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23.1 INTRODUCTION

Many aerosol measurement techniques are based on the be-
havior of ideal aerosol particles, that is, spherical particles
with a density close to 1000 kg /m? [1 g/cm?]. In dealing with
most real-world particles, allowances must be made for non-
spherical particle behavior. In many situations, nonideal
particle behavior or property can be considered as a modifi-
cation of ideal particle behavior by using a correction
factor, commonly called the shape factor. Two types of par-
ticles, agglomerates (or clusters of particles) and fibers,
have been dealt with extensively in the literature and are dis-
cussed in more detail in this chapter.

23.2 DYNAMIC SHAPE FACTOR OF
NONSPHERICAL PARTICLES

23.2.1 Physical Descriptors

“Physical size,” which most often governs the behavior of a
spherical particle, can be difficult to describe for nonspher-
ical particles with complex or irregular morphology not
describable by Euclidean geometry. Instead, the concept of
equivalent diameter is used to understand their transport in
a given system. Often more than one equivalent diameter is
necessary to capture complete dynamical behavior of non-
spherical particles in a given system. A property-equivalent
diameter is a diameter of a sphere with the same property
as that of the nonspherical particle in question under identical
conditions.

The volume equivalent diameter, d,, is defined as the dia-
meter of a spherical particle of the same volume as the particle
under consideration. For an irregular particle, d, is the sphere
diameter that the particle would acquire if it were liquefied to
form a droplet while preserving any internal void volume
(i.e., internal pockets of voids isolated from the gas surround-
ing the particle). Some aggregates from combustion pro-
cesses can have internal void volumes (Kasper 1982). For
spherical particles, d, is equal to their physical size, d,.

The mass equivalent diameter, d,,, of a particle is the
diameter of a nonporous sphere composed of the bulk particle
material that has the same mass as the particle in question.
Another diameter, called the envelope equivalent diameter
(d.), has also been used, which is defined as the diameter of
a sphere that is composed of the bulk particle material and
includes the same internal volume of voids, and has the
same mass as the particle in question. In this respect, d, is
same as d,. When a particle is nonporous and there are no
internal voids, d,,, dy, and d, are identical. If the ratio of the
volume equivalent and mass equivalent diameters is 6 (i.e.,
d, =d.= 0 dy,), the void fraction of a particle is given by
(r—-1/ 8. The factor & accounts for the porosity of the
particle.

A nonspherical particle can be described by various types
of densities depending on what volume and mass is used to
define them. Material density, p,,, is defined as the average
density of the solid (and liquid) material in the particle, and
is expressed in terms of the particle mass, 71, and mass equiv-
alent diameter as,

m,
P = 7 (Eq. 23-1)
Similarly, particle density, pp, is defined with respect to

volume equivalent diameter, which accounts for internal
void volume, and is given by,

Pp = 7—T—d‘3 (Eq. 23-2)
6 v
Both the densities are related by 6 as follows,
pn = 8P, (Eq. 23-3)

Another density called effective density (p.) has also been
used and is defined as,
m
pe =T P3
6%

(Eq. 23-4)

where, dg is the electric mobility diameter of the particle,
defined later.

23.2.2 Dynamic Shape Factor

The Stokes’ law for drag force on a moving particle is based
on the assumption of spherical shape of the particle. For non-
spherical particles, the drag force depends on the shape of the
particle and its orientation in the flow field. To account for
departure from sphericity a drag correction factor, called
dynamic shape factor (y) is introduced. The dynamic shape
factor is defined as the ratio of the drag force on a non-
spherical particle (Fp) to the drag force on that particle’s
volume equivalent sphere (Fpy.) When both particles are
traveling at the same relative velocity V as shown in
Figure 23-1,

— FD
FDve

X (Eq. 23-5)
The above relationship leads to the following expression for
the drag on a nonspherical particle in the Stokes’ law regime

~ 3aud,xV

> ="ca,)

(Eq. 23-6)

where u is absolute viscosity of gas, V is velocity of the par-
ticle with respect to the surrounding gas, d, is volume
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Nonspherical particle

Velocity, V
Drag force = Fp )
Volume = v
Volume-equivalent sphere
Velocity, V
Drag force = Fpe )

Volume = v

Figure 23-1 Nonspherical particle and its volume equivalent
sphere. The dynamic shape factor is given by the ratio Fp/Fpye
when both particles are traveling at the same relative velocity, V.

equivalent diameter of the particle, and C(d,) is slip correc-
tion factor for the volume equivalent diameter. The dynamic
shape factor is a function of Knudsen number, Kn (defined as
the ratio of mean free path of gas to particle radius), and can
assume different values in free molecule, transition, and con-
tinuum regime.

