experimental studies describing the diffusional deposition in the tracheobronchial
airways assumed uniform or parabolic inlet velocity profiles and particle distributions. However, the actual
velocity profiles and particle distributions are quite different from those axisymmetric profiles and distribu-
tions due to flow development and non-uniform particle transport in the upstream airway section. In addition,
many published numerical simulations were lacking detailed model validations; for example, the simulated
deposition efficiency in a single bifurcation by Yu et al. [16] appears to be unreasonable. Hence, there is a need
for more accurate, systematic studies of nano-particle deposition in the human airways under realistic inlet
conditions.

The understanding of airflow structures in the human airways underlies the basis for analyzing particle
transport and deposition. Steady and transient inspired air flows in the human bronchial airways have been
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extensively investigated, both experimentally and theoretically (e.g., [27-41]) and reviewed by Pedley [42]
and Grotberg [43,44], among others. Most experimental and computational analyses focused on the mid-
size bifurcating airways (e.g., G3—G5) assuming laminar flow. However, at moderate to high breathing
rates, the air flow in the larynx and directly below is transitional-to-turbulent which may complicate flow
structures as well as aerosol transport and deposition [45].

Steady airflow and micro-particle deposition in the oral airways have also been extensively investigated
(see [46-53] among others); however, very little information is available regarding nano-particle transport
and deposition during cyclic flow in the human upper airways. The study by Renotte et al. [54] is an ex-
ception. They simulated three-dimensional, oscillatory flow through a human larynx model during low-
level breathing. However, they did not consider the upper part of the oral airway (i.e., oral cavity and
pharynx region) nor particle transport.

While our previous efforts focused on laminar airflow and micro- or nano-size particle transport/de-
position in mid-size airways (e.g., G3—G5 or G3-G6) [30,41,55], as well as steady, laminar-transitional-
turbulent airflow and micro-particle deposition in an oral airway model [25,45,53], this paper presents
transient, laminar-to-turbulent airflow and nano-size particle transport/deposition in a human upper air-
way model covering mouth inlet to generation G3. Specifically, the contributions of this paper include: (i)
cyclic inhalation to analyze transient effects on laminar-transitional-turbulent airflow and nano-particle
deposition; and (ii) laminar-to-turbulent airflow as well as transport and deposition of nano-particles,
1 <d, <150 nm, in the tracheobronchial airway model GO (trachea) to G3 under equivalent steady inspi-
ratory flow conditions and inlet conditions adjusted from the upstream oral airway model. The quantitative
results are of interest to researchers either conducting health risk assessment studies for inhaled toxic
particulate matter or analyzing drug aerosol inhalation and deposition at desired lung target sites.

Although this paper stresses fluid flow and nano-particle deposition in the human upper airways, the
present methodology, including submodels and solution method, are also applicable to ultrafine particle or
vapor transport in curved pipes, obstructed tubes, or branching conduits which appear in many physical,
geological, chemical and biological systems.

2. Theory
2.1. Upper airway geometry

As shown in Fig. 1, the present upper airway model consists of two parts: the oral airways, including oral
cavity, pharynx, larynx and trachea, as well as a symmetric triple bifurcation representing Generations G0
(trachea) to G3. The dimensions of the oral airway model were adapted from a human cast as reported by
Cheng et al. [10]. Variations to the actual cast include a short mouth inlet with a diameter of 2 cm, a
modified soft palate, and a strong bend. The dimensions of the four-generation airway model are similar to
those given by Weibel [22] for adults with a lung volume of 3500 ml. The airway conduit is assumed to be
smooth and rigid. The effects of cartilaginous rings [56], which may appear especially in the trachea, and
out-of-plane bifurcations have not been considered in the present analysis. Although most bronchial bi-
furcations are somewhat asymmetric [57,58] and non-planar, some studies [29,34] have shown that inspi-
ratory flow in an asymmetric bifurcation exhibits the main features of the symmetric case. Non-planar
geometries only influence the flow in downstream bifurcations [28,41]. For inspiration, the air and particle
flow fields in the non-planar configuration resemble those in the planar configuration, but rotated to some
degree and merged with the symmetric secondary vortices [41]. Therefore, the present results, based on the
symmetric branching geometries may be extrapolated to the asymmetric branching case with the corre-
sponding local flow rate or non-planar geometries with corresponding rotations.
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Fig. 1. 3-D views of the oral airway model and bifurcation airway model (generations G0-G3). B1 — first bifurcation, B2.1 and B2.2 -
second bifurcation, B3.1, B3.2, B3.3 and B3.4 — third bifurcation (the dashed lines indicate the segmental boundaries).

2.2. Breathing pattern

For cyclic inhalation simulations, a typical flow input waveform [59] representing normal breathing for
light activities (see Fig. 2) was used. Its kinematic data at the oral inlet is summarized in Table 1. An in-
termittent zero-flow period between two inspiratory cycles is employed to replace the expiratory phase
because the present analyses only focuses on the transport/deposition of inhaled particles. The complete
breathing cycle and different breathing patterns will be considered in future works.

2.3. Governing equations

2.3.1. Airflow
In order to capture the air flow structures in the laminar-to-turbulent flow regimes, i.e., 0 < Rejoea < 10*
for the present airway configuration and typical inhalation rates, the low-Reynolds-number (LRN) ko
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Fig. 2. A typical flow input waveform for light activity breathing with locations of selected time levels.

Table 1
Kinematic data of the representative inhalation waveform (cf. Fig. 2)
Physical Tidal volume Time ratio of Breathing Womersley Mean Reynolds Peak Reynolds
parameters (ml) inspiratory phase frequency number in number in number in
(tin/ trotal) (cycle/min) trachea® trachea® trachea
Light activity 907 0.46 15.5 2.25 2800 3770

Womersley number « = ry (wo/ v)l/ 2, where 7 is the tube radius, wy is the angular frequency, and v is the air kinematic viscosity.
°Reynolds number Re = UD/v, where U is the mean velocity and D is the tube diameter.

model of Wilcox [60] was selected and adapted. Zhang and Kleinstreuer [25] demonstrated that it is ap-
propriate for such internal laminar-to-turbulent flows. In general, the transport equations in tensor no-
tation, implying the double-index summation convention, read:

Continuity equation:

oui (1)

e

Momentum equation:

Ou; Ou; 1 0p 0 Ou; Ou;
—tUu—=—— +— —+=—]. 2
ot +u16xj p GXi+6xj {(V+VT)<6xj+6xi>} @

Turbulent kinetic energy (k) equation:

