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l. Introduction

Deposition of fibers in the respiratory tract is a dyna
cated by the sequential branching of the airway pass
the orientation of individual passages, and the beha
in this system. Because of the difficulties in generat
fibers for inhalation studies, experimental measureme
tion have been limited to animal species using poly
study potential health effects produced by inhaled fib
estimate fiber deposition in the human lung at given
mathematical models must be utilized. Few mather
fiber deposition have been done to date. Beeckmans (]
deposition results of spherical particles to fibers by as
were randomly oriented in the airways at all times. H
deposition result for fibers could not be derived dire
spherical particles by means of an equivalent spherica
because this diameter differs depending on the depo
In Beeckmans’ analysis, fiber removal from the n:
stream and interceptional deposition at airway bifu
glected. These losses are significant for large and lon

Another mathematical deposition model of fiber
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74 : C. P. Yu and B. Asgharian

oriented either with their major axes along the flow or randomly in space
depending upon the flow condition and the strength of fiber’s Brownian
rotation. Their model included interceptional deposition at airway bifur-
cations, as well as impactional and interceptional deposition in the nose.

In general, fibers in the airways are neither parallel to the flow nor
randomly orientated. The two models described previously therefore
cannot be considered correct. b deposition model that addresses this
deficiency has been reported by Asgharian and Yu (1988, 1989a). This
chapter presents a brief account of their model and some of the existing
and new deposition results calculated from the model.

Il. Motion of a Single Fiber in a Tube Flow

The dynamics of a fiber in a fluid flow are more complex than of a
spherical particle. Because the mobility of a fiber depends upon the fiber
orientation with respect to the air flow, both rotational and translational
motion must be considered in determining the trajectory of a fiber under
an external force. Consider a horizontal circular tube of radius R and
length L in which air flows with a parabolic velocity profile at an average
velocity U. We define a coordinate system {x;} fixed on the tube with x,
along the axis of the tube, x; in the vertical direction, and x; in the
horizontal direction. We also define a moving coordinate system {x/}
fixed on the fiber with the origin o’ located at the midpoint of the fiber.
We choose x; in the direction of x,, x; in the radial direction of the tube,
and xj; perpendicular to both xj and x; as shown in Fig. 1. The position
of the fiber is described by the|radial distance of o’ from the tube axis,
r, and the angle «, which is the projected angle between x; and x; in
the x,x; plane. The orientation of the fiber is described by two Eulerian
angles 6 and ¢ as shown in the figure.
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Neglecting the fiber inertial and the random force and torque on the
fiber, the equations of motion for the fiber based upon an ellipsoidal
fiber model are given by (Chen and Yu, 1991a)

i
|
i
|

% = 2U (1 - ;—22) (1)

% =G (g; ; }) sin 6 cos 6 sin ¢ cos cb, (2)

cji_(f _ G B2 cosb 2¢++1sm ¢>, (3)
where i

is the local velocity gradient of the tube flow, and g is the aspect ratio
(length to diameter) of the fiber.

Equations (2) and (3) were solved by Jeffery (1923) and the solutions
are

tané = Btan (% + cl), 5)
tan 6 = | (6)
an § = |
VB2cost ¢ + sin? ¢ |
where I
2B+ 1)
T = ; | 7
oC )

and C; and C, are two constants related to the initial orientation angles
of the fiber 6, and ¢,. Equations (5) and (6) imply that the fiber undergoes
a periodic rotational motion about the x; axis. The perniod of rotation T
increases with the aspect ratio 8 but decreases with the velocity gradient
G. Figure 2 shows the trajectory and orientation of a fiber for 8 =

x(0)/R = 0.5, x5(0)/R = x5(0)/R = 0, and §, = ¢, = 45°. The complex
behavior of fiber orientation in the flow is evident.