The dynamic shape factor captures deviation of particle
shape from spherical shape; the shape factor of spheres is 1.
A shape factor greater than 1 implies that the nonspherical
particle settles slowly in air compared to its volume equival-
ent sphere. Dynamic shape factor for most nonspherical par-
ticles is close to or greater than 1. The shape factor can be less
than 1 for some streamlined objects (Fuchs 1964). For
elongated particles with high aspect ratios, the dynamic
shape factor also depends on the orientation of the particle
with respect to the flow field. The dynamic shape factor for
random particle orientation, which typically occurs at low
particle Reynolds number (<<0.1), is given by,

ELEL L
Xran 3 XH XL

where ) and y, are shape factors when the particle’s sym-
metry axis is oriented parallel and perpendicular to the
flow, respectively, and x.., is the orientation-averaged
shape factor. Table 23-1 shows dynamic shape factors for
some simple regular shapes and their configurations.

(Eq. 23-7)

TABLE 23-1 Dynamic Shape Factors of Simple Shapes

Particle Shape Dynamic Shape Factor, x

Sphere 1

Cube 1.08

Cylindrical fiber, 6 = 0° and 90°
(I/de=2) 1.01, 1.14
(/d¢=5) 1.06, 1.34
(l/d; = 10) 1.50, 1.58

Compact cluster of spheres 1.15 (triplets)

1.17 (quadruplets)

Source: Data from Hinds (1999).

6 = angle between axis of symmetry of the particle and the flow direction;
[ = length of fiber; dr = diameter of cylindrical fiber.

The shape factor can also be defined in terms of mass
equivalent diameter (d,,,), such that,

 3apdnx™V ]
Fo ==y (Eq. 23-8)

where x™ is shape factor based on d,. ™ is related to y
through following equation,

0C(dm)
C(édy)

X' =x (Eq. 23-9)

where 8 is the porosity factor introduced earlier. The above
formulation in terms of y™ is particularly important in case
of an aggregate or agglomerate with internal voids. For
such particles, dy, < d,, which implies, py, > p, and ¥" <
x- In the above equation, y accounts for the effect of external
shape on drag, while & accounts for the porosity component.
Therefore, deviation of y™ from a value of 1 does not necess-
arily mean departure from the spherical shape, as in the
case of x™. For nonporous particles (with no internal voids;
8 =0), y and x'" are identical. Figure 23-2 shows the relation-
ships between the two definitions of dynamic shape factors
with various particle morphologies. Caution should be
exercised in distinguishing parameters between the two for-
mulations of shape factors and the associated two parallel
set of parameters describing volume, density, and property
equivalent diameters.

Morphological features of agglomerate particles from the
data of Kops et al. (1975), Van de Vate et al. (1980), Allen
and Briant (1978), Allen et al. (1978, 1979), Kasper and
Shaw (1983), and Stober et al. (1970) can be categorized
into two groups: (1) a branched-chain structure (agglomerate
in Fig. 23-2a) and (2) a compact aggregate with a more dis-
cernible envelop shape (agglomerate in Fig. 23-2c). The
dynamic shape factors of each of these two morphologies
are also distinct. For the branched-chain aggregates, the
dynamic shape factor increases with the addition of primary
spheres to the aggregate and is directly proportional to the



512 NONSPHERICAL PARTICLE MEASUREMENT: SHAPE FACTOR, FRACTALS, AND FIBERS

(b)

O &

(c)

Particles with no internal void
~ X" =x
d, =d,
-
Particles with internal void and high
aspect ratio of envelop shape
. w6 C(dy)
X =X o5~
C(6dy)
d, <d,

Particles with internal void and
near-spherical envelop shape
m_ 8 C(dw)
C(8dy)

d, <d,

Figure 23-2 Relationship between y and ™ for different particle morphologies.

cube root of the total number of primary particles (Stober
1972; Kops et al. 1975; Allen and Bryant 1978; Allen et al.
1978). This behavior is consistent with particles’ shapes
determining their dynamic shape factors y™ (Fig. 23-2a).

In compact agglomerates with internal voids, the porosity
factor 8 dominates the dynamic shape factor ™. For compact
agglomerates, the shape factor is relatively independent of the
number of primary particles but depends rather on the pack-
ing density of the primary particles in the aggregate (Kops
et al. 1975; van de Vate et al. 1980). This behavior is consist-
ent with the porosity of the agglomerate determining its
dynamic shape factor Y™ (Fig. 23-2c).

23.2.3 Slip Correction Factor

Determination of the slip correction factor of nonspherical
particles from experimental data has always been challenging
due to the inseparable nature of slip correction and the
dynamic shape factor (Allen and Raabe 1985). Equation
23-2 uses equivalent volume sphere to calculate slip correc-
tion. This approach, termed as equivalent sphere approach
(ESA) by Dahneke (1973a,b,c), is adequate for most non-
spherical particles with relatively small aspect ratios.

