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Fiber Deposition in the Tracheobronchial Region:
Deposition Equations

Yue Zhou, Wei-Chung Su, and Yung Sung Cheng

Lovelace Respiratory Research Institute, Albuquerque, New Mexico, USA

A lung deposition model for fibrous aerosol needs accurate deposition equations for different
regions of the human respiratory tract. For fiber deposition in the tracheobronchial region
there are several theoretical and empirical equations to predict deposition efficiency in the
impaction-dominant region. However, few were verified with experimental data. We have ob-
tained experimental data of fiber deposition in realistic human airway replicas using carbon
fibers. Comparison of experimental data and existing deposition models yield variable results,
with some models performing better than other models. There was no consistent agreement
found over the Stokes number range of experimental data. A generic empirical model for fiber
deposition in the tracheobronchial region was developed based on all carbon fiber deposition
data in human lung replicas. This model includes the size of fibers and the geometry of the
tracheobronchial bifurcation. Because it is difficult to develop only one equation for all data
from the trachea to the major bronchial bifurcations, the deposition patterns in the trachea
and first generation were each predicted by their own equations. An additional equation was
developed for the second to fourth generations. This model, combined with oral and nasal de-
position predictions which will be published elsewhere, can be used to investigate the inhalation
dosimetry and deposition patterns of fibers in human lungs for assessing occupational hazards
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and air pollutants.

INTRODUCTION

Fibrous particles are those with an elongated shape. They are
widely used in various industrial fields due to their low cost and
highly desirable physical/chemical properties, such as high heat
resistance. However, fibers have also been associated with po-
tential health hazards when they are inhaled and deposited in the
lungs. Four major deposition mechanisms: impaction, intercep-
tion, sedimentation, and diffusion, contribute to fiber deposition
in the lungs depending on the fiber’s dimensions, the inspiration
flow rate, and the lungs’ geometry. In general, deposition occurs
with a combination of these mechanisms.

Theoretical prediction of fiber deposition in the lungs be-
gan in the 1970s when Beeckmans (1970) used Weibel’s lung
model (1963) to calculate the deposition of asbestos by treating
the fibers as randomly oriented prolate spheroids. By neglect-
ing interception, Beeckmans’ results showed that deposition
decreased with the increase of the fiber length for fibers having
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a constant diameter. Two years later, Harris (1972) developed
a fiber deposition model using the Task Group on Lung Dy-
namics model (1966) together with Weibel’s anatomical model.
Fibers were again treated as stretch spheroids and the four depo-
sition mechanisms were expressed separately according to fiber
size and dynamic conditions. The deposition equations for im-
paction, diffusion, and sedimentation were modified from those
derived from spherical particles and interception of fibers was
included as well. Asgharian & Yu (1988) considered fiber rota-
tion in their deposition equations in their human lung deposition
model. Total deposition of fibers in the lung using mouth breath-
ing was found to be smaller than that of spherical fibers with the
same mass. Recently, Sturm & Hofmann (2006) proposed a fiber
deposition simulation computer model termed FIBROS, where
the input window included selection of the breathing condition,
the fiber’s physical properties, as well as the deposition equations
for the tracheobronchial airways. Their simulation indicated that
using different deposition equations results in substantial varia-
tion in regional deposition. There were no human experimental
data for fiber deposition; therefore, these models remained to be
verified.

An asymmetrical multiple-path model of fiber deposition in
rats was also developed by Asgharian & Anjilvel (1998). Their
calculations on total deposition were in agreement with experi-
mental data reported in the literature (Evans et al., 1973; Morgan
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et al., 1978; Griffis et al., 1981; Roggli & Brody, 1984). Ding
et al. (1997) proposed a nasal deposition equation for rats based
on experimental results obtained from spherical particles in rats’
nasal passages. They used this equation in the rat lung deposi-
tion model and made extensive comparisons with experimental
data. The model prediction for total and nasal deposition was
in general agreement with the experimental data, but in several
cases the prediction was higher than the experimental data. The
model calculation for pulmonary deposition agreed well with
the experimental data.