Ok Ok Ou; 0 Ok

—_ — =1, —— 'k — —_— . 3

e, T Y, P RO T [(V +ow) ax,} ®)
Pseudo-vorticity (w) equation:

0w Rl o Oy , 0 Rl

T A P Il haadl 4

o T Ey T Yk PO T g, [(V+“‘“VT> ij} @

For convenience, summation notation is used with i, j = 1, 2, 3, where uy, uy, u3 and xy, x», x3 are the x, y, z
components of the velocity vector and the spatial coordinate vector, respectively. The symbols in the above
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equations, ¢, p, p, v, T; k and w are time, density, pressure, kinetic molecular viscosity, Reynolds stress
tensor, turbulence kinetic energy, and dissipation per unit turbulence kinetic energy, respectively; vr is the
turbulent viscosity given as vr = ¢, f,k/w, and the function f, is defined as f, = exp[—3.4/(1 + Rr/50)°]
with Rt = pk/(uw) while p is the dynamic molecular viscosity (1 = pv); C, o, f, *, o, and g, are tur-
bulence constants, i.e.,

C, =009, «=0555 p=08333, p'=1, o, =0,=0.5 (5a-f)

The associated boundary conditions include uniform velocity profiles prescribed at the mouth inlet,
and uniform pressure at the outlets. For cyclic inspiratory flow simulations, the mean inlet velocities are
calculated from the instantaneous flow rates following the given input pulse. Three cycles were simulated
to avoid start-up effects on the air-particle flow fields. A long exit tube that extends about nine tube
diameters from the end of the trachea was used in the oral airway model to eliminate the influence of the
zero-pressure assumption at the outlet. However, because the actual length from the glottis to the first
carina in the trachea is about 14 cm, the mean-velocity field, turbulence quantities, and mass fraction
distributions in the trachea at about 11 cm from the glottis, were adjusted as the inlet conditions of the
bifurcating airway segment (i.e., Generations G0-G3) (see Fig. 1). The first parent tube length of the
bifurcation airway model is about 3 cm. Necessary adjustments included: (1) the magnitudes of velocity
and turbulence quantities which were recalculated due to the slight variation in trachea diameter
(D =1.37 cm) and Weibel’s lung model (D = 1.6 cm); and (2) the profiles of variables were also recon-
structed for the inlet to the bronchial airways, G0-G3, employing an inverse distance interpolation
weighting method after Shepard [61].

At the mouth inlet, the initial values for &, and o were assigned using the following empirical relation
[62]

) kO.S
k= 15([ X uin) and o= m, (6)

where [ is the turbulence intensity usually taken as 0.037 and R is the radius of the inlet tube.

2.3.2. Mass transfer of nano-particles
The convection—diffusion mass transfer equation of nano-particles, where the dominant transfer
mechanisms are Brownian motion and turbulent dispersion, can be written as

oY 0 0 -~ v\ 0Y
o T ) —&,K“a)a—)@} @

J

Here Y is the mass fraction of nano-garticles and oy = 0.9 is the turbulence Prandtl number for Y. The
effective aerosol diffusion coefficient (D) is calculated as follows [12,63]:

D = (ks TCyip)/ (3mud,), (8)

where kg is the Boltzmann constant (1.38 x 1072 JK™'); T is the temperature; d, is the particle diameter;
and Cy;p is the Cunningham slip correction factor:

2Am
Cyip = 1 +——[1.142 4+ 0.058 exp ( — 0.999i)} , 9)
d, 2

where 4, is the mean free path in air. The diffusivities of selected particles in the nano-size range determined
by Eq. (8) are given in Table 2. The diffusivities for vapors of some species (most are the components of
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Table 2 }

Diffusivities (D) of nano-particles
Particle 1 3 5 10 20 30 50 100 150
diameter
(nm)
Diffusivity 5.34x 1072 5.95x 1073 2.15x 1073 544 x 107 1.39x10™* 6.32x107° 238x107° 6.76x107¢ 3.15x10°¢

(cm?/s)

Table 3 ~

Diffusivities (D) of some vapors in air [64]
Vapors Naphthalene Benzanthracene  n-Octane n-Decane 1-Methyl-3-ethylbenzene
Diffusivity (cm?/s) 5.90 x 102 5.10 x 107 5.98 x 102 5.00 x 10? 5.65 x 102

fuels, see [64]) are approximately to that of 1 nm particles (see Table 3); hence, their transport and de-
position may behave similarly. Moreover, the present methodology and qualitative results are also appli-
cable to transport and deposition of vapors with other different diffusivities.

The local wall mass flux of nano-particles can be determined as

~ oY

where 4; is the area of local wall cell (i), and » is the direction normal to the wall. The local deposition

fraction (DF) of nano-particles, which is defined as the ratio of local wall mass flux to the inlet mass flux,
can be expressed as

DFlocal = |:_Ai (D + :_Z) 27: i:| /(QinYin) (11>

and the regional DF can be determined as

a - oY
DFregion = Z |:_Ai (D + :__—i) & |z:| /(QinYin)v (12)

=1
where n,, is the number of wall cells in one specific airway region, e.g., oral airway, first airway bifurcation,
etc., while Oy, and Y;, are the flow rate and mass fraction at the mouth, respectively. The local deposition

patterns of nano-particles can be quantified in terms of a deposition enhancement factor (DEF) (cf. [65,66]),
which is defined as the ratio of local to average deposition densities, i.e.,

DEF = [<D+2—Ty>2—z ]/{Z {A’(DJ’Z—%)Z_Z'} ﬁ;A,}. (13)

DEF indicates particle deposition “hot spots” in a given region.
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Assuming that the airway wall is a perfect sink for aerosols upon touch, the boundary condition on the
wall is Y, = 0. This assumption is reasonable for fast gas/aerosol-wall reaction kinetics [67] and also
suitable for evaluating particle deposition on lung airway surfaces which act as perfectly absorbing walls.

3. Numerical method

The numerical solutions of the continuity and momentum equations as well as the k, w, and mass
transfer equations were carried out with a user-enhanced commercial finite-volume based program, i.e.,
CFX4.4 from AEA Technology [62]. The numerical program uses a structured multiblock discretization
scheme with body-fitted coordinates. In the present simulation, the pressure implicit splitting of operators
(PISO) algorithm with under-relaxation was employed to solve the flow equations [68]. All variables, in-
cluding 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. A
higher-order upwind (HUW) differencing scheme, which is second-order accurate in space, was used to
model the advective terms of the transport equations. A fully implicit first-order backward difference with
an adaptive time steps (0.001 < A¢r<0.01 s) was used for temporal discretization in cyclic flow simulation.
The sets of linearized and discretized equations for all variables were solved using the Block Stone’s
method.