However, this approach also leads to a slight particle size
dependence of shape factor in the transition regime. For
thin and long slender bodies, such as needles and thin disk-
like particles, the ESA approach ignores the effect of particle
orientation on the slip correction. To account for these effects
Dahneke (1973a,b,c) proposed an adjusted sphere approach
(ASA) applicable over the entire range of Knudsen number.
The ASA approach involves calculating the size of an
“adjusted sphere,” which has the same slip correction factor
as that of the nonspherical particle under consideration in
the free molecule regime, such that the drag is given by,

3mpdyx.V
Fp Cldug) (Eq. 23-10)
where . is dynamic shape factor in the continuum regime,
and d,q; is the adjusted sphere diameter. This adjusted diam-
eter provides an accurate value of slip correction when both
Kn > 10 and when Kn — 0, since the slip correction is
always unity in the latter case. The transition regime shape
factor (y) is given by x = x.(C(d,)/ C(d,gj))- The approach
allows calculation of slip correction over the transition
regime that asymptotically approaches the two limits in the
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two extremities of free molecule and continuum regimes
(Dahneke 1973a,b,c; Cheng et al. 1988a,b). The ASA
approach can be used for particles that can be described by
regular shapes such as cylinders, prolate or oblate spheroids,
disks, and so on, for which the drag in the continuum as well
free molecule regimes can be calculated. Chen et al. (1993)
also noted that using the correct shape and morphology is
quite important in determining the adjusted sphere diameter.
Table 23-2 shows slip correction factors for fiber particles
using both the approaches. The differences in slip correction
can be significant when describing the influence of orien-
tation at high aspect ratios.

Using volume equivalent sphere for calculation of slip cor-
rection in Equation 23-2 leads to Kn dependence of y.
Numerical and experimental evidence on simple shapes
such as cylinders, chains of spheres, spheroids, and cubes,
suggests that the dynamic shape factors in both free molecule
and continuum regime are approximately equal up to a value
of about 2; above that, continuum regime shape factors are
larger than those in the free molecule regime (DeCarlo
et al. 2004; Zelenyuk et al. 2006).

23.2.4 Measurement of Dynamic Shape Factor

23.2.4.1 Property-Equivalent Diameters of Nonspherical
Particles In addition to the property-equivalent diameters
defined above, several other equivalent particle diameters
are defined. Measurement of multiple property-equivalent
diameters is often necessary to obtain dynamic shape factor.

The electric mobility diameter, dg, of a particle is the
diameter of a sphere with the same electrical mobility and
charge as the particle under consideration. Diffusion equival-
ent diameter, that is, the diameter of a sphere with the same

TABLE 23-2 Comparison of Slip Correction Factor
Calculated from ESA“ and ASA” Approaches for Fibers®
with Length to Diameter Ratio of 20

Kn Orientation, 6% c(d,) C(daqj)
0.5 0° 1.23 1.33
0.5 90° 1.23 1.2
0.5 Random 1.23 1.26

1 0° 1.47 1.69
1 90° 1.47 1.41

1 Random 1.47 1.53
2 0° 2.00 2.49
2 90° 2.00 1.87
2 Random 2.00 2.13

Source: Data from Dahneke (1973c¢).

“Using equivalent volume diameter, d,.

bUsing adjusted sphere diameter, dagj.

“Calculation based on a prolate spheroid, assumed to represent cylindrical
particles, with a major-to-minor axis ratio of 20.

4Angle between symmetry axis and flow direction.

thermal diffusivity as the particle under consideration, can
be determined from its electric mobility when the electrical
charge on the particle is known. The aerodynamic equivalent
diameter, or aerodynamic diameter, d,, of a particle is the
diameter of a sphere of unit specific gravity that settles at the
same terminal velocity as the particle. Strictly speaking,
these diameters are a function of Knudsen number due to
their dependence on slip correction factor. Measurements in
electrical mobility analyzers (see Chapter 15) are typically
conducted in transition regime (0.1 < Kn < 10). Depending
on the size range of particles and the techniques employed,
aerodynamic diameters can be measured in continuum (sedi-
mentation or Millikan cells), transition (inertial impactors), or
free molecule regime (single particle mass spectrometers).
These equivalent diameters are related by the dynamic
shape factor y, the particle density p,, and the standard density
po = 1000 kg/m’ [1 g/cm®], and by the effective density p,.

The aerodynamic diameter is related to its volume equiv-
alent diameter (d,) through the following relationship (Hinds
1999),

Py C(dy)

dy = dyy |2
¢ x C(dy)

(Eq. 23-11)

where p is particle density (p,) normalized by the standard
density (py); C(dy) and C(d,) and are slip correction factors
for diameters d, and d,, respectively; y is the dynamic
shape factor of the particle in the transition regime.

