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AEROSOL PHYSICS OF ASBESTOS FIBERS: INTERCEPTION
Birney R. Fish

ABSTRACT

A theoretical analysis of deposition by geometrical interception

of elongated fibers is described. Deposition, or penetration, is
strongly affected by fiber orientation. No fibers oriented perpen-
dicularly to the flow direction can penetrate a hollow circular
cylinder having a diameter (D) smaller than the fiber length (L).
In the case of randomly oriented fibers, when L = D the estimated
fraction penetrating is nearly 30% and is approximately 27 (D/L)%
for L >3D. For the case of fibers having a cosine distribution of
position angle relative to the flow direction, penetration is cal-

culated to be 42.4 (D/L)% for L 2 D.

INTRODUCTION

Knowledge of the transport and deposition of airborne fibers in the respir-
atory system, air samplers, and air cleaning devices is a fundamental requirement
for solving some of the basic problems associated with the inhalation toxicity of
asbestos. Deposition of isometric particles such as spheres, cubes, and other
regular polyhedra is governed primarily by sedimentation, inertial impaction, and
diffusion and to a lesser extent by geometric interception, adventitious electrical
fields, and thermo- and diffusiophoresis. Similar mechanisms are involved in the
deposition of long fibrous particles; however, in this case the relative order of
significance is entirely different. As indicated by Timbrell,(]) the interception
mechanism is far more important than the others in controlling the deposition of

asbestos fibers in the lungs.

Any serious attempt to study the inhalation toxicity of asbestos should take
into consideration the major significance of interception with respect to the gen-
eration and sampling of fibrous aerosols and in connection with their administration
to laboratory animals. This paper deals mostly with the mechanism of fiber depo-
sition by geometrical interception and its relevance to the generation, sampling,

and inhalation of asbestos fibers.



NATURE OF ASBESTOS FIBERS

Asbestos is a term that applies to a number of different fibrous mineral
silicates, While the word is used to describe any mineral that breaks down into
fibers, it is most commonly applied to two broad groups--serpentine, represented
by chrysotile asbestos, and amphibole, which is subdivided into anthophyllite,
amosite, crocidolite, tremolite, and actinolite. Chrysotile is by far the most
widely used variety of asbestos, comprising more than 90% of the world's usage.
These minerals share the common property that their basic molecular structure
consists of units that are linked together much more strongly in one direction
than in the others. Depending on the forces applied to a piece of asbestos
mineral, the resulting fragments may be individual fibrils, single crystals perhaps
0.01 to 0.8 um in diameter, or bundles of fibrils large enough to behave as
isometric particles. Aerosols associated with occupational exposure to asbestos
are commonly found to consist of particles ranging from individual fibers to
isometric fragments and various combinations in between, including fluffy aggre-
gates of fibers, fibers having small isometric particles attached to them, and

(1,3)

aggregates of isometric particles, The individual fibers may be straight and

essentially cylindrical, or they may be curled, as seems to be rather common in

(4)

the case of chrysotile.

Undoubtedly, all of the shapes and forms of asbestos particles have some
bearing on the problem of inhalation toxicity; however, the behavior of compact,
nearly isomeiric particles can be interpreted on the basis of conventional modelso(s)
For the purpose of this report, attention is limited to the interception mechanism
of particle deposition, and only two classes of particles will be considered--
straight cylindrical fibers of negligible diameter and fluffy aggregates of spherical
shape.

INTERCEPTION~--PREFERRED CRIENTATION

A fiber oriented perpendicular to the direction of flow through an opening

presents its maximum dimension to the opening; consequently, the probability of



penetration is minimized. In this case it is clear that if the fiber length L
exceeds the diameter D of a circular opening, no penetration will occur, For
fiber lengths shorter than D and with the fiber perpendicular to the direction
of flow, the fraction penetrating a circular opening depends on the position of
the fiber at the entry. The geometry of the problem is illustrated in Fig. 1(a).
Because of circular symmetry, fibers of equal length L can be treated as a family
of fibers oriented parallel to one another, To see this, construct the diameter
perpendicular to the fiber, and, by rotation of the fiber and diameter, the diam-
eter may be made to coincide with the diameter shown in Fig. 1(b). Thus the
model is simplified to the case illustrated in Fig. 1(b) where all fibers of length
L can be treated as if they were parallel to the fiber shown. Clearly any such
fiber will contact the wall of the opening if its end lies outside of the cross-
hatched area defined by translating the circular arc of the conduit wall a

