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Abstract

In Part II, given the airflow fields discussed in Part I, microparticle deposition for a practical range of Stokes numbers,
0.025 < St < 0.102, has been simulated and analyzed, comparing different temporal assumptions, inlet conditions and geomet-
ric configurations. The matching steady-state assumption with equivalent Reynolds and Stokes numbers achieves basically the
same deposition fraction (DF) values as under transient inhalation conditions. When comparing parabolic vs. realistic inlet velocity
profiles, total DF-values are higher for the parabolic inlet flow for all Stokes numbers. Geometric features, such as out-of-plane
configurations and cartilaginous rings in the trachea, further change local deposited microparticle concentrations when compared
with simple airway models. Furthermore, significant differences were recorded when comparing DFs in some branches of the
present realistic model and the Weibel Type A model. For practical purposes, algebraic microparticle-deposition correlations,
DF = DF(Re, St), have been obtained for both the left and right upper lung airways. Based on current research results, the out-of-
plane model with tracheal rings and realistic inlet condition is recommended for future work.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Microparticle transport and deposition in the human respiratory system has been both experimentally and computa-
tionally studied, focusing on the physics of two-phase flow and applications to several research areas [1-4]. Examples
include medical therapy, e.g. targeted drug aerosol delivery and the health impact of inhaled toxic particles.

Traditionally, particle trajectories and deposition fractions were simulated and analyzed for single, double or triple
symmetric bifurcations [5—11], using the Weibel Type A geometry model [12]. Most recently, Ertbruggen et al. [13]
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simulated microparticle transport using a simplified model of Horsfield et al. [14], assuming steady, uniform inlet
conditions.

Experimental measurements of particle deposition have been provided by Johnston et al. [15] and Kim et al. [16,17]
for single bifurcations. Based on Weibel’s model, Kim et al. [18] also studied the particle deposition in a glass tube
replica of a symmetric double bifurcation airway. Zhou et al. [19] measured the particle deposition in a cast of a
human lung airway model with nine branches. Zhang and Finlay [20] showed experimentally that the presence of
cartilaginous rings in the trachea affects local microparticle deposition.

In summary, most of these studies employed the symmetric Weibel Type A model. Geometric characteristics, such
as asymmetry and spatial angle, were not fully considered. In contrast, Ertbruggen et al. [13] simulated microparticle
transport in a simplified out-of-plane airway model assuming steady state, sharp carinal ridges, and uniform inlet con-
ditions. The present computer simulation model focuses on transient effects, the geometric impact and the influence
of inlet conditions. Specifically, based on the air velocity fields discussed in the accompanying Part I, one-way cou-
pled microparticle transport and deposition are presented, using again the in-house CFPD code as described. Results
for transient as well as matching steady-state micro-particle inhalation are discussed. A curve-fitted correlation has
been developed to quantify particle deposition fraction as a function of inlet Reynolds number and Stokes number.
Different inlet conditions, i.e., parabolic versus realistic velocity profiles plus the associated particle distributions, are
discussed in conjunction with geometric influences, i.e., in-plane and out-of-plane configurations as well as tracheal
rings. Exhalation is not considered because particle deposition occurs mainly during the inhalation period in the upper
lung airways [21]. In addition, any influence from exhalation on the inhalation flow field mainly exists during the
initial stage of the inhalation period [22]. Thus, mechanisms like “steady streaming” [23] or “trap and release” [24]
are not considered in this work.

2. Theory
2.1. Airway geometry and inhalation waveform

The geometries of representative human lung airways have been introduced in Part I. The information can be
summarized as follows. The model relies on data from a resin cast provided by Horsfield et al. [14]. They measured
the geometric properties from the trachea to the respiratory bronchioles. The values of spatial angles were adopted
from Raabe et al. [25], Thus, the present models, featuring both out-of-plane and in-plane configurations as well as
tracheal rings [20], is sufficient to mimic representative human lung airways (see Figs. 1(a)-1(c)).