The relationship between electrical mobility diameter dp
and d, can be obtained by equating the drag in terms of mobi-
lity diameter (= 3mudgV/C(dg)) to that in terms of y and
d, (=3mud,xV/C(d,)), which leads to the following
expression for dynamic shape factor in the transition regime,

_ dB C(dv)
X~ 4, Cldp)

(Eq. 23-12)

Using Equations 23-11 and 23-12, d, can obtained as,

1
g [%ds Cd) |

py Celdp)
Thus volume equivalent diameter can be obtained from the
above equation, once the values of aerodynamic and mobility
diameter, and particle density are known. Once d, is known,

the dynamic shape factor can be obtained using Equation
23-12. Particle mass, my, is given by

67/
Wid (da)

(Eq. 23-13)

= Eq. 23-14
Mp =g 4l o g5 P0 (Eq )
and the effective density, p., is given by,
d2 C(d,
_ 4 Cd) (Eq. 23-15)

Pe = % C(dB)pO



514 NONSPHERICAL PARTICLE MEASUREMENT: SHAPE FACTOR, FRACTALS, AND FIBERS

Equations 23-11 to 23-15 can be used to derive various
parameters once the aerodynamic and mobility diameters,
and particle density (p,) are known. Both m, and p. can be
derived from measured d, and dg directly, whereas particle
density (p,) must be additionally known to estimate values
of y and d,.

23.2.4.2 Experimental Techniques Early measurements
of dynamic shape factors were performed with Millikan
cells (Fuchs 1964; Chen et al. 1993), a combination of aerosol
centrifuge and microscopy (Stober 1972; Kasper 1977), or
sedimentation cell, and mass and number concentration
measurements (Wu and Colbeck 1996). Since these tech-
niques are time- and resource-intensive, they have been lar-
gely replaced by real-time measurement techniques which
provide in situ, near-real-time measurement of particle prop-
erties, particularly in the submicrometer size range. Tandem
measurements involving size selection (or classification)
using a differential mobility analyzer (DMA; Chapter 15),
followed by additional property measurement of the size-
selected (or classified) aerosol have been commonly used
(Park et al. 2008). The tandem techniques exploit the relation-
ships between various property-equivalent diameters dis-
cussed above. As noted earlier, out of five parameters dg,
d,, d, x, and m,, independent measurement of any three par-
ameters can be used to determine the other remaining par-
ameters through iterative solution of Equations 23-11 to 23-
15. Mobility and aerodynamic diameters and particle mass
my, can be measured directly using a variety of instruments.
After mobility classification in DMA (to obtain an aerosol
with known dg), d, can be measured in tandem using either
impactors (Kelly and McMurry 1992; Hering and
Stolzenberg 1995; de 1la Mora et al. 2003), aerodynamic par-
ticle sizers (Kasper and Wen 1984; Brockmann and Rader
1990), single particle mass spectrometers (Slowik et al.
2004; Zelenyuk et al. 2006; Schneider 2006), or electrical
low pressure impactors (Maricq et al. 2000; Van Gulijk et
al. 2004). Particle mass (m,) can also be determined using
aerosol particle mass analyzers in tandem (McMurry et al.
2002; Park et al. 2003) or tapered element oscillating micro-
balances operating in parallel (Morawska et al. 1999; Pitz
et al. 2003). Volume equivalent diameters can be measured
using microscopy (Kasper 1977; Park et al. 2004) or a com-
bination of mass and number concentration measurements
(Wu and Colbeck 1996).

Studies involving tandem measurements techniques have
mainly dealt with measurement of particle’s effective density,
pe (Kelly and McMurry 1992; Karg 2000; McMurry et al.
2002; Park et al. 2003; Khlystov et al. 2004; Slowik et al.
2004). Effective density describes the combined effect of
particle density and its shape on its transport and can be
readily obtained using only two diameters, dg and d,. An
additional measurement of particle mass () or particle den-
sity (pp) will be necessary to derive dynamic shape factor. In

many cases, particle density is known a priori or can be
approximated, allowing measurement of dynamic shape
factor using only two measured parameters dg and d,.