The computational mesh was generated with CFX Build4, 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 sub-
layers and to resolve any geometric features present there. As a requirement of LRN turbulence modeling,
the first grid point above the wall was given a value of y* < 1, where y* = u,y/v is the inner variable or sub-
layer-scaled distance with u, being the friction velocity (u. = /ty/p, where 1y, is the wall shear stress). This
criterion is strictly maintained for all computations. 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 mesh independence of the DEF is also examined. For example, Fig. 3 shows the
maximum DEF in the oral airway model for different nano-size particles at Q;, = 30 I/min for two different
grid configurations. The calculation of DEF depends on the surface mesh size as described in Eq. (13). The

Oral Airway
——6—— about 420,000 cells Q. =30 Umin
in

- —4- —  about 740,000 cells

Maximum Enhancement Factor

| n n PR T B | n n PR R R A |
10° 10" 10°
Particle Diameter (nm)

Fig. 3. Grid refinement test for the distributions of the deposition enhancement factor of nano-particles in the oral airway model for
steady inhalation (Q;, = 30 1/min).
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minimum, average and maximum surface cell areas for the denser mesh case (~740,000 cells) are about
0.12, 0.45, and 1.17 mm?, respectively; while they are about 0.217, 0.809 and 2.07 mm? for the coarse mesh
case (~420,000 cells), respectively. Calculations with grids consisting of about 740,000 cells show negligible
differences (within 3%) in the maximum DEF, when compared to simulations with a mesh containing about
420,000 cells. However, the computational time for the fine mesh case (~740,000 cells) is approximately 4
times longer than for the coarse mesh case (~420,000 cells). The final mesh contains about 420,000 and
670,000 cells for the oral airway and four-generation airway model, respectively. The minimum, average
and maximum surface mesh size for the four-generation airway model are about 0.034, 0.23, and 0.85 mm?,
respectively. The computations were performed on an SGI Origin 2400 workstation with 32 GB RAM and
multiple 450 MHz CPUs. The solution of the flow field at each time step was assumed to be converged
when the dimensionless mass residual was negligible, i.e., (total mass residual)/(mass flow rate) < 1073, The
convergence of other variables was monitored as well. Typical run times for the fluid flow and mass transfer
simulations on eight processors with parallel algorithm was approximately 24-65 h for the oral airway
model and 8 h for the four-generation model under steady inhalation condition and 150 h for the oral
airway model during one inspiratory cycle.

4. Model validations

The present CFPD model has been successfully validated with various experimental data sets for steady
and transient laminar flows in bifurcations [30,41] and for laminar, transitional and turbulent flows in tubes
with local obstructions [25,45].

The current simulation approach for the deposition of nano-particles due to diffusional transport has
been validated with both analytical solutions in straight pipes, experimental data for a double bifurcation
airway model (see [55]) and experimental data in an oral airway model [69]. For example, computer sim-
ulation results of steady nano-particle deposition in a straight pipe with both uniform inlet velocity and
particle concentration profiles were compared with analytical expressions given by Ingham [70], as shown in
Fig. 4. Fig. 5 provides nano-particle deposition results for different inlet Reynolds numbers in a double
bifurcation model representing Generations G3-G5 of Weibel’s lung model. In comparison, experimental
data points of Kim [71] confirm the deposition trend in each bifurcation, although the laboratory results did

10"
L Ingham (1991) (Re=200)
o Simulation (Re=200)
. — = — — Ingham (1991) (Re=500)
9 . A Simulation (Re=500)
: NAS N - Ingham (1991) (Re=1000)
2 100 RS Simulation (Re=1000)
e 10 ~
9 e
L b
£
o
(=
o
g 10'F
3 F
[
(=}
- Q.: <]
=g
10—2 L L L L 1 [T B
3 10 20 50 100 150

Particle size d, (nm)

Fig. 4. Ultrafine particle deposition efficiencies in a straight pipe with uniform inlet velocity and particle concentration profiles as a
function of particle diameter d,,.
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Fig. 5. Comparison of the simulated deposition efficiencies of nano-particles in a double bifurcation model with the experimental data
of Kim [71] for: (a) first bifurcation; and (b) second bifurcation.

not reveal any Reynolds number effects. The discrepancies may be attributed to slight differences in ge-
ometries as well as (unreported) experimental uncertainties.

In summary, the good agreements between independent observations and numerical predictions instill
confidence that the present computer simulation model is sufficiently accurate to analyze laminar-to-tur-
bulent air flow as well as nano-particle transport and deposition in three-dimensional oral and bifurcating
airways.

5. Results and discussion
5.1. Airflow and particle deposition in the oral airway model for cyclic inhalation

The relative importance of unsteadiness in laminar, oscillatory flow can be expressed with the Wo-
mersley number (¢ = ry+/p/v) which represents the ratio of unsteady inertial forces to the viscous forces.
Generally, it is assumed that unsteadiness is important for o > 1 [72]. However, during the major part of the
respiratory cycle under normal breathing condition as shown in Fig. 2, the flow may transit from laminar to
transitional and turbulent in the trachea. The effect of unsteadiness on turbulent flow can be assessed
roughly by evaluating a turbulent counterpart of the Womersley number o* as proposed by Pedley et al.
[72]. Specifically, o* can be computed by replacing v in o with the eddy viscosity vr. Now, considering light-
activity breathing as in the present case (see Table 1), o is about 2.25 while o* does not exceed 0.7 in
the trachea. The relatively small o*-value implies that the presence of turbulent flow may reduce locally the
effects of unsteadiness. Thus, focusing on detailed variations of flow fields during normal breathing, the
effects of unsteadiness are analyzed as well.

5.1.1. Air flow structures
5.1.1.1. Transient flow effects. Of the simulated transient transitional flow in the oral airway model for light
activity breathing, only the results for selected time levels 77—T75 (see Fig. 2), which include all the basic flow
features, are displayed and discussed.