Several deposition equations have been developed and used
for calculating tracheobronchial deposition in the human de-
position models. According to fiber movement in the tracheo-
bronchial tree, Cai & Yu (1988) proposed a deposition model
assuming a simple flow field in the airway bifurcations. Only in-
ertial impaction and interception mechanisms were considered
in the model. With the development of computer technology,
many theoretical models for fiber deposition in human lungs
were achieved by computational fluid dynamics (CFD) tech-
niques (Baldshdzy et al., 2005; Zhang et al., 1996; Podgorski
etal., 1995; Asgharian & Anjilvel, 1995). These numerical mod-
els are very complicated and not easy to use without the computer
code. Empirical equations developed from experimental data ob-
tained in physical airway replicas (Sussman et al., 1991a,1991bj;
Myojo & Takaya, 2001) have also been considered in the lung
model.

The major issue with these fiber deposition models, especially
in human models, is the verification with the experimental data.
Due to the lack of information on in vivo fiber deposition in hu-
man volunteers, experimental results obtained in realistic airway
replicas would be useful. Experimental studies conducting fiber
deposition in realistic human replicas, including nasal, oral, and
tracheobronchial deposition, have been reported (Su & Cheng,
2005, 2006a, 2006b; Zhou et al., 2007). In this paper we report
extensive comparison of deposition equations with experimental
data on fiber obtained from tracheobronchial regions in several
airway replicas (Sussman et al., 1991a; Zhou et al., 2007). Based
on this study, we made several recommendations on modeling
fiber deposition in humans.

MATERIALS AND METHODS
Experimental Methods

A description of experimental design and methods for the
deposition of fibers in human airway replica has been reported
(Zhou et al., 2007). Briefly, two different human lung replicas,
casts A and B, which included the oral cavity, pharynx, larynx,
trachea, and three to four generations of bronchi along with con-
ductive carbon fibers (Hercules Inc., Wilmington, DE) having a
monodisperse diameter of 3.66 wm and polydisperse in length
(Su & Cheng, 2005) were used in this study. Fibrous particles
generated from a small-scale powder disperser (Model 3433;
TSI Inc., St. Paul, MN) were led to an aerosol Kr-85 neutralizer
in a chamber where they were neutralized and well mixed with
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the diluted air. To avoid particle re-bounce, the inner surface of
the replicas was coated with silicon oil. Fibers were then passed
through the lung replica at three inspiratory flow rates of 15,
43.5, and 60 L/min, which cover the breathing rate of a human
adult from rest to moderate exercise. For each replica, each ter-
minal tube of the replica was connected to a 25-mm asbestos
filter cassette to collect fibers that passed through the replica.
After each aerosol exposure the replica was cut into segments
and washed with alcohol. The alcohol solution was then filtered
to obtain the sample slides. Each slide was analyzed with a mi-
croscope to determine the fiber length distribution and number
concentration. The deposition efficiency of a bifurcation for fiber
of a certain length was calculated by the number of fibers de-
posited in the bifurcation divided by total fibers before entering
the bifurcation. The deposition efficiency of each bifurcation as
a function of fiber dimension and flow rate was then calculated.

Deposition Equations

Three theoretical and two empirical models developed for
fiber deposition in the tracheobronchial region were used in the
lung deposition models. Most of these fiber deposition mod-
els were based on inertial deposition region, and impaction was
considered the major mechanism in those models. These mod-
els can be used to estimate the regional deposition and dose for
inhaled fibers. Except for the empirical model of Sussman et al.
(1991b), which used a realistic human lung cast as a physical
model, those models were all based on the idealized, symmet-
rical airway bifurcations. The method developed by Cai & Yu
(1988) only considered the impaction and interception mecha-
nisms based on the concept of the stop and interception distances
of a particle in the cross-section of the daughter tube. The fiber
deposition model was a modification of the spherical particle
deposition model. For uniform flow, three different fiber orien-
tations were considered, 1) parallel to the axis of the daughter
tube, 2) parallel to the parent tube and remains so at the bifurca-
tion, and 3) random orientation. The first case represents strong
fiber alignment by the primary flow, so that the effect of the in-
terception can be ignored. The deposition efficiency (1) is only
based on the impaction as follows:

= o, X Stk (1]
=Fla, —
7 "Ry !

where F' (Cai & Yu, 1988) is the function of bifurcation angle
() and the ratio of radius for daughter (R) and parent (Ry). The
Stk is the Stokes number for this specific case. Because cases
2 and 3 include interception as another deposition mechanism,
the deposition efficiencies can be expressed by:

Fla B Vst + H@ [2]
= o, — i ilo)—
" R R
where i is 2 or 3 representing either case 2 or 3, H (Cai &

Yu, 1988) is a function of the bifurcation angle having different
expressions in different cases, and [ is the fiber length.



FIBER DEPOSITION IN THE TRACHEOBRONCHIAL REGION

Zhang and co-workers (1996) made numerical simulations
on flow field and fiber trajectory with orientations in a three-
dimensional bifurcation airway. The bifurcation had the same
diameter of 0.6 cm for both parent and daughter tubes. A com-
puter code was developed to calculate fiber transport in the air-
way tubes using the equations for fiber motions. The deposition
efficiency was obtained with different bifurcation angles and
Reynolds numbers as a function Stokes number. A similar cal-
culation was made by Balashazy et al. (2005) with a stochastic
lung deposition model for different flow rates and equivalent
diameters. Deposition efficiencies for mouth or nasal breathing
were also calculated in their study. Results showed the deposi-
tion efficiency as a function of lung generations or fiber length.

Two brass bifurcations, which corresponded to the second to
fourth generations of Weibel’s lung model, were used by Myojo
(1987, 1990) for the fiber deposition experiment. After deliver-
ing fibers to the bifurcation models, fibers were counted under
a scanning electron microscope. Based on more experimental
data, Myojo & Takaya (2001) introduced an empirical model
for fiber deposition in a bifurcation and considered the intercep-
tion parameter and Stokes number in their model. This model
gave five constant parameters based on the experimental data.

An empirical model that predicts fiber deposition in the hu-
man tracheobronchial region was developed by Sussman et al.
(19914a,1991b). Based on the experimental data of asbestos de-
posited in a realistic human airway replica, a “best fit” equation
for all fibers’ deposition efficiency (1) was introduced as:

n = 0.052 4 0.007 log(pd> Q) + 3.54 Dy 3]

where p is the fiber density, d is the fiber equivalent acrodynamic
diameter, Q is the inhalation flow rate, and D, is a function of
fiber length and radius of a parent generation.

Calculation of Stokes Number

The Stokes number is a dimensionless parameter that includes
particle size, velocity, and lung geometry. It is easier to compare
particle deposition results from different lung geometry and in-
halation patterns by using the Stokes number. For a spherical
particle traveling in a tube, the Stokes number is simply a func-
tion of particle diameter, travel velocity, and the diameter of the
tube. However, the Stokes number of a fiber also includes the
fiber orientation in the flow. The calculation of the Stokes num-
ber for a fiber varies in different theoretical models. The model
of Cai & Yu (1988) used the equivalent diameters of a fiber for
Stokes drag introduced by Oseen (1927) in the Stokes calcula-
tion. For a fiber randomly orientated in the stream, the Stokes
number (Stk) used by Cai & Yu (1988) can be expressed as

Pd;ﬁUo

Stk = - -
36“((1 — 36y + T—Gde>Ro

[4]

where p is the fiber density, d is the fiber diameter, B is the
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aspect ratio, Uy is the velocity of the flow, and u is air viscosity,
J 3(8° = dy
1=
——1In(B+/p>—1)—
RN

[5]

and
8¢p2 _
di = 2ﬂ2313(ﬁ /nzd_fl
\/ﬁz——l n(ﬂ+ :8 - )+:3

The Stokes number in the models of Harris & Fraser (1976)
and Myojo & Takaya (2001) were also based on the Stokes law of
a fiber traveling in a tube. The equation for a random orientation
fiber was simplified as follows:

[6]

pd7 Uy sin i

Stk; = [7]

0.385 1.230
16“(111(2,3)70.5 + 1n(2;3)+0.5)R0
where X is the angle between the initial and final directions of
flow at a bifurcation (taken at 30°). In order to simplify the
calculation, a fiber equal-volume Stokes number was defined in
the model of Zhang et al. (1996) as

pdz,Uo

Stk =
36/LRO

(8]

where d,,=d s #!/3. When summarizing those three Stokes num-
bers, the following equation was obtained:
pd;Ug
=X (9]
36[LRO
where i =1, 2, or 3 representing the three cases discussed above
(1 for Cai & Yu’s model, 2 for Harris & Fraser’s & Myojo &

Takaya’s models, and 3 for volume equivalent diameter) and X
is a function of 8 expressed as

Stk

X, =

e e e [10]

(1— ) 1D N
107 I mpn/p-n-p 10 F2m@n/p-4p
9sin A
X2 - 0.385 1.230 [11]
4(1n(2j9)—0.5 + 1n(zb)+o.5>

X; =g’ [12]

When we compared these three factors as shown in Figure 1, we
found that the ratio of X, and X is a constant number (0.747 &
0.005). This indicates that we can easily compare the models of
Cai & Yu (1988), Harris & Fraser (1976), and Myojo & Takaya
by correcting the Stokes number using the constant ratio. The
Stokes number in our experimental data was calculated using
the method of Cai & Yu (1988) when compared with these mod-
els. The equal-volume Stokes number was used for comparing
our model with that of Zhang et al. (1996) to develop our new
empirical model.
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FIG. 1. Comparison of three shape factors as a function of fiber
aspect ratio.

RESULTS

Comparison of Experimental Data and Deposition
Equations

‘We compared existing theoretical and empirical models with
our experimental data to determine which model could best de-
scribe the experimental results.

Figure 2 shows the comparison of our data with three mod-
els, Cai & Yu (1988), Harris & Fraser (1976), and Myojo &
Takaya (2001), in one of the second bifurcations of our lung
cast A. The experimental data were plotted as a function of Stk;
for random orientation. Stk, used by Harris & Fraser (1976)

3 2nd Bifurcation_F2
3' i
e
QO 01
o 3
k= ]
w ]
c .
2 1 O
= O
[72] ;
g oot o ®
) 3 ;00O
a 1 o/ O Experimental data
e : —— Cai & Yu (1988)
i ——— Harris & Fraser (1976)
- Myojo & Takaya (2001)
0.001 — T T T T T T T T

Stokes Number

FIG. 2. Experimental data compared with theoretical and em-
pirical models at one bifurcation (F2 in Zhou et al., 2007) of the
second generation.
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and Myojo & Takaya (2001) was adjusted to Stk;. Because
the models of Cai & Yu (1988) and Harris & Fraser (1976)
include bifurcation geometry, the comparison must be made
to each individual bifurcation of the cast. Results similar to
those of Figure 2 were obtained when we compared the other
bifurcations of the two lung casts. There are four empirical
equations in the Myojo & Takaya’s model (2001), each hav-
ing different interception parameters. The one shown in Fig-
ure 2 was the closest to our experimental data. Figure 2 shows
that the models of Cai & Yu, and Harris & Fraser are in good
agreement with the experimental data for Stk; > 0.2, whereas
the Myojo & Takaya model overestimated the deposition for
Stky < 0.2.