Shape factors obtained from tandem measurements can
suffer from many errors depending on the instruments used.
The preferential orientation of nonspherical particles, particu-
larly those with high aspect ratio, in the high electric field in
the DMA must be considered when interpreting the data.
Large fibers (>0.1 pm) can align themselves parallel to the
electric field at field strengths less than 1 kV /cm (Lilienfeld
1985), which are often exceeded in DMAs. Similar alignment
effects have been observed in DMA for chain agglomerates of
spherical particles (Kousaka et al. 1996; Zelenyuk and Imre
2007) and nanowires (Kim et al. 2007; Kim and Zachariah
2005). The orientation effects must be carefully considered
in interpreting the value of y. Also, most instruments used
in tandem measurements measure distribution of property;
they have a varying degree of accuracy, precision, and
dynamic range. These factors must be carefully considered
when calculating measurement uncertainties. Multiple char-
ging of large nonspherical particles in DMA can be a cause
for concern, as this can lead to multiple subpopulations of
particles in the classified aerosol with different diffusion
equivalent diameters, resulting in a significant bias in the
downstream measurements. The difference in flow regimes
in different instruments must also be considered since d,,
dg, and y depend on the Knudsen number.

23.3 FRACTAL PARTICLES

23.3.1 Introduction

Nonspherical particles that can be described using fractal geo-
metry are called fractal particles. Fractals are scale invariant
objects. This means that they have dilation symmetry, that
is, they look the same on all scales. Mathematical examples
include the Koch curve, which has bumps upon bumps
upon bumps, or the Sierpinski gasket, which has a descend-
ing series of holes, or the “dog chow” symbol shown in
Figure 23-3, which has some similarity to the aggregates to
be described here. Mathematical fractals are scale invariant
over all scales, yet nature provides many examples of objects
that are fractals over a finite range of scales. Examples include
coastlines, which display inlets and peninsulas on a large
scale (e.g., the western coastline of the island of Great
Britain), and similar bumps and wiggles at much finer scale
(e.g., a local map of a few miles of coastline). This scale
invariance is not present in simple geometric objects. Thus,
changing the scale of a circle makes it flatter or rounder; simi-
larly, a square’s corners get farther or closer apart. Fractal and
geometric objects differ in another very important manner
and that is in their dimensionality, a quantifiable parameter.
Geometric objects have integer dimensions, while fractals
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Figure 23-3 “Dog Chow” fractal with Dy=1n5/In3 = 1.465.
The pattern of five boxes in a larger box with three times the side
length continues to all scales as implied by the box in the lower right.

have noninteger, fractal dimensions, Dy. An excellent intro-
ductory description of fractals is given by Family (1991).

The mathematical background of fractals and their rel-
evance to natural objects put forward by Mandelbrot (1977,
1983) allowed Forrest and Witten (1979) to experimentally
establish that random aggregates of metal smoke particles
over a finite range of scales were fractals with a noninteger
dimension. This seminal work caused an explosion of sub-
sequent interest involving both simulation of aggregation
mechanisms and experimental work on aggregation in col-
loids and aerosols that continues today. The purpose of this
section is to describe methods whereby the size and morpho-
logical parameters of fractal aggregates (i.e., aggregates com-
posed of simple particles that display fractal morphology) can
be determined.

23.3.2 Fractal Aggregates

A fractal aggregate is an aggregate or cluster of particles that
displays fractal scaling over the length scales from the pri-
mary or monomer particle size to the overall size of the aggre-
gate. Fractal aggregates occur in aerosols and colloids as a
result of random aggregation. Examples of both soot and tita-
nia fractal aggregates are given in Figures 23-4 and 23-5. The
motion can be either diffusive, ballistic (straight line), or in
the crossover between these, and the resulting aggregate
will be a fractal within the scale limits monomer to overall
aggregate size. Both computer simulation and experiments
have been important in establishing our knowledge of fractal
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Figure 23-4 Soot fractal aggregates from a premixed methane
flame. The fractal dimension is Dy ~ 1.8.

200 mn

Figure 23-5 Transmission electron microscope picture of titania
(TiO,) fractal aggregates with D¢~ 1.8 produced by pyrolysis of
titanium isopropoxide.

aggregates (Family and Landau 1984; Meakin 1988; Viscek
1992) because aggregation can be readily simulated on the
computer. An example of a computer-generated fractal aggre-
gate is given in Figure 23-6, and the similarity to the real-
world examples given in Figures 23-4 and 23-5 is apparent.
We now know that the aggregates can be classified into two
major categories:

1. Particle—cluster aggregation or diffusion limited aggre-
gation (DLA), which occurs when single monomers
diffuse to and stick to a stationary, growing cluster
(Witten and Sander 1981). In three dimensions the clus-
ters that result have a fractal dimension of Dy = 2.5.
It has been shown that those aggregates are not fractal
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over the entire range of their length scales (Oh and
Sorensen 1998).

2. Cluster—cluster aggregation or diffusion limited cluster
aggregation (DLCA or DLCCA), which occurs when
all clusters diffuse and then stick when they randomly
touch (Kolb et al. 1983; Meakin 1983). In three dimen-
sions the clusters that result have a fractal dimension of
D¢~ 1.75 when the cluster motion is diffusive.
Ballistic motion causes Df= 1.9 (Meakin 1984). If
the sticking probability is significantly less than one,
the reaction limited cluster aggregation (RLCA)
regime is entered, for which Dy~ 2.15, a situation
important for many colloids (Lin et al. 1990). It is
now known that only cluster-cluster aggregates occur
in aerosols and colloids, with the DLA morphology
finding application in other areas.