Fig. 6(a) shows the velocity field in the oral airway model at time level ¢t = 7} during the accelerating
phase. The cross-sectional views display the axial velocity contours as well as secondary velocity vectors.
The cross sections C-C’, D-D’, E-E’ and F-F are zero, one, three, and six diameter(s) from the glottis,
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Fig. 6. Velocity profiles in the oral airway model during cyclic inhalation at: (a) t = 7}; (b) t = T>; and (c) t = Ts. The left panel exhibits
side-plane (y = 0 plane) velocity contours with uniform velocity vectors. The right panel shows the axial velocity contours (magnitudes
in cm/s) and secondary velocity vectors at different cross sections.
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Fig. 6. (continued)

respectively. The Reynolds number is about 1400 in the trachea and laminar flow prevails at this time level.
Flow separation occurs at the lower portion of the mouth (near the tongue), the inside bend of the pharynx
(B-B’), and downstream of the vocal fold (glottis) (D-D’ and E-E’), which are generated due to strong
changes in cross-sectional areas. An asymmetric, central jet created by the restriction of the vocal folds can
be observed as well. Secondary motion is set up when the flow turns a bend from the mouth to the pharynx
because of the centrifugally induced pressure gradient. Two distinct vortices appear at cross section B-B'.
Secondary flows become somewhat more complicated downstream from the glottis when the air stream
encounters a large expansion or constriction with the variation of cross-sectional areas and continues to
turn a bend from the pharynx to the larynx. The intensity of secondary flow decreases with further flow
development downstream in the trachea.

At t = T,, the flow may transit from laminar to turbulent, and hence the velocity profiles change mea-
surably (see Fig. 6(b)). In the oral entrance regions (cf. cross section A—A’) the velocity profiles are similar
to those at ¢t = T, except for the increase of secondary motion and two additional secondary vortices
appearing at A—A’. Turbulence fluctuations are still weak in this section. However, after the soft palate (cf.
Fig. 1) both axial and secondary flows change significantly with the transition to turbulence. The length of
the separated flow zone after the glottis also decreases compared to that at ¢ = 7;. For example, at t = T,
there is no reverse flow at cross section E-F', i.e., three diameters downstream of the glottis, while it still
appears at ¢t = T}. This may be because the occurrence of transition to turbulence in the downstream regions
of the shear layer modifies the location of reattachment compared with that for laminar flow. With further
redistribution of the kinetic energy of the flow over most of the cross section, the velocity profiles become
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more blunt from the left to the right wall, and the maximum velocity zone moves to the anterior wall (F’) at
the cross section F-F’. The secondary motion decays and appears very weak at this cross section. As time
progresses and the volumetric flow rates increase, the turbulent flow features become more pronounced,
and at peak flow (¢t = T3) the flow structures are similar to those of steady flow at the same Reynolds
number, as discussed by Kleinstreuer and Zhang [45].

Transient effects can be clearly seen when comparing the velocity profiles in the decelerating phase at
t = Ts (see Fig. 6(c)) to those at the accelerating phase ¢ = 77 in Fig. 6(a) at the same Reynolds number.
Specifically, when compared to flow fields at z = T}, a reduced length of the recirculating zone in the trachea
is observed at ¢t = Ts, shifting the maximum axial velocity at sections E-E’ and F-F’ as well as the blunt
profiles from the left to the right wall at section F-F'. It should be noted that the flow at t = T, i.e., during
deceleration exhibits apparent turbulent features after the glottis, which may be attributed to lingering flow
effects and the core flow being less influenced by the boundary layers under the cyclic inspiratory flow
condition.

5.1.1.2. Turbulence intensity aspects. The variation of the turbulence intensity (lAc = kiean/ uﬁvg) averaged over
cross-sectional areas as a function of the axial distance from the mouth inlet is shown in Fig. 7 for the
representative time levels 7,—75 and compared to k for equivalent steady flows. The Uyye 18 the inlet mean
velocity at the mean flow rate 0, =30 l/min. As expected, at 7 = T; when Re = 1400, k ~ 0. At other time
levels, turbulent fluctuations are very weak in the oral cavity. However, after the soft palate constriction the
turbulence kinetic energy becomes strong, peaks after the glottis, and then decays rapidly, eventually ap-
proaches an asymptotic level. The maximum turbulence intensity occurs 2.0-2.5 cm downstream of the
glottis, which may vary with the inhalation flow rate. Due to the transient effects, the transition from
laminar to turbulent flow during cyclic inhalation cannot be as rapid as in the equivalent steady case.
Specifically, at t = 7, during the accelerating phase, turbulence does not occur from the soft palate to glottis
as it is the case for steady flow (Re =2800). On the contrary, turbulent fluctuations are still strong for t = T
during deceleration while they disappear for the equivalent steady case (Re = 1400). The turbulence in-
tensities around the soft palate at ¢+ = T3 and 7, under the cyclic inhalation condition are both lower than
those for the equivalent steady cases. With further flow developments in the oral airway, the k-distributions
after the glottis at t = 75, T3, and T} are quite similar to those for the equivalent steady flows.
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Fig. 7. Variations of cross-sectional area-averaged turbulence kinetic energy in the oral airway model at different time levels during
cyclic inhalation.
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Fig. 8. Variation of turbulence kinetic energy in the oral airway model during one inspiratory cycle with: (a) time; and (b) Reynolds
number in the trachea.

The variations of turbulence kinetic energy during one inhalation cycle can be further observed in
Fig. 8(a) and (b), where k,_, is the area-averaged kinetic energy at cross section O-O (see Fig. 1), and k.« 1S
the maximum, area-averaged turbulence kinetic energy in the oral airway model. The turbulence kinetic
energy increases sharply at the time intervals when Reg,chea =~ 2400 during the accelerating phase, and
becomes negligible when Req,chea < 800 during deceleration, i.e., a cyclic “turbulence hysteresis” can be
observed.

5.1.1.3. Axial pressure profiles. The results of pressure drops as a function of axial distance from the mouth
in the oral airway geometry are shown in Fig. 9, where the values at different time levels under cyclic in-
halation condition are compared to those for steady flow at equivalent Reynolds numbers. In Fig. 9, Ap is
the pressure drop defined as Ap = p — py,, where p is the cross-sectional area-averaged pressure and py, is the
inlet pressure at the mouth. As expected, the pressure drop in the oral airway increases with flow rate. In
both accelerating and decelerating periods, the transient pressure drops from 7; to Ts essentially agree with
the equivalent steady-state cases, but the differences are somewhat larger during deceleration.
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Fig. 9. Variations of pressure drop in the oral airway model at different time levels during cyclic inhalation.
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(b)

Fig. 10. Concentration contours of nano-particles (4, = 1 nm) in the oral airway model during cyclic inhalation at: (a) = T}; (b)
t =Ty (c)t = T;; and (d) ¢ = Ts. The left panels exhibit side-plane (y = 0 plane) concentration contours, while the right panels show the
concentration distributions at different cross-sectional planes.
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Fig. 10. (continued)
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Fig. 11. Instantaneous deposition efficiency of nano-particles (d, = 1 nm) in the oral airways during inspiratory cycle.
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Fig. 12. Mass fractions of deposited nano-particles (4, = 1 nm) in the oral airways during inspiratory cycle.
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Fig. 13. Comparisons of total deposition fractions of nano-particles (¢, = 1 nm) in the oral airway model under cyclic and steady
inhalation conditions for different flow rates.
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Fig. 14. 3-D distributions of the deposition enhancement factor (DEF) in the oral airway model at different time levels during cyclic
inhalation and steady inhalation with Q;, = 30 I/min.