Ill. Orientational Distribution Function

For a system which contains many fibers, the orientation of fibers is
described by an orientational distribution function P(6,¢,t) at a given
location in space. Because Brownian rotation also contributes to orienta-
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Fig. 2 Trajectory of a fiber in a parabo

ic flow for 8 = 10, x,(0)/R = 0.75, x3(0)/R = 0,

6, = 45°, and ¢, = 45°. The fiber length is exaggerated.

tion for thin fibers, the change ¢

Fokker-Planck equation
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where @ is the angular velocit

Brownian diffusion coefficient. 1
normalized condition
2n rw
[[ v
o Jo

For the parabolic flow show
has a magnitude of G = —4Ur/]
(1938) found an analytical soluti
(t = ) in the form |

{1 + ._3._4

1
P(O,qs,t-» 00) = 57—7

1 +

3 Sinz /)

;(

f P(6,¢,t) with time is governed by the
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wP + D,VP) = 0,
y of the flow and D, is the rotational
[he solution of P(6,¢,t) must satisfy the

¢,t)sin 6dbdd = 1. 9
m in Fig. 1, @ is in the x; direction and
2. At a given r with G constant, Peterlin
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where
_pg-1
A g+ 1
and
G
Pe, = D

77

(11)

(12)

is the rotational Péclet number that measures the relative contribution

of the velocity gradient and Brownian rotation to th

Equation (10) is a series solution of A; arapid converge
requires A < 1, which corresponds to small 8. For lar

unity and a large number of terms is needed for an ¢

of P(6,¢,f — ).
The rotational diffusion coefficient in Eq. (12) ¢
terms of the fiber dimension in the form (Gans, 192

e fiber orientation.
nce of this equation
ge B, A approaches
accurate evaluation

an be expressed in
B)

~ 3kT 268% - 1 AT
Dr - 277‘}1«53?(,84 _ 1) l:\//BT——l (B + Bz 1) B]f (13)

where k = 1.38 x 10~2]/°K is the Boltzman constar
temperature in °K, u is the air viscosity, and d; is th
is readily seen from Egs. (12) and (13) that for very
D, is large and Pe, — 0. The solution of P(6,¢,t — 9

reduces to
P(6,¢,t = x) = L ,
2w
which is a uniform or random distribution in space.

for large and long fibers, D, is small, Pe, — ¢, and t
is governed by the velocity gradient alone. Equatior

-
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1 -§-Asm 20 cos2¢ + A?

PO, t —> %) = — { -

5 sin® 8 cos 4¢

it, T is the absolute
e fiber diameter. It

fine fibers (small dy)

o) given by Eq. (10)

(14)

On the other hand,
he fiber orientation

1 (10) then becomes

4(3 cos® 9 — 1)

]

560 16
+ A ‘]}. (15)
Using a Monte-Carlo simulation method, Chen and Yu (1991b) have

shown that P(6,¢,t) can reach the steady state whe
no steady state solution exists for the orientation o

n Gt > 20, although
f a single fiber.
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IV. Deposition Efficiency in an Airway

There are four principal mechanisms that cause fiber deposition within
the respiratory tract. These are diffusion, sedimentation, impaction, and
interception. The relative contribution of these mechanisms to deposition
in an airway, however, depends upon the fiber size and flow rate, as
well as the dimension and location of this airway in the respiratory tract.
For fibers carrying electric charges, deposition can be further caused by
the electrostatic image force (Vincent et al., 1981). Recent theoretical
studies (Chen and Yu, 1990, 1991c) on the settling of charged fiber by
gravity from a duct flow have shown that deposition is enhanced if the
charge level of the fiber is high, but a complete deposition theory of
charged fibers in the respiratory tract has yet to be worked out. In this
chapter, we shall limit our discussion to uncharged fibers.

In the mathematical model of fiber deposition by Asgharian and
Yu (1988, 1989a), the expressions for deposition efficiency due to the
mechanisms of diffusion, sedimentation, and impaction were obtained
from those for spherical particles (Ingham, 1975; Pich, 1972; Chan and
Yu, 1981) but modified to account for the fiber orientation effect. Because
diffusional and sedimentational deposition take place mainly in small
airways where the velocity profile is parabolic, formulae derived for this
flow field were used. For diffusion, the efficiency is

ng = 1 — 0.819 exp(—14.63A) — 0.097 exp(—89.22A)
—0.0325 exp(—228A) — 0.0509 exp(—125.9A%%),  (16)

where
LD,

AR 4

in which L and R are, respectively, the airway length and radius, U is

the average velocity of the air flow, and D, is the average translational

diffusion coefficient of the fiber in the radial direction of the airway over

all fiber orientations. D, is related to the value of D(6,¢) at a given
orientation by the equation