The meaning of the fractal dimension is in the relation
between linear and volumetric size, the latter of which is lin-
early related to the mass or number of primary particles per
aggregate N. If R is a linear size of the aggregate, then
N oc RP. We say that “the mass” N scales with linear size
to the fractal dimension Dy. The linear size should be a geo-
metric size, that is, a size related only to its geometry and
nothing else. Thus R can be a radius or a diameter, a length
or width, or a radius of gyration. Strictly speaking, it cannot
be a mobility radius (= dg/2), which depends not only on
the linear geometric size but the flow situation as well.
Geometric objects scale with their linear size as well, for
example, the volume of a sphere increases by a factor of
eight when the diameter is doubled because its dimensional-
ity is three. Other dense objects display this scaling; for
example, the human being if made twice as tall and kept in
proportion would weigh eight times as much (and have four
times the surface area). In contrast to this “ordinary” geome-
try, fractals have a noninteger dimension Dy, less than the
embedding spatial dimension d, that is, Dy < d.

Figure 23-6 A simulated DLCA aggregate with Dy = 1.79.

One beauty of the fractal dimension is that it allows a
quantitative description of the degree of openness, or ramifi-
cation, of the random aggregate. The smaller the Dy relative to
the spatial dimension d, the more quickly the aggregate fills
space as R increases. The fractal dimension plays a part in
determining the aggregate density, the optical properties,
the way in which it diffuses, and the kinetics of its further
growth.

The relation between “mass” and linear size for a fractal
aggregate can be quantified in three ways, all of which will
form a basis for measurement of Dy to be described below
(Section 23.3.3). We let a be the monomer (primary particle)
radius and R, be the radius of gyration (a root mean square
radius, Equation 23-19 below) of the aggregate. Then

N = ko(Ry/a)™" (Eq. 23-16)

In Equation 23-16 k, is a constant of order unity (Wu and
Friedlander 1993), perhaps best described by k, ~ 1.3 to 1.4
(Cai et al. 1995a; Oh and Sorensen 1997; Sorensen and
Roberts 1997) but see also Koylii et al. (1992). This is per-
haps the most important defining relation for a practical
description of a fractal aggregate. Another important relation
describes the spatial correlation function of the density g(r)
given by

g(r) ~ '’ h(r/§ (Eq. 23-17)
where g(r) is a conditional probability relating on average
the density at two points separated by a distance r. The
function A(x) is a cutoff function for the power law, h(x <
1) ~ 1, but h(x) decreases more rapidly than any power
law for x > 1. This implies that the length ¢ is on the order
of the size of the aggregate. For DLCA the Gaussian
h(x) ~ exp(—x2) is fairly accurate (Sorensen et al. 1992a;
Cai et al. 1995a; Sorensen and Wang 1999). A third valu-
able relation involves the amount of material within regions
of side length s centered on the aggregates. For a fractal
particle

N ~ s (Eq. 23-18)
All three of these equations will be used for the particle
analysis described below.

23.3.3 Real-Space Analysis
23.3.3.1 Collection Methods

23.3.3.1.1 Thermophoretic Collection Often aerosols are
hot, for example, soot in a flame or metal oxides from a reac-
tor, and insertion of a colder probe will cause thermophoresis
of the hot aerosol particles down the thermal gradient to the
colder probe. The great advantage of thermophoresis is that
all particle sizes move at the same rate, hence the sampling



is unbiased (Rosner et al. 1991) at least for submicrometer
particles, see Sorensen and Feke (1996).

A “frog tongue” probe device designed after Dobbins and
Megaridis (1987) has been used to sample flame soot and
TiO, and SiO, aerosols with apparent success (Cai et al.
1993). This device was built from a modified disk hard
drive and a carbon arrow shaft. The essential quality is the
ability to quickly inject a probe into the aerosol, hold it
there for a residence time determined by the operator, and
then quickly remove the probe. The device can move the
probe 5 cm in 3 msec and has a selectable residence time of
15 to 150 msec.

The “frog tongue” part of the probe is a thin “knife blade”
of metal. Transmission electron microscope (TEM) copper
grids are mounted on the blade with polystyrene cement.
This cement is easily broken so that the grid can be removed.
The grids consist of copper mesh, having either a carbon or
Formvar® coating. The blade is inserted with its face parallel
to the aerosol flow to avoid perturbation of the flow and
impaction of particles.