5.1.2. Nano-particle transport and deposition considering cyclic inhalation

The transient and steady-state fluid-particle dynamics are illustrated and discussed for d, = 1 nm, i.e.,
D = 0.053 cm?/s which is also representative for some components of fuel vapors in air (see Table 3), in
terms of local mass fractions and wall depositions (see Figs. 10-14). Then, DFs for wide ranges of particle
diameters 1 < d, < 150 nm and inhalation flow rates 7.5 < Oj, < 60 1/min are presented (see Figs. 15 and 16).

5.1.2.1. Nano-particle (d, = 1 nm) or vapor distributions. The mass fraction contours of 1 nm particles in the
oral airway for different time levels, ¢t = T, 7>, T3 and Ts (see Fig. 2) for light-activity breathing are dis-
played in Fig. 10(a)—(d). A uniform particle concentration, directly related to the instantaneous flow rate
condition, was assumed at the mouth inlet. Clearly, lower mass fractions are observed near flow separation,
flow stagnation, and in low-velocity zones because mass transfer by convection is relatively low in these
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Fig. 16. Nano-particle deposition efficiencies in the oral airway model as a function of diffusion parameter.

regions and even high species concentrations cannot be easily dispersed. The local concentration gradient
near the wall indicates the particle deposition rate at that site. Thus, the local deposition rate tends to be
high in the oral cavity and low in the trachea due to the species redistributions over the cross sections driven
by secondary and reverse flows. At ¢t = T; (beginning of inspiration), particles have hardly reached the
trachea. Due to the existence of the laryngeal jet and flow separation, the maximum concentration regions
are located at the center of the tube at cross sections D-D’, E-E’ and F-F’. With increasing flow rates
during acceleration (¢ = 73), transition to turbulent flow may occur, and the situation changes somewhat.
The inlet particles are quickly connected to the trachea, undergoing rapid mixing. Affected by the free
airstreams, the concentration fields are very complicated in the mouth-to-pharynx as well as in the larynx
regions. But in the trachea (see cross sections E-E’ and F-F’), the species distributions tend to be more
uniform due to strong mixing, driven by secondary flows upstream. Even uniformly distributed mass
fractions can be observed in the trachea at peak flow, i.e., t = T3 (see Fig. 10(c)). Similar to the airflow
structures, the features of concentration fields change very little from ¢ = T3 to 75 during deceleration (cf.
Figs. 10(d) and 6(c)).
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Fig. 11 shows the variation of momentary deposition efficiencies during one inhalation cycle, which is
defined as the ratio of deposited mass to inhaled mass at a given time level. At the very beginning of
inspiration (¢ < 0.05 s), the instantaneous deposition efficiency is higher than during the next time interval
because of the presence of lingering particles at the end of the previous inspiration cycle. With the de-
position of the remaining particles, the DE decreases a little and then increases from ¢ = 0.1-0.3 s with
increasing flow rate because particles propagate faster both axially and radially with a higher flow rate
due to the convection—diffusion phenomena. The DEs remain almost constant during the major part of
the inspiratory cycle (i.e., from ¢ = 0.3-1.5 s) with the onset of turbulence. However, from ¢ = 1.5 s to the
end of inspiration, DE increases with decreasing flow rate because of the increasing residence time for
particles. The peak DE can be as high as 99% near the end of inspiration (¢ = 1.8 s) at near-zero flow
rate.

With the inhaled mass of nano-particles being proportional to the flow rate, the fraction of depositing
particle mass may still decrease even if the momentary deposition efficiency increases near the end of in-
spiration (see Fig. 12). The fraction of mass deposition is defined as the ratio of momentary deposited mass
to the total deposited mass during one inspiratory cycle. Moskal and Gradon [24] stated that an en-
hancement of deposition was observed during the switch from inspiratory to expiratory breathing, i.e., at
the end of inspiration. This seems to be questionable in light of the decrease of inhaled particle mass with
low flow rates (see Fig. 12). More accurately, it is the enhancement of momentary deposition efficiency (see
Fig. 11), which may occur at the end of particle/vapor inspiration.

The total DF in the oral airways for cyclic inhalation is compared with those for steady inhalation
considering different flow rates (Fig. 13). The best matching flow rate was determined to be the average
between the mean and maximum flow rates, i.e., Omaich = %(Qmean + Omax ). After segmental averaging, the
DFs of nano-particles or vapor for cyclic inspiratory flow are not significantly different from that for
constant flow with various matching flow rates, i.e., the errors range from —2% to +10%. In fact, the de-
position result for steady matching flow (27.5%) is a good conservative estimate of the actual DF (26.9%).
This conclusion is consistent with the experimental observations of Li et al. [14] for deposition of iodine
vapor in a tracheobronchial cast. They observed relatively low depositions for cyclic flow and concluded
that the cyclic inspiratory flow patterns do not cause a statistically significantly increase in the total de-
position in the tracheobronchial region.

The momentary deposition patterns of d, = 1 nm nano-particles or vapor during the inspiratory cycle
are depicted in Fig. 14 in terms of the DEF (see DEF of Eq. (13)). The DEF contours vary little except at
the beginning of inspiration (¢ = 7}) where deposition is minor after the inlet due to low convection. Be-
cause of large concentration gradients resulting in strong mixing, the highest deposition values almost
always occur at the inlet for plug flow and uniformly distributed vapor. In addition, enhanced deposition
may occur at the outer bend just after the soft palate or near the glottis. The deposition patterns during the
major part of the inspiratory cycle resemble those for steady flow as well.

5.1.2.2. Deposition fractions of nano-particles. As discussed above, cyclic flow patterns have minor effects on
nano-particle transport and deposition, hence, the following analysis considers only steady inhalation.