The model of Zhang and co-workers (1996) is difficult to
compare as it is not as easy to calculate as the three used in
Figure 2. We found it difficult to use because it was based on a
CFD method. The other reason we didn’t include their model in
Figure 2 is due to the different expression of the Stokes number.
The Stokes number used in Figure 2 was based on the equivalent
diameter of Stokes drag for a fiber with random orientation in the
stream as discussed in the previous section. However, the diame-
ter used in the Stokes number by Zhang et al. (1996) was simply
a volume equivalent diameter, i.e. the diameter of a sphere that
has the same volume as the fiber. In their study, the deposition
efficiency was affected by the Stokes number, Reynolds number,
and the bifurcation angle. Using their numerical results we ob-
tained a best-fit equation, which is similar to that shown in their
study of spherical particles (Zhang et al., 1997), by using the
nonlinear curve fitting procedure of SigmaPlot software (SPSS,
Chicago, IL) as follows:

n/Re'’? sin6 = 0.0008 exp(14.4957k""7)
for Stk < 0.08
n/Re'3sinf = 0.175 — 0.177 exp(—5.555tk"°)

for Stk > 0.08 [13]

As the formula includes the bifurcation angle and Reynolds
number in the Y axis, the comparison can be made for all ex-
perimental data regardless of the bifurcation geometry. Figure 3
shows the comparison of our experimental data and the model
of Zhang et al. (1996) with the complete set of data from cast
A. The data of Sussman et al. (1991a) was also included in
this figure as the lung cast experimental data for a small Stokes
number range. The comparison indicates that, in general, the
experimental data agreed well with Zhang’s numerical results
over a Stokes number range between 0.001 and 1.0, but the data
may not describe results for a specific bifurcation.

The empirical model developed by Sussman and co-workers
(1991b) includes many parameters such as fiber size and lung
geometry. This model was used to calculate fiber deposition in
the bifurcations of our lung cast. Figure 4 shows our experimen-
tal data and their calculation for one bifurcation of the second
generation of cast A. We also obtained similar results in other
bifurcations. Because the model of Sussman et al. (1991b) takes
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FIG. 3. Comparison of fiber deposition experimental data with
the model of Zhang et al. (1996) (solid circles) and data from
Sussman et al. (1991a) (solid squares) for all bifurcations of lung
cast A. The curve is the regression of Zhang’s data.

into account the fiber length, one fiber length generated one
curve. In our experiment, there were 12 fiber lengths resulting
in 12 equations in each bifurcation. The curves in Figure 4 were
boundaries of those 12 equations. The solid lines are the bound-
aries of the model for flow rate smaller than 30 L/min and the
dash lines are boundaries for flow rate larger than or equal to
30 L/min. It appears that the model underestimated deposition
when the impaction parameter was larger than 0.001.

Empirical Deposition Equations

From the comparison of models and experimental data de-
scribed in the previous section, no theoretical or empirical model
can be used to describe our fiber deposition data for every bi-
furcation of the lung casts. In order to predict fiber deposition
in human lungs, an empirical model was developed. The deriva-

0.5

O Experimental data, 15 LPM
O Experimental data, 43.5 LPM
A Experiemntal data, 60 LPM
0.4 9 ——— Sussman et al, 1991, Q<30 LPM A
—— Sussman et al, 1991, Q@>=30 LPM A A

— A
|
:0,3- A
o
= A AR
8 a4
COZ a
c 0.2 4 o g-a
2 d g0 2
8 m)
a a
Q
o014
a | __ _ -
o209
0.0 o 0o

2nd Generation F2, cast A

0.001 0.01
d,,’Q (cm?cm?/s)

0.0001

FIG. 4. Comparison of fiber deposition experimental data with
the empirical model of Sussman et al. (1991a) in bifurcation F2.
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tion of this empirical equation followed the approach we used
for the deposition of spherical particles (Zhou & Cheng, 2005).
The basic equation considered is the same as we described in
Zhou & Cheng (2005),

n=1—exp(—a - Stk’) [14]

where a and b are constant numbers for each individual bifur-
cation or trachea, the Stokes number here is defined in Equation
8.