23.3.3.1.2 Impaction Collection Placing a probe with its
face perpendicular to the aerosol flow will allow impaction
of aggregates onto the probe. This approach was used to col-
lect soot particles 1 wm-sized or larger (Sorensen and Feke
1996; Sorensen et al. 1998). Impaction relies on inertia so
there is a bias toward collecting a larger fraction of the
bigger aggregates. The Stokes number quantifies the likeli-
hood of impaction and is discussed in Chapters 2 and 8.

23.3.3.1.3 Collection by Settling Often the aerosol settles
out to form a powder at the bottom or on the sides of the
chamber, container, room, or region of aerosol study. This
powder can be carefully collected and redispersed to create
samples for microscopic examination. Collection should pro-
ceed with some care because the fractals may be fragile, as
implied by their tenuous nature. Little is known about the fra-
gility of fractal aggregates. Experiments exist in which aggre-
gates have been stretched and then snapped back (Friedlander
et al. 1998). These imply considerable resiliency. Despite
this, any reasonable caution when handling would not be
wasted.

Redispersion has been accomplished using volatile
liquids, perhaps with surfactants, and then drying. Water,
ethanol, and acetone have been used to study carbonaceous
soot and TiO,. Water has a large surface tension and this
tends to crush the aggregate as it dries. Aerosol methods
have been used for redispersion of soot (Prenni et al. 2000),
though it has not been established that individual particles
retain their original structure. Each type of material has its
own peculiarities, so experimentation is warranted.

In all cases collection densities on the microscope sub-
strate, for example, TEM grid, should not be great, the aggre-
gates occupying 10% of the area or less (Cai et al. 1993). This
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is necessary to avoid significant “artificial” aggregations on
the substrate. If two aggregates overlap on the substrate,
there is no way to distinguish the resulting cluster from one
that formed in the aerosol phase.

23.3.4 Analysis of Projected Images

23.3.4.1 Visualization An electron microscope is necess-
ary to study nearly all conceivable fractal aggregates since the
primary particles (or monomers) are smaller than optical
wavelengths (“big” particles do not stick together readily).
Standard carbon- or Formvar-coated copper grids are suffi-
cient to hold the sample. The magnification should be large
enough to allow an accurate measurement of the monomer.
For example, soot is usually composed of aggregates of
monomers with radii @ =~ 10 nm. To magnify these to 1 mm
images requires 100,000x magnification.

Photographs can be digitized with a digital scanner for
computer analysis. The image data will be in the form of a
two-dimensional array with a magnitude representing the
gray level at a given pixel. A computer analysis routine can
be written to identify individual clusters in the digitized
array, or the operator can look at the image on the monitor,
pick out the images visually and store them as separate gray
level arrays, one for each cluster. Often it is useful to subtract a
background from this cluster gray level. The background is
the average gray level of the pixels near the circumference
of cluster. With this subtraction, all the nonaggregate pixels
are set to zero (“white”). Once a gray level array for each
cluster is achieved, analysis for morphological parameters
can begin.

A major problem in the analysis of the cluster morphology
is that the three-dimensional structures are viewed as two-
dimensional projections as a consequence of the micropho-
tography. One way to overcome this is to view the clusters
in at least two different projections, and with this stereo tech-
nique, regenerate the true three-dimensional structure. This
has been done in the past (Sampson et al. 1987; Koyli
et al. 1995) but the method is laborious and, as will be
shown, largely unnecessary. If the analysis is limited to one
projection, and if the density of this projection can give accu-
rate information regarding the total mass along a given pro-
jection through the cluster, then a viable analysis of the
three-dimensional morphology can be obtained. Such a
mass-preserving image is difficult to achieve, however,
because the attenuation of the electrons producing the pro-
jected image is not linearly related to the total mass of
material through which the electrons passed. Furthermore,
the response of the photographic film that captures the
image is linear only over a small range before it saturates
and becomes insensitive to the mass of the cluster above it.
In previous work involving small soot clusters (Cai et al.
1993), some success was achieved with mass-preserving
projections, largely because the clusters were small enough
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to keep the gray level to projected-mass relationship approxi-
mately linear. In general, however, mass-preserving projec-
tion is uncertain, so we are left with projection of the
cluster onto the two-dimensional plane in a binary format,
that is, a shadow, in which any part of the cluster is the
same degree of gray (black) as any other, and the background
is white. The advantage of this method is that it eliminates the
response of the detector. The conversion to a binary format
appears not only easier to apply, but is also the most reliable
and accurate. What is needed is a quantitative method to con-
vert two-dimensional information into three-dimensional
information, and such a method is presented below. The
bulk of the discussion applies to DLCA aggregates with
D¢ =~ 1.75, which are very typical. When D¢ > 2, the problem
of determining the size parameters of aggregates is much less
explored, but a possible direction will be suggested.

23.3.5 Binary Projection Analysis

23.3.5.1 The Radius of Gyration We first consider
the radius of gyration R, of a three-dimensional body as
given by

) [rip(r)d°r

R, = [p(r)dr

(Eq. 23-19)

where p(r) is the density. A reasonable assumption is made
that an ensemble of clusters on a TEM grid when viewed
from one direction will yield an average spherical symmetry.
Then, since r> = x> + y2 + 72, and since a projection onto a
plane eliminates one of the dimensions, it follows from
Equation 23-19 that (Cai et al. 1993)

Ry3 = v 3/ 2 Ry proj

In Equation 23-20, R, 3 is the true, three-dimensional
radius of gyration of the cluster and R, ,.; is that observed
for the mass-preserving projected image. The factor 3/2
results from the elimination of one of the three dimensions.
Furthermore, it is important to stress, Equation 23-20 applies
to a mass-preserving projection. Equation 23-20 is verified by
the computer simulations of Kdoylii et al. (1995), who found
the empirical factor relating the two radii to be 1.24 + 0.01,
in good agreement with m = 1.225.

The previous discussion shows the difficulty in achieving
an accurate mass-preserving projection, so Equation 23-20,
while informative, is of questionable utility. The purpose
here is to show that a better measurement can be obtained,
ironically, with a two-dimensional binary representation of
the cluster. Such a projection is not mass preserving because
if two sections of the aggregate overlap during the projection,
they cause the same darkening of the two-dimensional image
as either would alone due to the binary format. It is well
established that the fractal dimension of d=3 DLCA

(Eq. 23-20)

clusters is less than 2; typically, Dy is in the range 1.7-1.8.
Thus, it might be expected that the image of a cluster pro-
jected onto a plane in a binary format would be mass pre-
serving, that is, no significant screening or occultation
between monomers would occur. This would imply that
the number of monomers in the aggregate would be
proportional to the projected area of the cluster, that is,
N oc A.. It must be stressed that this expectation is only cor-
rect for asymptotically large (N — o0) clusters. For finite size
clusters, however, screening occurs and it is found empiri-
cally that

N =A; (Eq. 23-21)
where @ = 1.1 (for references and a complete discussion see
Section 23.3.5.2). Thus, the effective fractal dimension in the
two-dimensional plane of the binary projection should be
different from the fractal dimension of the real, three-
dimensional cluster. In the immediately following argu-
ment, we will call these fractal dimensions D¢, and Dg3s,
respectively.

Consider how the three-dimensional cluster is projected
onto the two-dimensional plane. With spherical or circular
symmetry, we assume the density profile of either the three-
dimensional fractal cluster or its projection is given by

p(r) o< P4 for r < R,
=0, for r > R,

(Eq. 23-22a)
(Eq. 23-22b)

where R, is the perimeter radius and Dy= Dg, or Dg3,
depending on the spatial dimension of d =2 or 3 for the
binary projected or real cluster, respectively. Then Equation
23-19 yields

D

2 £,3 2

R =D 2 ke (Eq. 23-23)
D;

R2 =12 g2 (Eq. 23-24)

g,binary sz +2 P

Thus, a relation between the true radius of gyration Ry 3
and the measured, binary projection radius of gyration
R pinary can be determined if we have a relation between
Df,3 and Df,z.

To determine this latter relation, consider the empirical
fact of Equation 23-21 that N3 ~ AZ, where we now label
the number of monomers per cluster with a subscript of
three to designate that this is the number in three-dimensional

space (i.e., the true number). We also have by Equation 23-16
the relation N3 = Rgff. The binary projection has analogous
which defines Dy,, but,

and here is the key, N, =~ A.. Furthermore, by Equations
23-23 and 23-24, R, 3 & Ry pinary- All these proportionalities

: ~ pDi2
relations such that Ny ~ Ry



together yield

Dty = Di3/a (Eq. 23-25)

This result is consistent with past work that has measured
the fractal dimension of clusters both in terms of three-
dimensional quantities and projectional quantities, where it
was found that the projectional dimension is typically 10%
less than that determined with the three-dimensional quan-
tities (Sampson et al. 1987; Zhang et al. 1988; Cai et al.
1993). It is also consistent with simulations by Jullien et al.
(1994), who also found the projectional fractal dimension
to be about 10% less than the fractal dimension of the unpro-
jected clusters. Since o~ 1.1, we believe Equation 23-25
explains these past observations. Finally, we use Equations
23-23 to 23-25 to find

Df,3 + 2« 172
Rg,3 = (7 Rg,binary

Eq. 23-26
Dist2 (Eq )

Now recall that R, = R, 3 and Dy = Dy 3. Then for typical
values of Df=1.8 and a ~ 1.1, this correction factor is
1.026. