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ABSTRACT

A theoretical model was developed to calculate the deposition of inhaled
fibrous particles in the human lung. In the derivation of deposition formulae,
the simultaneous effects of the velocity shear in the air flow and Brownian
rotation on particle orientation were considered. Total deposition of fibers in
the lung at mouth breathing was found to be smaller than that of spherical ones
with the same mass, and deposition in the lung at nose breathing showed consi-
derably lower deposition than that at mouth breathing. Calculated deposition in
the alveolar region of the lung from this model compared favorably with the
postmortem data.

INTRODUCTION

Deposition of fibrous particles in the human respiratory tract is a very
complicated process because of the sequential branching of the airway passages,
the change in the orientation of individval passages, and the complex behavior of
long fibrous particles in this system. There are only a few theoretical studies
made to date which address this problem. Beeckmans (1972) extended the deposition
results of spherical particles to fibrous ones by assuming that the particles were
randomly oriented in the airways at all times. He showed that the deposition
result for fibrous particles could not be derived directly from that for spherical
ones by means of an equivalent spherical particle diameter because this diameter
differs depending on the mechanism of deposition. Further, in Beeckmans' analy-
sis, particle removal from the nasopharyngeal air stream and interception deposi-
tion at the bifurcation sites were neglected. These loss mechanisms are important
for large and long fibers.

Another very extensive deposition model for fibrous particles was developed
by Barris and Fraser (1976), using existing and new formulae for calculating the
deposition of fibrous particles in an airway due todifferent mechanisms. The
particles were assumed to be oriented either with their major axes along the flow
or randomly in space, depending upon the flow condition and the strength of
particle Brownian motion. They also derived a deposition formula in the naso-
pharynx by considering impaction deposition and interception deposition by nasal
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hairs. Both Beeckmans and Barris calculated total and regional deposition in
humans using the lung model of Weibel (1963).

In this paper, we further extend the studies of Beeckmans and Barris on the
deposition model for fibrous particles in the human lung by performing a detailed
analysis of particle orientation in each generation of the airway. It is known
that fibrous particles are subjected to a combined translational and rotational
motion. The particle rotation is caused by the velocity gradient in the flow
(Jeffery, 1922) and by Brownian motion. Both these effects are considered in the
derivation of new deposition formulae in an airway. A procedure is also developed
and utilized to allow a smooth transition from the velocity gradient dominated
particle rotation to the one controlled by Brownian motion. The regional and
total deposition are then calculated and compared with experimental data.

COLLECTION EFFICIENCIES IN AIRWAYS

Deposition of fibrous particles in an airway is strongly related to the orien-
tation of particles with respect to the direction of the air flow. There are two
mechanisms which determine the particle orientation: the velocity shear of the
flow and Brownian rotation. At any time t, the orientation of particles, expres-—
sed by an orientation distribution function, P(¢,0,t) is governed by the Fokker-
Planck equation
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where w is the angular velocity of particle rotation, ID is the Brownian diffusion
coefficient for rotation, and ¢ and O are the Eulerian angles shown in Fig. 1.
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FIGURE 1. Orientation of a Fibrous Particle.

Fibrous particles deposit on the airway surface by various mechanisms inclu-
ding diffusion, sedimentation, impaction and interception. The deposition effi-
ciencies for the first three mechanisms have been derived for spherical particles.
Each of these results can be extended to fibrous particles by considering orienta-
tion effects in the manner described below.

38



The diffusion efficiency of spherical particles in a parabolic flow was
obtained by Ingham (1975) in the form

Mg = (1-0.819 exp (-14.63A) -0.097 exp (-89.224)
-0.0325 exp (-228A) -0.0509 exp (-125.94%/3)} (3)
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in which L and R are, respectively, the airway length and radius, U is the average
velocity in the airway, and tD is the translational diffusion coefficient of
particles. Equation (3) can be applied to fibers if a proper expression for tD is
used. Asgharian et al. (1987) have derived the following expression for tD

1 2n n/2 Cp(d,)P(r*,9,0)
tp = T sin0dOdp dr* (s)
£*20 $=0 020 £°

where P(r*,$0) is the orientation distribution function of particles at steady
state, kK is the Boltzmann constant, T is the absolute temperature, r* = r/R with r
being the radial distance from the axis of the airway, f% is the drag per unit
velocity in the continuum regime, and Cp is the Cunningham correction factor given

by
C
Cg =1+ Kn [A + B exp(- E;)] (6)

In equation (6), A, B and C are constants with A=1.142, B=0.558 and C=0.999 for
solid particles (Allen and Raabe, 1985), and Kn is the Knudsen number defined by

N
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where A is the mean free path of the gas molecules and d, js the equivalent
diameter for the slip correction, determined from the expression
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= (8)
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in which d¢ and B are, respectively, the particle minor diameter and the aspect
ratio, and g is the diffusion angle, defined as the angle between the particle
polar axis and the axis of the airway.