distance L parallel to the fiber,

From Fig. 1(b) it is clear that

thus,

and

The cross-hatched area is

s oeffe (][R

and the total area of the opening is mR®; thus the ratio to the total area of rhe

area available as location for the endpoint of a fiber penetrating is taken to be

Fo- 2 [cos—l 5 - ED\/i(TED—)—} t
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(a) (b)
Fig. 1. Schematic Model for the Penetration of a Fiber Through

a Circular Opening.
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Fig. 2. Fraction of Fibers (and spheres) Penetrating a Circular

Opening as a Function of Orientation and of —l['j (or % for spheres).



This assumes the endpoints of such fibers are randomly distributed in space, and
F represents the probability that the fiber has an endpoint in the cross-hatched

aredq,

Fibers oriented parallel with the flow through a circular opening present
their minimum dimension for capture. If the fiber diameter is taken to be very
small compared with the diameter of the opening, deposition by geometrical
interception will also be small for fibers so oriented, and hence penetration will
be nearly 100% for all fiber lengths. The expected penetration fractions for the

two extremes of orientation are presented in Fig. 2 and in Table 1.

Penetration curves for intermediate orientations can be constructed from
the curve for fibers perpendicular to the flow. Thus, for a fiber of length L’
making an angle 9 with the flow direction, the effective perpendicular length
is

L = L'sina,

As an example, fibers oriented at 30° from the flow direction present an effec-

tive length L = L’ sin 30° = 1/2 L' in the plane of the opening; thus when the
actual LY/D ratio is 1.0, the effective ratio for penetration is 0.5 for which

F = 0.391. By this means, the penetration curve can be computed for § = 30°

(Fig. 2) and other orientations.

For comparison, the penetration curve for a sphere of diameter L passing

a circular opening of diameter D is given by
2

F o= 1—25D+<%)a 2)

This function is shown in Fig. 2 as a dashed line. Numerical values are included

in Table 1.

INTERCEPTION--RANDOM ORIENTATION

For the case of a fiber oriented at a random angle 8 from the flow

direction, it can be seen by an extension of the treatment in the previous section



Table 1. Calculated Fraction of Spherical Aggregates and Cylindrical Fibers

Penetrating a Circular Opening as a Function of Aspect Ratio and Orientation

Fraction Penetrating
Aspect Ratio Spherical Fiber orientation relative to flow direction
(L/D) Aggregates* Perpendicular Random Cosine
0.05 0.903 0.936 0.966 0.968
0.1 0.81 0.873 0.926 0.936
0.2 0.64 0.747 0.846 0.873
0.3 0.49 0.624 0.767 0.810
0.4 0.36 0.505 0.6%90 0.749
0.5 0.25 0.391 0.614 0.688
0.6 0.16 0.285 0.542 0.630
0.7 0.09 0.188 0.474 0.573
0.8 0.04 0.104 0.410 0.520
0.9 0.01 0.037 0.352 0.470
1.0 0 0 0.297 0.424
1.5 0 0 0.186 0.283
2.0 0 0 0.138 0.212
3.0 0 0 0.0908 0.141
5.0 0 0 0.0543 0.0849
10.0 0 0 0.0270 0.0424
20.0 0 0 0.0135 0.0212

&
Aspect ratio is defined as sphere diam,/diam, of opening.



that the penetration fraction is

o e o] [T

If all orientations between 0 and w/2 (radians) are equally likely, the probability

of the orientation being within d8 of A is

2

PO = = ds,

and the expectation value of the penetration fraction (mean penetration fraction)
is given by

A
<F>=J10;

o]
© = arcsin {min 1,[—

Note that the upper integration limit is the angle for which L/D sin8 = 1 if

F®ds, (4)

where

L/D = 1. While F() cannot readily be integrated in closed form, a numerical
integration was performed using Simpson's rule and breaking the interval 0 to

n/2 into 50 increments. The results are given in Fig. 3 and Table 1.