The experimental data for each bifurcation of casts A and B,
which were obtained in our previous study (Zhou et al., 2007),
was used to obtain the fitted Equation 14. The result for the
constant values of @ and b is listed in Table 1. We treated b
as a constant value like we did for spherical particles (Zhou &
Cheng, 2005). We found that the average value of b (1.34 £+
0.19) is exactly the same as we obtained for spherical particles,
although the standard deviation was relatively large. For value
a, we plotted the data of F as a function of a (shown in Figure 5)
as we did for the spherical particle study (Zhou & Cheng, 2005).
An equation of a = 1.70 F was obtained, even though the linear
relation was not as good as that for spherical particles. Thus, the
empirical fiber deposition model for the different bifurcations is
expressed as:

R
n=1-—exp ( —1.70F (a, R—)) : Szk”“) [15]
0

As a reference, the equation obtained for spherical particle
deposition in a lung cast (Zhou & Cheng, 2005) is also listed

here:
R 1.34
n=1—exp| —539F|a, — |- Stk-
Ry

for spherical particles [16]

The trachea is a special region in the respiratory system and
it has no bifurcation. Therefore, the geometric factor F is a

12

10

° a=170F

FIG. 5. The constant value a in Equation 14 as a function of F
obtained from Equation 16 of Cai & Yu (1988).
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TABLE 1 DISCUSSION

Constant values of a and b obtained by Equation 5 for each In general, theoretical models were based on an ideal bifur-
bifurcation cation which had the same diameter for each tube and the same
. . eometry of each daughter tube. In a realistic airway tube, the
“Bifurcation No. — F(a, R/Ro) a b fross—sez/tion varied. Aglso daughter tubes of a bifucmttion were
Cast A 1.E 0.75 351 1.515 notsymmetrical in terms of diameter, length and bifurcation an-
2 F1 1.33 1.43 1.525 gle. Differences between theoretical models and experimental
2 F2 051 0.19 1.504 datafromarealistic airway cast are expected because of the vari-
3. Gl 0.97 0.91 1.201 ation of bifurcation geometry. However, the comparison is still
3.G2 0.49 0.41 1.177 useful to determine if a theoretical model can predict deposition

3.G3 0.69 1.01 1.234 inarealistic airway.
3 G4 0.93 1.05 1.263 The models of Cai & Yu (1988) and Harris & Fraser (1976)
4.H1 1.03 0.79 1.261 showed good agreement with the experimental data for Stk;>
4.H2 1.09 2.41 1.222 0.2, where impaction is the dominant mechanism for fiber depo-
Cast B 1.E 0.72 2.45 1.605 sition. But these theoretical models predicted higher deposition
2 F1 0.93 297 153  for Stk < 0.2. The reasons for these discrepancies are not known.
2 F2 0.80 1.00 1.036 But one reason may be that the theoretical models do not con-
3Gl 1.30 11.44 1.719 sider the specific characteristic fiber’s motion. The empirical
3.G2 0.79 1.51 1.191 models of Myojo & Takaya (2001) and Sussman et al. (1991b)
3.G3 1.03 2.53 1.256 are based on experimental data from fibers with small diame-
3. G4 1.43 213 1.26 ters.Itisnot surprising to find these models are only valid in the

“Details of the bifurcation number is described in Zhou et al., 2007.

constant at this point. From the regression of the deposition data
of casts A and B as shown in Figure 6, the empirical equation
for the trachea is:
n=1—-exp(—1.02 - Stk>¥). [17]
For spherical particles, the deposition equation in the trachea
is:

n=1—exp(—6.40 - Stk"1). [18]

) | .
S o014
S b .
= ]
w E [ ]
- ) ]
.2 ]
=
g n
0.01 o ]
) ] L
o ]
4 O Fibers-Cast A
g L) A Fibers - Cast B
4 —— Equation Fit
W Sussman etal, 1991a
0001 T T IIIIlII T T IIIIIII T T IIIIIII T T T T T1TTT
0.0001 0.001 0.01 0.1 1

Stokes Number

FIG. 6. Equation regression in the tracheal region and compared
with data from Sussman et al. (1991a).

small Stokes number range.