For the transient analysis, a realistic inhalation waveform under resting condition, as provided by Zhang and Kle-
instreuer [22], was implemented (Fig. 1(d)). The maximum Reynolds number (Rej, = U Dirachea /v) was about 1545
while its mean value was 1201, i.e., Qi;, = 15 1/min, and Repqach = 1468 (see Section 2.3). Briefly, for the matching
inlet Reynolds number, steady-state airflow patterns and especially segmentally averaged microparticle depositions
match closely results obtained from transient fluid-particle flow simulations. The Stokes number range covering both
toxic and therapeutic microparticles was 0.025 < St < 0.102. A typical inhalation waveform and airway models with
lettered bifurcation regions are given in Figs. 1(d) and 1(a), respectively.

2.2. Microparticle transport and deposition equations

Considering the drag to be the dominant particle point-force [22,26,34], the trajectory equation reads:
d’x, 2 L. -
mpﬁ=§ﬂdpPCDP(U—Up)|U—Up| (1

where m j, is the mass of one particle, X p 1s the displacement, d, is the particle diameter, v is the air velocity, v p 1s the
particle velocity, and Cpp is the drag coefficient. It is defined as [26]:

Cp
Cpp= (2
Cslip
where
24/Re) for 0.0 < Re, < 1.0,
D= 0.646 3)
24/Re,, for 1.0 < Re, <400
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Fig. 1. Inlet waveform and airway model: (a) out-of-plane airway model (without tracheal rings); (b) out-of-plane airway model (with trachea
rings); (c) in-plane airway model; (d) inhalation waveform.

and

Rep, =dpplv —Vpl/1, 4

with p being the dynamic viscosity of the fluid. The correlation for the slip factor, Cyj;p, is also given by Clift et al. [26]:

20 d,
Caip =1+ = 1.142 4 0.058 exp( —0.999 - (5)
dP 2Am

where 1, is the mean free path in air.
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The particle deposition fraction (DF) is defined as

DF — Number of deposited particles in a specific region

: - x 100%. (6)
Number of particles entering the trachea

2.3. Matching Reynolds and Stokes numbers

Transient inspiratory airflow fields are discussed in Part I. The particle deposition fractions for transient inhalation
were found to be close to matching steady-state particle DFs when equivalent Reynolds and Stokes numbers were
employed. The matching dimensionless groups can be evaluated as follows:

Remateh = C (Remax + Remean) (7a)
and
Stmatch = C(Stmax + Stmean) (7b)

where the maximum and mean parameter values correspond to the given inhalation waveform, the Stokes number is
defined as St = p pdf, U/(18uD) and p,, is the particle density, D is the tube diameter. Indeed, the results in Section 3.1
show that matching steady-state simulations with Remaich and Stmaich generate very similar segmentally averaged
deposition fractions when compared to the actual transient inspiratory flow.

2.4. Numerical method

As mentioned in Part I, the commercial software Solidworks (Solidworks Corparation, Concord), Cadfix (ITI, Mil-
ford) and Gridpro (Program Development Company, White Plains) were employed to generate the smooth 3-D flow
domain and finite volume mesh. The structured mesh was then read by the in-house code CFPD (Computational Fluid
and Particle Dynamics) which outputs the flow field. The air velocities and associated domain geometry information
are input to the particle trajectory solver F90, a module of CFPD for particle transport and deposition, developed
by Buchanan [27] and Longest [28]. Specifically, the particle trajectory equation was solved by using an improved
second-order Euler predictor-corrector method [29]. Assuming a randomized distribution, 106,600 microparticles,
d, =3 pym to 10 um were released at the trachea inlet. When an additional 50% of particles were released at the inlet,
the resulting difference was less than 0.5%. The accuracy of the CFPD module F90 has been verified by Longest et al.
[29] and Zhang et al. [30].

In the F90 code, the movement of each particle is separately calculated. At each time level, the current position of
a particle is checked. If a particle’s center locates within its radius from the stationary moist surface, i.e., airway wall,
particle deposition is assumed. A sufficient number of iteration steps is set to guarantee realistic and accurate simula-
tions. The trajectory calculation of a particle is terminated if the particle touches the wall, it flows out of the domain,
or the maximum number of iteration steps has been reached. For this demanding simulation task, parallel computation
was implemented with MPI (Message Passing Interface), i.e., appropriate data transfer between processors. While the
computer simulation model was validated with experimental data in Part I for airflow, several microparticle deposition
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particle from 1 to particles from 1 toiin

i in Processor 1 Processor 1
Input the flow Send to each Send results to
ﬁtglds geometric processor Processor 1 Output results
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:-‘;\?gr?ng‘t?c;: 'g? I Calculate the movement