The variations of DF in the oral airway which is defined in Eq. (12), as a function of inhalation flow rate
and particle diameter are depicted in Fig. 15. As expected, the DFs decrease with an increasing particle
diameter because of the decrease in diffusive capacity (see Table 2). Similarly, the higher the inhalation flow
rate, the lower the deposition of nano-particles because of reduced residence time. However, the inlet flow
rate has a minor effect on particle deposition when compared to the influence of particle size. In fact, the
deposition of 1 nm particles in the oral airway may be as high as 20-40% while the DFs of 150 nm particles
may be as low as 0.01-0.05%.

A “diffusion parameter”, 4, considering the effects of inhalation flow rate, particle size and geometric
features is usually employed to correlate the diffusional DF of nano-particles. It is defined as
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nDL
4d=—" 14
40 (14)
where L is the length of the tube, and Q is the volumetric flow rate. A plot of DF in the oral airway model as
a function of diffusion parameter A4 is provided in Fig. 16. All these scattered data can be correlated using
the following equation:

DF (%) = A% exp(b — cA), (15)

where a = 0.69, b =7.72, ¢ = 86.3 for 5x 1078 < 4 <1072 with > = 0.985. As shown in Fig. 16, the in-
halation flow rate has negligible effects on the DF when it is correlated with the diffusion parameter.

5.2. Steady transport and deposition of nano-particles in bifurcating airways

This section focuses on the steady airflow structures (Section 5.2.1) as well as nano-particle transport
(Section 5.2.2) and deposition (Section 5.2.3) in the bronchial airway model representing Generations GO—
G3 of Weibel’s lung model where the inlet velocity profiles and turbulent quantities are adjusted from the
trachea in the oral airway model.

5.2.1. Air flow structures
Considering inspiratory flow rate of Q;, = 15 I/min, i.e., low-level breathing, Fig. 17 shows the mean-
velocity fields in the planar triple-bifurcation airways which are physiologically 90° turned with respect to the
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Fig. 17. Velocity profiles in the bifurcation airway model at steady inhalation with Q;, = 15 /min. The left panel exhibits mid-plane
(z = 0 plane) speed contours. The right panel shows the axial velocity contours (magnitudes in cm/s) and secondary velocity vectors at
different cross sections.
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oral airways (see Figs. 1 and 6(a)). The selected cross-sectional views display the axial velocity contours as
well as secondary velocity vectors. For such low-level breathing, the turbulent intensity is very low in the oral
airway and flow instabilities cannot be induced in the bifurcating branches without any additional distur-
bances, which indicates that laminar flow prevails in this case. The inlet profiles for both axial and secondary
velocities (see section A—-A’) are fully three-dimensional, i.e., asymmetric about both the bifurcation and
transverse planes. Two zones with high axial velocities exist at the upper and lower side of the tube (i.e., near
the anterior and posterior walls of the trachea), and two strong secondary vortices appear at the tube center.
The air stream splits at the first flow divider and a new boundary layer is generated at the inner wall of the
first daughter tube. The skewed profile with a maximum axial velocity near the inner wall can be clearly
observed at cross section B-B’. Another high-velocity region which appears near the upper side at section B—
B’ may come from upstream. The locations and intensities of secondary vortices in the first daughter tube
change as well, due to the centrifugal force effects when compared to those at the parent tube (A-A’). When
the air stream continues to turn bends at the second and third daughter tubes, the velocity patterns vary with
the development of upstream flows and the generation of the new boundary layers near the inner walls of the
dividers. The different tubes may experience a different air flow rate as a result of skewed upstream velocity
profiles (see section E-E’ and F-F’). Of interest is that the entrance effects become relatively weak in the
second and third daughter tubes. That is, the asymmetry of axial and secondary velocities about the bi-
furcation plane (i.e., mid-plane or z = 0 plane) is lower in the second and third daughter branches (see
sections C-C’, D-D’, E-E’ and F-F’) than in the first daughter and parent tubes (B-B’ and A-A’). The
primary characteristics of the flow fields at cross sections C—C’, D-D’, E-E' and F-F’ are quite similar;
specifically: (i) skewed velocity profiles with the maximum velocity near the inner wall around the divider;
and (ii) two distinct secondary vortices appearing at the upper and lower side of the tube, which moves the
high speed fluid up around the top of the tube towards the outside of the bifurcation and low speed fluid
from the outside of the bifurcation along the symmetry plane towards the inside of the bifurcation.

When the inspiratory flow rate is increased to 30 and 60 1/min, i.e., light activity and exercise breathing,
the velocity profiles and the turbulent energy profiles change measurably in the oral airway part (see [45]).
Subsequently, the velocity profiles at the entrance of the bronchial airway (cf. cross section A—A’ in Fig. 18)
are different from those for Q;, = 15 I/min (Fig. 17). For the high flow rate cases, the velocity profiles
become more blunt from the left (A’) to the right wall (A), and the maximum velocity zone moves to the top
wall (i.e., the anterior wall of the trachea) at cross section A-A’ (see Fig. 17) with the occurrence of
transition to turbulence after the glottis. The secondary motion decays and appears very weak at this cross
section (A—A’). When the airstream turns the bend at the first divider, the maximum velocity region moves
from the top wall to the inside wall of the bifurcation and secondary flow is re-established due to the
centrifugal force effect. However, the entrance effects will again decrease in the daughter tubes of the second
and third bifurcations. The axial velocities are almost symmetric about the bifurcation plane (z = 0 plane)
at the cross sections E-E' and F-F’ (see Fig. 18). In addition, the almost completely symmetric velocity
profile at A-A’ about the transverse plane (y = 0 plane) results in quite similar velocity profiles in the lower
and upper parts of the triple bifurcation split at the first flow divider.

Although the turbulence levels appear to decay approaching an asymptotic level of approximately
k/uZ, = 0.1-0.2 at the inlet of bifurcating airways GO-G3, the flow instabilities may be induced again at the
bifurcation region due to the significant geometric transition from the parent tube to the two daughter
tubes. Fig. 19 shows the turbulence kinetic energy distributions in airways G0—G3 with an inspiratory flow
rate of O, = 60 I/min. The strong turbulence fluctuations occur just around the flow dividers due to the
contraction of top and bottom surfaces near the carinal ridges (see sections 1-1’, 3-3’ and 4-4'), and they
then decay rapidly in the straight tubular segments. The turbulence intensities may be different at different
dividers due to different upstream effects and contraction ratios. The maximum turbulent fluctuations may
occur at the third inside divider (see 4-4'). In general, turbulence which occurs after the throat may
propagate to at least Generation G3 even at a low local Reynolds number (say, Rejo..; = 700) because of the
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Fig. 18. Velocity profiles in the bifurcation airway model at steady inhalation with Q;, = 60 /min. The left panel exhibits mid-plane
(z = 0 plane) speed contours. The right panel shows the axial velocity contours (magnitudes in cm/s) and secondary velocity vectors at
different cross sections.