s 2 kg
D, = f Dy(6,8)P(r,6,6,1) sin 6d6dd. (18)
¢=0 “8=0

The result of D, calculated from Eg. (18) is a function of r and t. However,
because diffusional deposition takes place near the wall where the air
velocity is small, the function P(r,6,¢,t) in Eq. (18) is evaluated at r =
R and t — «. D, is therefore a ¢onstant.
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The deposition efficiency of fibers which settle u

parabolic flow through a horizontal tube is

where
_ 3ul

& R’

o]

in which 4, is the average terminal settling velocity o

fiber orientations, given by
2

1 ==
&

where 1,(6,¢,a) is the terminal settling velocity at a

iy — 1 81,3),

w2 2w T
| ]| ug6.6,0P(,6,6,bsin 8dedsda,
a=0 "¢=0 “8=0
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nder gravity in a

(19)

(20)

f the fiber over all

(21)

given orientation.

Again, in Eq. (21), P(r,0,¢,t) is evaluated at r = R and t — .
For an airway with an inclination angle y with the horizontal plane,
u, in Eq. (20) should be replaced by u, cos y. Thus, in a system of

randomly oriented airways, the average efficiency is

T2
= [ ) cosydy.

y=0

Impactional deposition occurs at bifurcations of

deposition efficiency is
Nimp = 0.7685t6,
where 8, is the bend angle and St is the average Stok

fiber orientations and all radial positions of the airwz

"

_ R 2«
St:zlaf,zef%

in which St(r,0,¢) is the Stokes number at a given ori

location (Yu et al., 1986). In Eq. (24), P(r.0,¢,t) is ev
because impaction occurs at the bifurcation located
airway. Impactional deposition results calculated f
found to agree well with the experimental data of Kak
calf lungs.

Fibers also deposit at the carina of a bifurcation by
Asgharian and Yu (1989b) derived the following exp
ciency of this deposition

2 T2
Mo = || 1(6,6)sin 6d6dg,
=0 ‘9=0

St(r,6,¢)P(r,0,¢,t) sin ¢
§=0

given by
(22)

the airways. The

(23)

es number over all
ay, i.e.,
dbdddr, (24)
entation and radial
aluated at + = L/U
at the end of an
om Eq. (23) were
in (1982) in excised

direct interception.
ression for the effi-

(25)
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i
?!%

where §
g T Ipsin(l' ) 3
,0=—'— 2cosT P,,, 2 L2 *
1(6,6) = —3 LO j I (r,6,,)r(R* — 1?)drdT i
1 /2 r
+ = [ P(r,6,6,)r(R? — rA)drdT, 26 |
R* Jr_p 4=0 —
in which “
l 4
L. -1 f P
r cas (ZR cos Q), (27)
I, = Y1 — sin® 6 sin® ¢, (28)
l
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Fig. 3 Deposition efficiency of unit-density fibers in different airway generations of
Weibel’s lung model at a flow rate of 350 cm’/sec for d; = 0.01 um and 8 = 20.
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Fig. 4 Deposition efficiency of unit-density fibers in different airway generations of
Weibel's lung model at a flow rate of 350 cm¥/sec for d; = 0.5 gm and 8 = 20.

and /; and [, are, respectively, the fiber length and its projection in
the plane of the airway cross section. Similar to the case of impaction,
P(r,8,¢,t) in Eq. (26) is evaluated at ¢t = L/U.

It is clear from the above derivations that the Hetermlnatlon of ny,
Nss Nimps and 7, Tequires the solution of the orie tational distribution
function P(8,¢,t) at different r or for different Pe,. Because the analytical
solution of P(r,8,¢,t) is presently not available except for t — = as given
by Eq. (10), Asgharian and Yu (1989a) proposed a linear combination
solution of 7 in the following form,

|

n = f(Peymy + glPe)me, @
where |
Pe,)’ !

fiPe) = Bz, &

g(Pe;) = ;;"%é—)g _ (33)

in which 4 and b are constants, and np and 7y Are, respectively, the
deposition efficiency for a specific mechanism when the fiber orientation
is determined solely by either the velocity gradient or Brownian rotation.
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|

Equation (31) clearly reduces t ) the correct results of n at two limiting
cases of Pe, = 0 and Pe, = . For intermediate Pe,, it was shown
(Asgharian and Yu, 1989b) for the case of interceptional deposition that
m calculated from Eq. (31) matched very well with the result obtained
by using the series solution of P given by Eq. (10) if constants 2 and b
were chosen to be 50 and 1.5, respectively. Asgharian and Yu (1989b)
also showed that the velocity gradient controlled the fiber orientation if
Pe, > 10% and when Pe, < 10%, the fiber orientation is random, domi-
nated by Brownian rotation.