In general, the numerical model of Zhang et al. (1996) fol-
lows the general trend of the experimental data for the entire
range of the Stokes number used for the available experimental
data (0.001 < Stk < 1.0). This is because the numerical model
considers fiber dynamics as having both translational and rota-
tional motion. It is a good model for calculating the impaction
deposition of fibers in tracheobronchial airway generations of
symmetrical bifurcation models used in many lung deposition
and dosimetry models. However, it may not be accurate in pre-
dicting the fiber deposition in a specific airway bifurcation of a
realistic and asymmetric airway. Their simulation is based on a
single ideal airway bifurcation with uniform diameter of each
tube and the same dimensions for daughter tubes. The flow rate
splits equally into two daughter tubes. One would not expect that
it works for every complicated airway branch with each having
a different geometrical parameter.

The empirical model of the current study was based on the
experimental data in each bifurcation. Figure 7 shows that our
empirical model applies to all generations of cast A, except for
one bifurcation for each generation. Even though the fiber de-
position data showed a large scatter as a function of the Stokes
number, the empirical model covers most of the data. The em-
pirical model can provide a more accurate estimate of fiber de-
position in a human tracheobronchial airway bifurcation for a
Stokes number >0.001 or in a dominant region of impaction.
We are working on fiber deposition experiments using smaller
diameter fibers and it will be interesting to determine whether
this empirical equation will agree with the additional data.

As discussed in our experimental paper (Zhou et al., 2007),
the spherical particle deposition was higher than fiber deposi-
tion at a given Stokes number. Figure 8 compares the empirical
models of spherical particle deposition (Zhou & Cheng, 2005)
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FIG. 7. Comparison of experimental data with the new empirical model in all four generations of cast A. Only one bifurcation is

shown for generations two to four.

with that of fiber deposition in our lung casts. A similar trend
was also obtained by the theoretical models developed by Zhang
et al. (1996, 1997), also shown in Figure 8. This result indicates
that fibers can penetrate the upper respiratory airways easier
than spherical particles and reach the lower airway. As shown
by theoretical simulation (Zhang et al. 1996), this is probably
due to the fact that the fiber tends to align itself in the flow.
The alignment of the fiber results in small drag in the direction
of flow and larger drag in the vertical direction, and therefore
lower deposition in the vertical direction. Similarly, we also have

—— Current Model; Zhou & Cheng (2005)
Zhang et al (1996, 1997)

0.1

Spherical Particle

l

< 0.01

Deposition Efficiency (-) for this study
n/Re"sing (-) for Zhang's Model

0.001 +— :
0.01 0.4 1

Stokes Number

FIG. 8. Comparison of theoretical or empirical models between
fibrous and spherical particles.

experimental evidence to show that fibers deposited less than
spherical particles of equivalent Stokes number in the human
nasal and oral airways (Su & Cheng, 2005, 2006a, 2006b). So far
these observations are in the inertial-dominant region. Whether
similar observations can be validated for nanofibers where dif-
fusion is the dominant deposition mechanism remains to be
seen.

CONCLUSIONS

Extensive comparison of experimental data with existing de-
position equations for fiber aerosols in the impaction dominant
region shows that existing equations have their limitation. The
numerical model of Zhang et al. (1996) follows the general trend
of the experimental data for the entire range of the Stokes num-
ber used for the available experimental data (0.001 < Stk < 1.0).
This is because the numerical model considers fiber dynamics as
having both translational and rotational motion. Other theoreti-
cal models do not consider this particular aspect of fiber dynam-
ics. However even the model of Zhang et al. (1996) could not be
expected to yield accurate deposition efficiency in a particular
bifurcation. Our new empirical model was developed based on
the fiber deposition data from two human lung casts. This model
can be used to estimate the fibrous particle inhalation dosimetry
and deposition patterns in a specific airway bifurcation. Further,
the experimental evidence shows that fibers have lower deposi-
tion efficiency as compared with spherical particles of equiva-
lent Stokes number. The numerical model of Zhang et al. (1996)
shows that this is probably because the fiber tends to align with
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the air flow, and thus can penetrate the head airways and upper
tracheobronchial airways.
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