The collection efficiency for spherical particles due to sedimentation in a
horizontal tube was derived by Pich (1972). It has the following expression

n, = %(28 /1-6273 - g3 /1 g2/3 4 gin~1 ¢1/3) (9)
where
3u L
e = EE%_ (10)

in which Ug is the particle terminal settling velocity. In an inclined airway
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with an inclinatjon angle y, equation (10) is modified by replacing ug with uy
cosy- For a single fiber which makes an angle Vs with the horizontal, the termi-
nal settling velocity can be found as follows:

3
pgdfBCEd,) 1 . 1 2
ug - ____IEF_____ (d;T— sin ¢; + d;: cos ws) ) (11)

where p is the particle density, g is the gravitational constant, pis the abso-
lute viscosity of the air, and df;y and df| are, respectively, the stokes diame-
ters for the cases with the particle polar axis parallel and perpendicular to the
direction of motion. The stokes diameter is defined as the diameter of a sphere
which has the same drag as the particle in the continuum regime. Oseen (1927)
obtained expressions for df and df as follows:
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A descending particle at its terminal velocity experiences a constant force exer-—
ted on it while its velocity and orientation keep changing as a result of rota-
tion. The average settling velocity of a particle is theref ore

2 n/2 1 2n n/2

o= u, ($,0)P(r*,$.0)sin0d0dr*da (14)
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where a is the angle between the horizontal line and the line conmecting the
center of the particle to the center of an airway cross section. DUpon substi-
tution of equation (14) for uw; in equation (10), the average sedimentation effi-
ciency of fibrous particles in randomly oriented airways can be obtained as fol-
lows:
n/2
ﬁs = I ﬂs(y) cosydy (15
v=0
Impaction efficiency is the fraction of particles deposited at the bifur-
cation of an airway due to their inertia. At small particle stokes numbers. Chan
and Yu (1981) obtained the impaction efficiency for spherical particles in the
following simple form using a bend model:

“imp = 0.768 St 6y (16)

where Op i the bend angle and St is the Stokes number which represents particle's
inertia. The above expression can be extended to fibers if one uses the average
Stokes number over different orientations of fibrous particles. The Stokes number
for a single fiber which makes an angle of ¥; with the axis of the parent tube of
a bifurcating airway has the following form:

padpuC,
St = (17)
18uR(dﬂ|5in2¢i+de°°szwi)

The average of the Stokes number is then
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_ 2 n/2
St = j j j St(¢,0)P(r*, $,0) sin0d0d ddr* (18)
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Opon smbstitution of St from equation (18) into (16) for St, the impaction effi-
ciency of fibers in a bifurcating airway is obtained.

Because of their elongated geometry, fibers also deposit at the carina of a
bifurcation due to interception. An expression for the interception efficiency of
fibrous particles, was derived by Asgharian (1988) as follows:
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in which %% and %) are, respectively, the particle length and its projection on
the airway cross—sectional plane.

In order to evaluate the collection efficiencies due to different mechanisms
in an airway, an expression for P(r*,¢,0) is needed. Peterlin (1938) considered
the problem of suspended ellipsoidal particles in a uniform flow with constant
shear, He solved the Fokker—Planck equation (1) to obtain
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and TPe is the rotational Peclet number, defined by

Tpe = (27)

6
Ip

in which G is the velocity gradient, and D is the rotational diffusion coeffi-
cient, given by

r
D = B kT (28)

In equation (28), By, is the angular mobility of the fiber about the axis of
rotation. For a prolate ellipsoid of revolution, it was found that (Gans, 1928)
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Equation (25) can be applied locally to a parabolic flow in a tube for which
the velocity gradient is a function of the radial position. Since eguation (25)
is a serious solution of A, a rapid convergence of this equation requires A<(1,
which corresponds to small values of B. However, for fibers with large B, A
approaches unity and many terms in equation (25) are needed in order to assure an
accurate result., To avoid this difficulty, an alternative approach becomes neces-
sary in calculating collection efficiencies.

We assume that the collection efficiency of particles by each deposition
mechanism is a linear combination of two separate efficiencies, one for the case
of random particle orientation and other for the particle orientation as deter-
mined from the periodic rotation of particles resulting from the velocity shear,
i.e.,

nE A mp Ay g (30)
where np and ng are, respectively, the collection efficiencies of particles in
periodic rotation and random orientation, and Al and AZ are coefficients given by
the expressions

r %
p
A1 - — (31)
TPes+ 50
50
Az = — (32)
Tpe*+50
where
Tpe* - =2 (33)
RTD

The numerical value of 50 in equations (31) and (32) was obtained by matching
solution (30) with the exact solution presented above for rPe®(<l, in which P
was calculated from equation (25). Equation (30) also implies that the orienta-
tion distribution function has the same linear combination form. The orientation
distribution function for the velocity shear dominated case is calculated numeri-
cally from the theory of Jeffery (1922).

The total deposition efficiency of particles in an airway per unit length of
airway is obtained by summing the efficiencies of all deposition mechanisms. That
is,

“total =g + “imp tng t Rint (34)
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Figures 2 to 4 show the deposition efficiencies of each individuval mechanism in
various airway generations of Weibel's lung model at a flow rate of 375 cm3/sec
for different equivalent mass diameters dgp(dep = dfpl/3 for an ellipsoidal par-

ticle of unit density).

The results show that for very small particles (dem =

0.01 pm), only diffusion is important and the deposition efficiency increases with
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generation number because of the slower flow rate and larger residence time for
For particles with deg = 1 um, interception deposition is the most

diffusion.
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important mechanism at almost all airway genmerations except in the very deep lung
where sedimentation dominates. Also, for very large particles (dem = 10 pm), the
impaction efficiency is the highest in the earlier generations and sedimentation
is highest in the later generations. Based on these results, ome can deduce that
in the upper airways, impaction and interception, and in the deeper airways inter-
ception, diffusion and sedimentation are the effective deposition mechanisms in
the lung.
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FIGORE 4. Deposition Efficiency of Fibrous in Different Generations of the Weibel

Lung Model at a Flow Rate of 375 cm3/sec for dem=10 pm and Onit
Density.

COLLECTION EFFICIENCIES IN THE NOSE AND MOUTH

Particles also deposit in the head region by impaction and interception. In
the mouth, impaction is the only important deposition mechanism, while in the
nose, nasal hairs contribute to interception deposition. The expressions for
impaction deposition in the nose and mouth have been obtained for spherical par-
ticles by Yu et al. (1981). These expressions are modified for fibrous particles
by again using the average stokes number over all particle orientations. However,
due to the large air velocity in the head region, particles are assumed to have
random orientation at all times.

For the interception deposition of fibrous particles due to the nasal hairs
in the nostril, simple analytical expressions were derived by Asgharian (1987).
These expressions are

N,
int

0.921 [1-(1-24 zf)7!, for L. < 0.035cn (35)

- > 0.035
Nine = 0-921. for 2,0 cm (36)
where £¢ js the fiber length in cm.

The total deposition efficiency in the nose is determined by combining impac—
tion and interception. Assuming that these mechanisms are independent, the total
deposition efficiency in the nose is given by

N = 1'(1"Nimp)(1'Nint) = N, + N - N

imp int imp Nint (37)

44



TOTAL AND REGIONAL DEPOSITION

The collection efficiencies derived for the airways and for the head region
are used in a deposition model to calculate the deposition of fibers in the human
respiratory tract based upon Weibel's symmetric lung model. The lung volume is
taken to be 3000 cm3, the tidal volume is 750 cm3 and the breathing period is 4
seconds, which includes 1.74 seconds for inhalation, 0.2 seconds f or pause, and
2.06 seconds for exhalation. The deposition results for mouth and nose breathing
are plotted in Figs. 5-11.

The tracheobronchial deposition of particles through mouth breathing is shown
in Fig. 5. For small particles with equivalent mass diameter dep<0.1 pm, diffu-
sion deposition is dominant and a larger aspect ratio of the particle results in a
lower deposition. For dey between 0.1 ym and 1 pm, diffusion, impaction and
interception are all present and there is no clear relationship between the aspect
ratio of the particle and the amount of deposition. For dey’l pm, diffusion
becomes unimportant and the deposition curves for different aspect ratios cross
each other and one cannot identify a dominant deposition mechanism. Hence, depo-
sition in the tracheobronchial region can be categorized into three regions: a
diffusion dominated region for dey less then 0.1 pym, a transition region in which
impaction, interception and diffusion all contribute to deposition, and an inter-
ception-impaction region for dem larger than 1 pm. The mechanism of sedimentation
is less important in the tracheobronchial region for large particles because of
the smaller residence time, as shown in Figs. 3 and 4.
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FIGORE 5. Tracheobronchial Deposition of Unit Density Fibers via Mouth Breathing
in the Weibel Lung Model at a Lung Volume of 3000 cm3, a Tidal Volume
of 750 cm3, and a Breathing Frequency of 15 cycles/min.

Figure 6 shows the results of alveolar deposition via mouth breathing. Since
the deposition in the alveolar region is affected by both the filtering effect of
the tracheobronchial region and the deposition efficiency of the alveolar region,
the results are more complicated than those in the tracheobronchial region. For
extremely small particles (dem < 0.02 pm) and very large particles (deg » 5 pm),
the filtering effect is important due to diffusion and interception respectively
in the tracheobronchial region. Between depy = 0.02 pm and dey = 5 um, the alveo—
lar deposition is controlled by diffusion from 0.02 pm to 0.5 pm and by sedimenta-
tion from 0.5 pm to 5 pm. Increasing the aspect ratio of the particle in this
size range results in a decrease in deposition. A plot of the total deposition
(sum of the head, tracheobronchial and alveolar deposition) via mouth breathing is
shown in Fig. 7. The results show that particles with lower aspect ratios normal-
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FIGORE 6. Alveolar Deposition of Unit Density Fibers via Mouth Breathing in the
Weibel Lung Model at a Lung Volume of 3000 cm3, a Tidal Volume of
750cm3, and a Breathing Frequency of 15 cycles/min.

ly have higher total deposition. This implies that the decreases in deposition by
the combined mechanisms of diffusion, sedimentation and impaction resulting from a
thinner and longer particle outweigh the increase in interception deposition in
most cases.
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FIGORE 7. Total Deposition of Unit Density Fibers via Mouth Breathing in the
Weibel Lung Model at a Lung Volume of 3000 cm3 a Tidal Volume of 750
cm3, and a Breathing Frequency of 15 cycles/min.

The calculated total and regional depositions via nose breathing are plotted
in Figs. 8-10, Because of a stronger impaction deposition in the nose and the
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contribution of interception deposition from the nasal hairs, the deposition in
the tracheobronchial and alveolar region are significantly lower than the results
of mouth breathing. Total deposition is also higher for the nose breathing mode.
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FIGORE 8. Tracheobronchial Deposition of Unit Density Fibers via Nose Breathing
in the Weibel Lung Model at a Lung Volume of 3000 cm3, a Tidal Volume
of 750 cm3, and a Breathing Frequency of 15 cycles/min.
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FIGORE 9. Alveolar Deposition of OUnit Density Fibers via Nose Breathing in the
Weibel Lung Model at a Lung Volume of 3000 cm3, a Tidal Volume of 750
cm3, and a Breathing Frequency of 15 cycles/min.

To verify the deposition model of fibers in the human lung, we have made a
comparison between the calculated alveolar deposition with data reported by
Timbrell (1982). Timbrell studied the distribution of fibers in the lung speci-—
mens of former employees and local inhabitants of the Paakkila anthophyllite mine.
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FIGORE 10. Total Deposition of Unit Density Fibers via Nose Breathing in the
Weibel Lung Model at a Lung Volume of 3000 cm3, a Tidal Volume of 750
cm3, and a Breathing Frequency of 15 cycles/min.

From thbe data on fiber size distribution and fibers recovered from lung tissues,
he obtained a bivariate distribution of fibers retained in the lung. Bis results
for the left upper lobe of a mine worker are shown in Fig. 11. A similar plot
based on our calculation is shown in Fig. 12 for a particle density of 3 g/cm3
which corresponds to these fibers., By comparing Figs. 11 and 12, one can see that
both plots show a maximum relative deposition at fiber length of 7 um, but the
corresponding fiber diameters are 0.5 pm in Timbrell’'s results and 0.75 pm in our
calculation. The general pattern of deposition with respect to particle size in
two figures, however, is strikingly similar. It should be born in mind that our
results are calculated from deposition alone, while Timbrell's results correspond
to the retention of fiber in the lung tissues after a long period of exposure
which involves clearance mechanisms.
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FIGORE 11. Bivariate Presentation of Fiber Retention Obtained by Timbrell (1982)
from the Lung Specimens of a Mine Worker.
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FIGORE 12. Bivariate Distribution of Fiber Deposition in the Alveoli via Nose
Breathing Calculated from the Present Theory.
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