Q,=60 Uimin
kiu?

- 1.20

1.00

Fig. 19. Distributions of turbulence kinetic energy in the bifurcation airway model at Q;, = 60 I/min.
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enhancement of flow instabilities just upstream of the flow divider. This phenomenon is similar to some
experimental observations by Olson et al. [73,74] and West and Hugh-Jones [75]; but turbulent fluctuation
initiated around the flow divider has never been demonstrated before.

5.2.2. Transport of nano-particles

Figs. 20(a), (b) and 21(a), (b) show the distributions of two sets of nano-particles (i.e., d, = 1 and 10 nm)
in terms of local particle mass fraction for the inhalation flow rates O;, = 15 and 60 1/min. The associated
velocity profiles are shown in Figs. 17 and 18. Clearly, for tiny particles (say, d, = 1 nm) with a low in-
spiratory flow rate of Q;, = 15 I/min the axial velocity field is a good indicator of particle distributions (see
Fig. 20(a)), i.e., high-velocity regions imply high-concentration regions for particles and vice versa. This is
because convection mass transfer is quite strong in the high-velocity regions and particles can rapidly
convect and mix. However, at high flow rates, the dispersion of particles at the entrance is not as swift, even
for d, = 1 nm particles, because of the decrease in residence times (see section A-A’ in Fig. 21(a)). In
addition, the concentration gradients are larger in the shear layer along the inner walls of the bifurcations
(see cross sections B-B’ to F-F’ in Figs. 20 and 21), which may indicate enhanced deposition at the inside
wall around the flow divider. The larger size particles (d, = 10 nm) cannot diffuse as rapidly and hence
deposit not as much as the tiny particles (d, = 1 nm), leaving high particle concentrations mostly in the
lumenal areas. However, in the low-velocity regions (i.e., outside bifurcation zones, C, D', E' and F’), the
relatively long residence times for particles help them to establish a relatively large mass-transfer zone, i.e.,
a low-concentration region. The role of secondary flows in nano-particle transport is not as pronounced as
it is for micro-particles. Specifically, in some cases micro-particles can be swept out of the strong secondary
vortices due to their inertia, and preferential ring areas of high concentrations are generated outside the
secondary vortices (see [41]). In contrast, no apparent relationship between concentration distribution and
secondary airflow motion is observed for nano-particles. This may be because the drag, which is directly
related to fluid motion, is the dominant force for micro-particles, while Brownian motion caused by mo-
lecular collisions is the controlling mechanism for nano-particle dispersion.

5.2.3. Deposition of nano-particles

The local deposition patterns of nano-particles can be described in terms of the distribution of the DEF
as given in Eq. (13). Fig. 22(a) and (b) depict the DEF-contours in the bifurcation airway model GO-G3.
For both 1 and 10 nm particles, the enhanced deposition mainly occurs at the carinal ridges and the inside
walls around the dividers due to the complicated air flows and large particle-concentration gradients in
these regions. However, the maximum DEF-values vary with each bifurcation. The specific values of the
maximum DEF-values in different bifurcations (see Fig. 1) for various pairs of flow rate and particle size are
given in Table 4. Except for Oj, = 15 I/min and d, = 1 nm, the maximum DEF-values increase with the
sequential bifurcation for all other Oj,—d, combinations. The exception for Q;, = 15 I/min and d, = 1 nm at
the first bifurcation is caused by a decrease in core particle concentration just upstream of the flow divider
with the sequential bifurcation due to heavy deposition upstream (see Fig. 20(a)). In other cases, the in-
crease of axial velocity in the tube center, upstream of the divider with the sequential bifurcation (cf.
sections A—A’, B-B’ and D-D’ in Figs. 20 and 21), results in the increase of local mass transfer at the carinal
ridge with the sequential bifurcation (i.e., B1, B2.1 and B3.2, Fig. 1), while the core concentrations just
upstream of flow dividers vary little. The variation of DEF-values with sequential bifurcation also indicates
that single or double bifurcation models are insufficient for investigating particle deposition in the bronchial
airways. For 100 nm particles, the maximum DEF still occurs at the third carinal ridge; however, except at
the entrance region, the DEF distribution tends to be more uniform. As a result, the maximum DEF for
100 nm particles is smaller than those for 1 and 10 nm particles. This is attributed to the decreasing dif-
fusivities and more uniformly distributed concentration fields in the tubes (cf. Figs. 21 and 22) for larger
nano-particles. Such a near-uniform distribution of deposited nano-particles also implies that more sites
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Fig. 20. Concentration contours in the bifurcation airway model for an inspiratory flow rate of Q;, = 15 I/min for nano-particles with
diameters: (a) d, = 1 nm; and (b) d, = 10 nm.
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Fig. 21. Concentration contours in the bifurcation airway model for an inspiratory flow rate of Q;, = 60 I/min for nano-particles with
diameters: (a) d, = 1 nm; and (b) d, = 10 nm.
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Fig. 22. 3-D distributions of the deposition enhancement factor (DEF) of nano-particles in the bifurcation airway model for steady
inhalation with: (a) Q;, = 15 I/min; and (b) Q;, = 60 /min.

Table 4

Maximum DEFs in different bifurcations
Bifurcation First Second Third
O = 15 I/min, d, = 1 nm 9.86 8.81 9.55
Qi = 15 /min, d, = 10 nm 5.04 6.53 8.36
Oin = 15 l/min, d, = 100 nm 1.62 2.29 3.23
Oin = 30 V/min, d, = 1 nm 7.45 8.27 10.31
Oin = 30 /min, d, = 10 nm 4.24 5.27 7.11
Oin = 30 V/min, d, = 100 nm 1.35 1.92 2.70
QOin = 60 /min, d, = 1 nm 7.31 8.19 10.22
Qi = 60 /min, d, = 10 nm 3.40 4.51 5.98

Oin = 60 l/min, d, = 100 nm 1.22 1.73 2.46
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Table 5
Comparison of total deposition fraction (%) in generations G0-G3 (Q;, = 60 1/min)

Particle diameter (nm)

1 3 5 10 20 30 50 100 150
With turbulence 9.520 2.898 1.567 0.672 0.293 0.177 0.0846 0.0273 0.0142
Without turbulence 9.050 2.890 1.565 0.672 0.293 0.177 0.0845 0.0272 0.0141

may interact with cell membranes, hence there is a higher probability of transport of toxic substances into
the tissue/blood domain.