] and deposition of
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P;ocessor i to n%i in Processor n

Fig. 2. Parallel simulation process flow chart.
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comparisons have been documented by Zhang et al. [30]. The information of the airflow field and domain geometry
is input to the particle program. Processor n solves the location (and deposition) of particles from (n — 1)i + 1 to ni
after reading the corresponding initial particle information, where i is the order of a particle. All results are sent to
Processor 1 which outputs the final data (see Fig. 2). Currently, particle bouncing and particle-to-particle collisions
are not included because it is assumed that particles deposit when they touch the moist airway surface and inhaled
particle stream is dilute.

3. Results and discussion
3.1. Transient and matching steady inhalation

As stated in Part I, the inlet velocity profiles were determined via analytical expressions for transient fully-
developed flow in a straight tube [11]. Assuming parabolic particle inlet distributions, transient inhalation as well
as matching steady air-particle flow was simulated. The particle deposition fractions for a typical Stokes number
range of 0.025 < Styachea < 0.102 are shown in Figs. 3(a)-3(h) for smoothed trachea. As indicated in Part I, the air-
flow patterns are similar for different inlet Reynolds numbers. Thus, equivalent steady Reynolds numbers, as well as
Stokes numbers, which generate the same particle deposition fractions (DFs) as they occur during transient inhala-
tion, should exist. Concerning Egs. (7a) and (7b), Zhang et al. [31] found the coefficient C to be 0.5 for Weibel’s
symmetric model. For the present more complex model, C is 0.535 where Remean = 1201 and Remax = 1544. Indeed,
the particle deposition fractions under matching steady-state condition are close to the ones for transient inhalation
(see Figs. 3(a)-3(h)). For the most part, the difference is less than 5%. The two DF-error values greater than 10%
appear in the bifurcation region F where only very few particles deposit. In general, the use of Eqgs. (7a) and (7b)
allow representation of corresponding smooth cyclic inhalation and hence major savings in computer resources.

3.2. Influence of inlet conditions on particle deposition

Assuming a parabolic inlet velocity profile, Figs. 4(a) and 4(b) show 3-D front and back views of particle deposition
patterns, while Figs. 5(a) and 5(b) illustrate the results using the realistic inlet velocity profile, both for the out-of-
plane configuration with Re;, = 1201. The particle DFs, although always lower for the realistic inlet velocity profile,
are somewhat close for the two cases when considering a typical range of Stokes numbers (see Table 1). The main
particle deposition characteristics are the same, i.e., most particles deposit at the carinal ridges while fewer particles
deposit on the outer walls due to secondary flows. However, the particle deposition patterns at a specific position can
be different. For example, at the first divider region, it can be observed that local wall concentrations are influenced
by the form of inlet condition (compare amplified pictures in Figs. 4(a) and 5(a)). Specifically, fewer particles deposit
at the carinal ridge for the realistic inlet flow because: (i) the axial velocity, responsible for particle impaction onto the
carinal ridge, is lower; and (ii) upstream the secondary flow is stronger, which causes more particles to move away
from the center before they collide with the carinal ridges. The local particle deposition differences lead to measurable
discrepancies in total deposition fractions as summarized in Table 1. Clearly, assuming an idealized parabolic inlet
profile, particle DFs are overpredicted, where for larger Stokes numbers the ADF-values increase; but, the relative
differences are about 10% for all cases.

Table 1
Total deposition fraction for two different inlet velocity profiles (out-of-plane model)
Stirachea Particle deposition fraction (%)

Parabolic Realistic
0.025 17.7 16.1
0.051 27.8 24.7
0.076 40.3 36.2

0.102 56.1 49.0
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Fig. 3. Particles deposition fractions in each bifurcation region (see Fig. 1(b)) (out-of-plane, cyclic case, Rejn mean = 1201).

3.3. Geometric influences on particle deposition

In this section, geometric influences on particle deposition patterns are discussed. The effect of the spatial angle is
first investigated by comparing results for the in-plane and out-of-plane configurations; then, the influence of tracheal
rings is analyzed.

3.3.1. In-plane model vs. out-of-plane model
Most researchers considered particle deposition for in-plane configurations. Thus, assuming the realistic velocity
inlet profile, the geometric effects, i.e., spatial angles, on deposition fractions are compared. Generally, most micropar-
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Fig. 3 (continued).

ticles deposit on carinal ridges due to inertial impaction, while some particles may land on the surface of inside/outside
curved tubes because of secondary flows in both models (see Figs. 1(a) and 1(d)). However, as expected, the particle
depositions are quite asymmetric around both the carinal ridges and branches in the realistic airways.

Generally, in the out-of-plane airway particles deposit to a less extent at the carinal ridges, which is mainly due
to the impaction of airflow. In contrast, more particles deposit along the tubular walls, induced by stronger local
secondary flows (see Part I). The different axial and secondary flows in the out-of-plane model result in a higher total
deposition fraction when compared to the in-plane configuration. However, as the Stokes number increases, the effect
of axial flows increases and hence the differences between the two morphologies become smaller. In summary, the
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Fig. 3 (continued).

total particle deposition fraction is higher in the out-of-plane than in the in-plane model for all cases studied (see
Fig. 6(a)). This is consistent with results given for symmetric airway configurations (see [32]).

The situation becomes more complex when focusing on local DFs at each bifurcation region (see Figs. 6(b) to 6(h)).
In Regions A, B and G, the DFs for the out-of-plane case are higher than those for the in-plane case, mainly due to
locally stronger secondary flows. In Regions D, E and F, the DFs are larger in the out-of-plane model for small Stokes
numbers; however, the DF-values are lower as the Stokes number increases. This is probably because the secondary
flows in the in-plane model are weaker, shifting only the smaller particles from the center towards the side, before
they impact with carinal ridges. The larger particles are less affected by weaker secondary flows. The variations in
local DFs in Region C are more complex because both the bifurcation angle and the spatial angle are large. The DF
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Fig. 3 (continued).

is initially larger in the out-of-plane model and then becomes smaller. After a certain St-value, the DF is again higher.
A possible reason for the last variation is that fewer particles enter Region C of the in-plane model.

3.3.2. The influence of cartilaginous rings in the out-of-plane model

Figs. 6(a)-6(h) also show the effect of tracheal rings on particle deposition fractions for the out-of-plane model with
the realistic inlet condition (Rej, = 1201). For example, in the bifurcation region A close to the trachea, the influence
of the cartilaginous ring structure is significant: the DF is obviously higher than when a smooth windpipe is assumed.
In bifurcation region E, the DFs are quite similar between the surface configurations, i.e., with and without rings,
because the secondary flow patterns as well as the axial velocities approaching the carinal ridges are quite similar.
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(a) front-view

(b) back-view

Fig. 4. 3D visualizations of particle deposition for GO-G3 model (out-of-plane, steady-state case, parabolic inlet condition, Rej, = 1201,
Stirachea = 0.051).
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Fig. 5. 3D visualizations of particle deposition for GO—G3 model (out-of-plane, steady-state case, realistic inlet condition, Re;, = 1201,
Stirachea = 0.051).
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Fig. 6. Particles deposition fractions in each region (see Fig. 1(b)) in different models (steady-state case, realistic inlet condition, Re;, = 1201).

Such phenomena are also observed for Region B. For Regions C, D, F and G, the DFs can be lower (F, G), higher (D),
or similar (C) in the model with tracheal rings, although the flow patterns are similar.

3.4. Comparisons with other models

Subject variability and resulting differences in local vs. segmentally averaged particle deposition values are of great
interest. Focusing on Region A (see Fig. 1(b)) for which experimental and theoretical DF data are available, Fig. 7
provides a comparison with results of Zhou and Cheng [19], Zhang et al. [30], and Cai and Yu [33]. Specifically,
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Fig. 6 (continued).

Cai and Yu [33] developed a correlation (Eq. (8)) to predict particle deposition in an idealized symmetric airway
bifurcation based on a “stopping-distance” concept.

4sina
7(R/Ro)
where « is the bifurcation angle, R and Ry are the radii of daughter and parent branches, respectively, and St is the
Stokes number at the inlet of the parent branch. More recently, Zhou and Cheng [19] measured particle depositions in
a realistic cast of a human upper lung airway. Zhang et al. [30] investigated computationally the DFs, using a modified

oral airway cast with a Weibel Type A model attached. In the following comparison only deposition data equivalent
to Region A were extracted for the last two sources.
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Fig. 6 (continued).