It can be shown that for large aspect ratios (i.e., L/D >> 1), the fraction
penetrating approaches
8 D
_I:' @

<F> = ——=

3 &)

ORIENTATION IN LAMINAR-CONDUIT FLOW
(6)

As pointed out by Fuchs,’ an elongated particle tends to rotate in a
region of shear flow in such a way that the major axis of an ellipsoidal particle
is directed near the direction of flow most of the time. This would suggest a
mechanism for producing o preferred para-axial orientation for fibers in the shear
flow experienced in portions of the respiratory airways and in sampling equipment.
The rate of rotation of a prolate ellipsoid in a velocity gradient I', approximating

a fiber of diameter d and length L, can be shown(6_8) to be
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d8 - T (Lzsinze + decosze) )

dt ° +d°

where 6 is the angle between the long axis of the fiber and the flow direction
(Fig. 4). For a constant velocity gradient, (6) can be integrated to determine
the time T required for the fiber to rotate from an orientation perpendicular to

the flow to one parallel to the flow; thus,

l\?lﬂ

T =

L2+d2I d8 :L2+d2(n)
T o L sin®8 +d° cos®8 r 2Ld )’

and for the case L/d>> d/L,

n (L
AT ”
Three conclusions related to orientation of fibers can be derived from Egs. (6) and
(7). On a time average basis, fibers in shear flow tend to become aligned with
the flow direction, and the approach to an equilibrium alignment is time dependent,
going faster for short fibers than for fibers having a high aspect ratio (L/d). The
latter conclusion may be at variance with experimental results reported by Timbrell(])
for the orientation of glass, amosite, chrysotile, and crocidolite fibers deposited in
an aerosol spectrometer, Timbrell observed no significant orientation of fibers
having an aspect ratio less than 5 but a rather clear indication of a near-axis
preference for those having an aspect ratio greater than 5. However, since no
indication was given concerning the rate of shear in the spectrometer nor of
transit time to the point (or points) of deposition, the significance of these ob-

servations is not clear,

In either case internal shear flow, as in laminar conduit flow, can be
expected to produce some degree of alignment of fibers with the flow direction.
Two considerations support the use of a cosine probability distribution of angles,
that is, that the probability that a fiber will lie within d& of 6 from the direc-

tion of flow is
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P@)d8 = coshdAh. (8)

This is not far out of line with Timbrell's experimental findings. The fraction
of the total fibers expected to lie in the interval from 0 to 30° 30° to 60°,
and 60° to 90° can be calculated from the integral of (8) between these angles

for comparison with Timbrell's values (Table 2). Another attractive, although

Table 2. Comparison of Alignment Angle of Chrysotile Asbestos Fibers
Observed by Timbrell with that Predicted by the Cosine Distribution Function

Sector Fraction of Fibers in Sector
(angle with forward direction) Timbrell's Data* | Cosine Distribution

0 to 30° 0.45 0.50

30° to 60° 0.30 0.37

60° to 90° 0.25 0.13

not very persuasive, argument in favor of the cosine distribution function (Eq. 8)
is that it makes Eq. (3) easily integrable; thus the expectation value of the

penetration probability is

<> = 1% {fz [cos'l (LD sine) cosede] - j‘: (L sine)\/]—-——(l_%;\—ei (cos Gdeg '

D

where ¢© = arcsin [min (1, D/L)] , but this is in the form

<P = 12r—L2 {fi cos™t x dx — fog X Y1 =2 dx}, (9)

where £ = min (1, L/D), for which the solution is

LFD> = 3—;2(%) {2 +3 -Lﬁ cos™ [L—) -\ _(L\e {2 + (%ﬂ} (10)

D
(valid in the range L/D <1).