As discussed before, turbulence exists at each bifurcation in generations GO-G3 at medium and high
inlet flow rates. The effects of turbulent flow on nano-particles deposition are shown in Table 5 in terms of
total DF in G0-G3 with @, = 60 I/min, where “without turbulence” implies vt = 0 in Eq. (7). In contrast
to micro-particles, the effect of turbulent fluctuations on nano-particle deposition is minor. The reason for
this may be that the eddy viscosity (vr) is very small in the near-wall regions, i.e., in the order of 1077 to
1071% cm?/s. The local deposition patterns “without turbulence” also exhibit almost no change when
compared with those “with turbulence”, except the slight increase in the maximum DEF-value for 1 nm
diameter particles.

To summarize the deposition data, Fig. 23 shows the DF-variations vs. particle diameter in the four-
generation bronchial airway model. The DFs (see Eq. (12)) in an average four-generation airway as
measured by Cohen et al. [13] are also given for comparison. It is seen that the simulated data agree well
with the experimental data; again, validating the present CFPD simulation model. The trends of the re-
lation between the DFs and particle size and inspiratory flow rates are the same as those for the oral airway
model.

Fig. 24(a) and (b) show the DF-variations as a function of particle size across different bifurcations. The
DF in each bifurcation is related to the local Reynolds number and bifurcation geometric features (e.g.,
total surface area, etc.) when the particle size is fixed. As a result, the DF in the third bifurcation is a little
higher than that in the first and second bifurcations for the same-sized particles at the same inspiratory flow
rate, while the DFs in the first and second bifurcations are almost the same. The DF is about the same for
both branches of the third bifurcation as well (see Fig. 24(b)).

10°

s

Deposition Fraction (%)

Q,=7.5 Umin
10" - - -- Q,=15Umin NS
) .. \.\ ~
————— Q,=30 /min N3
-
e Q,,=60 Umin S
2
0E . Experimental Data (Q, =18 I/min)
o o Experimental Data (Q, =34 I/min)
=) I TR R | Ll
10 g 10" 10°

Particle Diameter (nm)

Fig. 23. Deposition fraction variations of nano-particles in the bifurcation airway model vs. flow rate and particle diameter. The
experimental data were obtained from Cohen et al. [13].
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Fig. 24. Deposition fraction variations of nano-particles across different bifurcations in the bifurcation airway model.
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Fig. 25. Plots of deposition efficiencies of nano-particles for different model bifurcations versus the diffusion parameter A.

The DE data sets for individual bifurcations can be correlated with 4 of Eq. (15) where the coef-
ficients are a = 0.64, b = 5.84, and ¢ = 16.75, for 5 x 1078 < 4 <1072 with 7> = 0.991 (see Fig. 25). The
bifurcation deposition efficiency is defined as the ratio of deposited mass at one individual bifurcation
to the inhaled mass at the inlet of that bifurcation. For calculating 4, the characteristic length L is
defined as the ratio of the total surface area of the individual bifurcation to its parent tube diameter. As
shown in Fig. 25, the DE may change slightly from generation to generation in the lung because of the
strong variations in airway geometry. Clearly, the DE(4) correlation equation, which captures the
general trend based on all our simulation data, would be most applicable for global (algebraic) lung
modeling efforts.

6. Conclusions

The following conclusions can be drawn from the experimentally validated CFPD modeling results.
(1) Apparent effects of unsteadiness can be observed in the oral airways during the decelerating phase of
the inspiratory cycle. Specifically, airflow during the decelerating phase exhibits apparent turbulent fea-
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tures and resembles those at peak inspiration. The onset of turbulence may take place during acceler-
ation when Re,chea &~ 2400; but, turbulent fluctuations may not weaken until Rey,ene, < 800 during de-
celeration. Moreover, the difference in pressure drops between the transient case and quasi-steady case
is relatively large during deceleration.

(2) The dynamics of 1 nm particles can be similar to vapor transport and deposition because of equivalent
diffusion parameters. Both the momentary deposition efficiencies and deposition patterns of these spe-
cies remain almost constant during the major part of the inspiratory cycle. However, near the end of
inspiration, the deposition efficiency increases with decreasing flow rate because of the increasing res-
idence times for particles. At the end of inspiration, the enhancement of momentary deposition effi-
ciency may occur for nano-particles, but the inhaled mass decreases with decreasing flow rate. The
total DFs of nano-particles due to diffusional transport for cyclic inspiratory flow is not significantly
different from that for constant flow with a matching flow rate because the deposition changes little
from the mean flow rate case to the peak flow rate case.

(3) Turbulent fluctuations, which occur after the throat, propagate at least to Generation G3 at medium
and high inspiratory flow rates due to the enhancement of flow instabilities just upstream of the flow
dividers. However, the effects of turbulent fluctuations on nano-particle deposition are quite minor
in the human upper airways.

(4) In a four-generation bronchial airway model (GO-G3), the entrance effects appear to weaken in the last
two generations.

(5) Enhanced deposition of nano-particles mainly occurs at the carinal ridges and the inside walls around
the cranial ridges. The maximum enhanced deposition (DEF,,,,) is about 2.5-10 times of the average
dose in the upper tracheobronchial airway model for 15 < Q;, <60 /min and 1 <d, <150 nm, which
varies with bifurcation, particle size, and inhalation flow rate. The local deposition is more uniformly
distributed for relatively large-size particles (say, d, = 100 nm) than for small-size particles (say, d, = 1
nm). Such a near-uniform distribution of deposited nano-particles also implies that more sites may in-
teract with cell membranes, hence there is a higher probability of transport of toxic substances into the
tissue/blood domain.

(6) The role of secondary flows on nano-particle transport is not as pronounced as for micro-particles. The
concentration distributions for nano-size particles tend to be more uniform with increasing particle size
in the upper airways.

(7) The regional deposition efficiencies of nano-particles in the size range of 1-150 nm can be correlated
with the diffusion parameter 4, incorporating the effects of inhalation flow rate, particle size, and geo-
metric length scale.

In summary, this work may elucidate basic physical insight of nano-particle or vapor transport relevant
to dosimetry-and-health-effect studies as well as for drug aerosol delivery analyses. The findings may also
provide necessary information for toxicologic or therapeutic impact assessments.
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