The present results for Region A using the steady realistic velocity profile for the out-of-plane model without
trachea rings, are in good agreement with the experimental data of Zhou and Cheng [19] and Eq. (7) of Cai and
Yu [33]. Fig. 7 also displays data sets of particle deposition fractions in the first bifurcation region for the Weibel
Type A model, which was investigated by Zhang et al. [30] for all flow rates (i.e., Qin = 15,30, 60 1/min). With
the realistic upstream configuration used [30], the Weibel Type A model provides reasonable results for relatively
low and high Stokes numbers. Differences are due to geometric characteristics and hence airflow effects on particle
transport/deposition. For example, the two branching angles in the first bifurcation are 63 degrees and 35 degrees in
the current realistic model while they are a uniform 30 degrees in the planar Weibel Type A model; thus, the influence
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Fig. 6 (continued).

of the branching angle is particularly important. In addition, in the current asymmetric model the radii of the daughter
tubes are different, which leads to changes in airflow fields and hence particle distributions.

3.5. Microparticle deposition correlations for left and right lung

Employing the out-of-plane model without tracheal rings, the steady flow simulations have been performed for
different inlet Reynolds number assuming the parabolic inlet profile. Figs. 8(a) and 8(b) show the particle deposition
fractions in the left part (Regions B-D) and in the right part (Regions E-G) respectively. It is observed that the DFs in
the left side are higher than in the right side as the geometry in the left side changes more dramatically, especially at
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Fig. 7. Comparison of experimental and computational deposition results for bifurcation region A (steady-state case, realistic inlet condition,
Rej, = 1201).

Table 2

Coefficients for Eq. (8)

Lung Coefficients r?
region a b c d e f g h i

left 43.94 —1341. 73.037 2.013 0.2727 —6.530 6387. 0.0 0.0 0.981
right 7.283 —200. 8.2975 7.280 0.2078 —17.95 —1594. 24472.0 116.4 0.985

the second-order branches (compare Regions B and E), which causes both stronger axial and secondary flows in the
left side.

Following Zhang et al. [31], a curve-fitted equation was developed to summarize the DF simulation results. Specif-
ically,

DF = f1(Stiachea) f2 (Retrachea) (9a)

where

a(St+ fS2+iSr)

Sty =
Si8n (hSt* + gSP +bSE2 + St + 1.0)

(9b)

and
f2(Re) =d(Re)*. (90)

The lines shown in Figs. 8(a) and 8(b) represent the curve-fitted results. The coefficients a—i and the multiple deter-
mination coefficient (%) are given in Table 2. The good agreements indicate that the correlation functions can be used
to evaluate microparticle depositions in different lung segments as a function of typical inlet Stokes and Reynolds
numbers. The exhalation is not considered in the simulation.

4. Conclusions

In Part II, microparticle deposition for a typical Stokes number range, i.e., 0.025 < Stiachea < 0.102, is discussed,
based on airflow fields provided in Part I. The human lung airway model data were given by Horsfield et al. [14],
Raabe et al. [25], and Zhang and Finlay [20].
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Fig. 8. Correlation for particle deposition fractions under different inlet Reynolds numbers.

The effects of transients, inlet conditions and geometric characteristics, i.e., spatial angle and tracheal ring structure
have not been published before. For the representative, i.e., asymmetric and out-of-plane, model the following conclu-
sion can be drawn. The human upper airway simulation results show that equivalent steady-state Reynolds and Stokes
numbers can be found to match transient inhalation in terms of particle deposition fractions under moderate breathing
condition (Qj, = 15 I/min). The specific velocity inlet profile influences particle deposition to a certain extent, e.g.,
the total particle DFs are higher when parabolic inlet profiles are assumed than realistic inlet velocity profiles. This
indicates the kinematic upstream effects are important for particle deposition, although it has less an influence on the
flow field. The spatial angle and tracheal ring structures further change local particle deposition concentrations when
compared with simple geometric models. For all practical purposes, algebraic microparticle-deposition correlations,
DF = DF (Strachea, Retrachea), have been obtained for both the left and right upper lung airways.
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Presently, realistic inlet conditions have not been implemented for transient inhalation. However, in future work,
realistic oral airways will be connected to the present trachea-G3 model under fully transient as well as equivalent
steady-state conditions.
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