Figures 3 to 5 show the calculated results of deposition efficiency by
each individual mechanism in different airway generations using Wei-
bel’s lung model (1963) and at a flow rate of 350 cm®/sec for unit density
fibers of three different diameters and 8 = 20. For very thin fibers
(d¢ = 0.01 um), Fig. 3 shows that only diffusional deposition is important
and its efficiency increases with the generation number because of the
increasingly slow flow rate and large residence time. For fibers with d; =
0.5 um (Fig. 4), interceptional deposition is the highest from generation 8
to generation 18. Before generation 6, both interception and impaction
are important and beyond the 18th generation, sedimentational deposi-
tion dominates. For thick fibers (d; = 2 um) (Fig. 5), impactional deposi-

TF
01 F
E Impaction
(>)‘ :\/—_\
qf:J 0.01 Interception
S -
= L
uél 0.001 Sedimentation
i) b
@D i
(an' 0.0001 | Diffusion
D -
1E-05
1E-06 | ' L I |
0 5 10 15 20

Airway Generation

Fig. 5 Deposition efficiency of unit-density fibers in different airway generations of
Weibel's lung model at a flow rate of 350 cm®/sec for d; = 2 um and 8 = 20.
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tion is the highest in the earlier generations of the airways and sedimenta-

tional deposition is the highest in later generations, but interceptional
deposition plays a significant role in all generations

V. Deposition Efficiencies in the Nose
and Mouth

|

Fibers also deposit in the head region by impaction nfnd interception. In
the mouth, impaction is the only important mechanism, whereas in the
nose, interceptional deposition may also occur because of the presence
of nasal hairs. The expressions for impactional deposition in the human
nose and mouth have been derived by Yu et al. 1(1981) for spherical
particles. These expressions were modified for fibers considering the
effect of the fiber orientation on the Stokes number in the same manner
as Eq. (24). However, due to the high air velocity and complex passages
in the head region, fibers were assumed to have a random orientation.

For interceptional deposition by the nasal hair£ in the nostril, sim-
ple analytical expressions for deposition eff1c1en¢y were derived by
Asgharian (1988). The expressions are

Ny, = 0.921[1 — (1 — 24)]  forl <| o 035 cm, (34)

N,, = 0.921  forl > 0.035cm, l‘ (35)
where [; is the fiber length in centimeters. |

The total collection efficiency in the nose is detex}mlned by combining
impactional deposition and interceptional deposition. Assuming that
these two mechanisms are independent, the total efficiency in the nose

N is then f

N=1-(~ Nl = Nw) = Nimp + Njnt = NiapNiwws~ (36)
where N, is the impactional efficiency in the nose. Equations (34) and
(35) apply to both inspiration and expiration, but N, has different
expressions for the two processes. At mouth breatﬂmg, the total deposi-
tion efficiency M is equal to Mn,.

Because fiber inhalation experiments have oftén been conducted in
rats, it is useful to compare the deposition results from the calculation
with available data. The expressions for deposition efficiency in the
airways for rats are the same as those for humans. For impactional
deposition efficiency in the rat nose, an empirical quuatlon was derived
from the data of Raabe et al. (1975) for spherical partlcles and extended
to fibers. The result is

Nimp = 0.089 + 0.1158 log de;g, (37)

1
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where ( is the flow rate in crn3/sec and d,; is the equivalent diameter of
the fiber for impaction when the fibers are oriented randomly (Yu et al.,
1981). The interceptional deposltlon by the nasal hairs and 1mpact1onal
deposition through mouth were not considered in the rat model.