When L/D =1 in Eq. (10),<F> = 4/3n. For the range L/D > 1, the upper

integration limit of (9) is 1 and the result is
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<F> = ;—ﬂ(['z) (for L/D>1). amn

The penetration probabilities for fibers having a cosine distribution of alignment

angle, calculated from (10) and (11), are presented in Fig. 3 and in Table 1.

. CONCLUSIONS

The results of calculating the fraction of fibers penetrating a circular
opening are summarized in Table 1. These numbers give some insight into the
question of how fibers as long as 200 um, found in the alveoli of the lungs,(9)
have a finite probability of penetrating respiratory airways that are of the same
order of diameter as the length of the fiber. Clearly, the fraction penetrating
is severely reduced if the fiber is oriented perpendicularly to the flow direction;
nevertheless, because of the assumption of negligible fiber diameter, penetration

is expected to be greater for a single fiber than for a spherical aggregate having

a diameter the same as the fiber length.

)

It has been suggested by Tim|ore||(4 that curly fibers tend to be oriented
more randomly with respect to flow than are cylindrical fibers. It is not clear
how one should go about describing objectively the shape of curled fibers; how-
ever, as a first approximation, perhaps the total length along the fiber can be
treated as the appropriate length and penetration estimated on the basis of random

orientation. Alternatively, one might toke the curled fiber to approximate a

prolate ellipsoid having major and minor dimensions the same as the fiber envelope.

As matters stand, it is possible to do a theoretical analysis of deposition
by geometrical interception for the two idealized shapes represented by the sphere
and the cylinder. There even seen. to be real particles that approximate these
idealized shapes. However, the many odd-shaped fibers and aggregates defy
adequate description, and their behavior is not well understood. The situation
is not unlike the case of dealing with the inertial properties of odd (and mixed)
shape, size, and density particles, The solution has been to define an inertial
parameter, the aerodynamic equivalent size, and to design sampling equipment,

(10,11)

such as the cascade impactor, yielding results that can be expressed in
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terms of the aerodynamic equivalent spherical diameter. Similarly, it is
suggested that odd-shaped fibers and aggregates may be described in terms

of an interception equivalent length. In this connection, a cascade interceptor
sampler may be designed to yield results that are expressible in terms of an
equivalent length distribution function. Thus, to characterize the respirability
of an asbestos aerosol containing compact particles as well as elongated fibers,
it may be necessary to perform parallel measurements to determine both the
aerodynamic equivalent size distribution and the distribution function for inter-

ception equivalent length.

Descriptions of the aerosol generation equipment used in asbestos inhala-
tion research frequently include references to an air elutriation step wherein
the upward component of air velocity is held to a constant value. Such a
stage is used when dealing with compact particles to effect an aerodynamic
separation of sizes for particles having settling velocities greater than, versus
those settling slower than, the given upward directed air velocity. It is not
uncommon for persons outside the specialized field of aerosol physics to assume
that this air elutriation stage is similarly capable of separating fibers according
to length. However, because the inertial properties of long fibers depend almost
exclusively on their diameters, little, if any, separation on the basis of length
is produced in an air elutriator. The real function of such a stage is to separate
the small-diameter fibers of various lengths from most of the large compact
bundles and from other more nearly isometric particles. It should be clear that
control over fiber length requires attention to factors other than inertial param-
eters. Where control of initial fiber length is feasible, as, for example, in the
case of fibers cut on a microtome, air elutriation is a desirable means of elimi-
nafing thick bundles of fibers from the high-aspect-ratio single fibers and small-
diameter bundles. For sources of fibers containing an irregular distribution of
lengths, some control over fiber length may be realized by passing the aerosol
through a cascade interceptor; the effluent fibers from a given stage can be

expected to have lengths predominantly shorter than a value characteristic of
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the stage. If the objective is to use fibers shorter than a given size, the
effluent from a cascade interceptor can be used directly; alternatively, the
fibers collected on each stage can be redispersed to produce an aerosol having

a relatively narrow distribution of fiber lengths.
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