VI. Total and Rejkgional Deposition in Rats

Total and regional deposition of fibers in the respiratory tract can be
calculated using the formulas for the deposition efficiency presented
above using a deposition model for spherical particles such as the one
developed by Yu and Diu (1983) In this section, we shall present some
calculated deposition results for rats. The lung model employed in the
calculatlon was that of Yeh (1980) but scaled down to a rat lung of 10.78
cm?, assuming that any linear dimension of the airways was proportional
to the cubic root of the lung volume. In addition, the breathing condition
consisted of a tidal volume of 1.68 cm® and a breathing frequency of 98
breaths per minute, and the breathing cycle consisted of a constant flow
inspiratory and a constant flow expiratory process with no pause.
Figures 6-8 show the deposition results in rats for a unit density
fiber of different diameters and lengths. The calculation was made for
the case where fibers entered the lung via the trachea so there is no
nasal deposition. The deposition fraction (the number of fibers deposited
divided by the total number of fibers inhaled over a breathing cycle) in
the tracheobronchial region, which consists of the first 16 generations
of airways, is shown in Fig. 6. It is seen that deposition increases with
fiber diameter and length for the fiber size considered but the increase
with diameter is much stronger. For thick fibers, deposition in this region
is controlled by impaction and interception, whereas thin fibers are de-
posited by interception only. Figure 7 shows the deposition results in the
pulmonary region. Because of the filtration effect in the tracheobronchial
region, the dependence of the deposition fraction on the fiber size has
a complex pattern in the pulmonary region. The maximum deposition
appears to occur at a fiber size with d; = 4 um and [, = 10 um and is
caused principally by the mechanisms of sedimentation and interception.
Pulmonary deposition with respect to the fiber size calculated via nose
breathing shows a pattern similar to that illustrated in Fig. 7 except that
the amount is lower due to the additional filtration effect in the nose.
The total deposition result without nasal deposition is shown in Fig. 8.
Experimental data in the rat lung are available for polydisperse fibers.
In order to compare the calculated deposition results from the mathemati-
cal model with these data, it is necessary to generalize the model to the
case of fibers with a size distr{:bution. Airborne fibers normally have a

L AR . S
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Length {um)
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0.1 1 [ 10
Diameter (1m) |

Fig. 6 Deposition fraction of unit-density fibers in the tracheobronchial region of the rat
lung for different fiber sizes.

|
|

bivariate lognormal distribution in the form (Johnson and Katz, 1972,
Cheng, 1986) 3

1 A? +B® — 27AB
h(dgl) = — exp [-— 20 =

. (38)
27 In O"glin (ngVI - Tzltdf }
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Length (um)

a.1 1 10

Diameter (uzm)

Fig. 8 Total deposition fraction of unit-density fibers in the rat lung for different fiber
sizes. Nose deposition is excluded.

in which I; and d; are, respectively, the fiber count median length and
diameter, oy and oy are the corresponding geometric standard devia-
tion, and 7 is a length—diameter correlation parameter. Figure 9 shows
a fiber distribution with d; = 0.3 um, I; = 10 um, o,y = 2.26, 0 =
2.94, and 7 = 0.04.

The mass fraction deposition of a polydisperse fiber is calculated
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Length (um)
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Fig. 9 Bivariate lognormal size distribution of fiber for d; = 0.3 um, Iy = 10 pm, gy =

2.26, and oy = 2.94.

from the equation

[ ] DE@lodtiatoadpady

DE,, =

:

[ i, pacapacy

(41)
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where DE(d,,l;) is the number deposition fraction of a monodisperse fiber
of size d; and /. Morgan et al. (1977) have measured the mass deposition

Fig. 12 Deposition fraction of unit-de

sizes.

fraction of seven different asbestos fibers in the rat lung with d; in the
! range from 0.19 to 0.46 um, I from 1 to 5 um, T4 from 1.9 to 3 and oy,
from 2 to 2.7. The value of 7 was not given. Figures 10 and 11 show,
respectively, their data of pulmonary and total deposition through the
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nose versus the equivalent mass median diameter d,, of the fiber, defined
by |
|

T = [ [ (o hd o), @)

|
|
|
|
|
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Fig. 13 Deposition fraction of unit-density fibers in the trafheobronchial region of the

human lung for different fiber sizes.
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Length {(um)

0.1 1 10

Diameter (um)

Fig. 14 Deposition fraction of unit-density fibers in the pulmonary region of the human
lung for different fiber sizes.

where p is the specific mass of the fiber. For comparison, the calculated
results from Eq. (41) are also shown in Figs. 10 and 11. The calculations
are for p = 3.37, 09 = 0y = 2, 7 = 0, and different d; and [ It is seen
that calculated deposition fractions agree reasonably well with the data,
and for this fiber size range, total deposition increases with d,,, while
the pulmonary deposition remains nearly constant.
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Vil. Total and Regional Deposit{ion
in Humans |
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Length (um)

1

0.1

Fig. 16 Pulmonary deposition pattern of unit-density fibers in the rat lung for the fiber

size distribution shown in Fig. 9.

shown in Figs. 12-15. The lung model used was Weibel’s model (1963)
but scaled down to a rest volume of 3000 cm®. The breathing condition
was 500 cm? tidal volume and 14 breaths per minute, and the breathing

pattern consisted of a constant

flow expiration with the respective time fractions equal to 0.435, 0.05,

and 0.515 of a breathing perio

1 10
Diameter (um)

flow inspiration, a pause, and a constant

d (Task Group, 1966). It is seen that in
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|
the mouth and tracheobronchial regions (Figs. 12 and 13), deposition
increases rapidly with diameter for diameters greater than 1 um. The
dependence on the fiber length is relatively weak. Tf\is is similar to the
tracheobronchial deposition in the rats shown in Fig. 6. However, the
dependence of deposition on the fiber length is greater for rats due to
higher interceptional deposition. At the same fiber $ize, Figs. 6 and 13

|
|
|
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Fig. 17 Pulmonary deposition pattern of unit-density fibers ?in the human lung for the
fiber size distribution shown in Fig. 9. |
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show that the tracheobronchia
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| deposition in humans is almost twice

that of rats. In the pulmonary region, Fig. 14 shows that the deposition

fraction in humans is the high

est neard; = 2 um and ; = 5 um. The

magnitude of deposition was found to be 3 to 10 times of that in rats

(Fig. 7). Total deposition result
in Fig. 15.

in humans at mouth breathing is shown

Another interesting comparison of the pulmonary deposition pattern

between humans and rats is sh

own in Figs. 16 and 17 for the inhalation

through the trachea of unit density fibers with a size distribution shown
in Fig. 9. Despite large differences in the lung structure, the deposition

patterns of these two species w

to be quite similar even thoug
times higher.
Since no direct deposition

able, Asgharian and Yu (1988) |

results from the mathematical 1
distribution reported by Timbr
employees and local inhabitan
Finland. Timbrell’s data repres
long period of exposure and tl
and clearance. The calculated
with these data.

VIiil. Cor

Motion of a fiber in the airways
drag force on the fiber varies w,
changes in the flow. The dete

situation is therefore very comt
been reported in the literature t

in the respiratory tract. Althot
in explaining existing experim
many specific areas. For exan
bifurcations, how would such {
of a fiber? Also, fibers such as
straight cylinder or a long ellif
which deviates from this ideal

Any mathematical model
Well-controlled deposition exg
casts are particularly useful to
an airway. Several experimen
in large airways using polydisy

ith respsect to the fiber size were found
h the magnitude in humans is about 10

data of fibers in the human lung is avail-
have compared the calculated deposition
model with the postmortem data of fiber
ell (1982) from lung specimen of former
ts of the Paakkila anthophyllite mine in
ent the fiber retention in the lung after a
nus include the effect of both deposition
results of deposition compare very well

1cluding Remarks

is a complex dynamic process because the
ith the fiber orientation, which constantly
rmination of deposition efficiency in this
licated. A few mathematical models have
o simulate the deposition process of fibers
1igh recent models appear to be adequate
ental data, further studies are needed in
nple, if secondary flows occur at airway
lows affect the orientation and deposition
asbestos do not have the geometry of a
soid. It is important to know how a fiber
ized geometry would deposit.

has to be verified by experimental data.
veriments in physical models and airway
the derivation of deposition efficiency in
tal studies have recently been conducted

erse fiber (Kahn, 1982; Myojo, 1987, 1990;
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Sussman, 1988). However, further data for differen|

97

t airway structures

and sizes at different flow rates using monodisperse fibers are critically

needed.
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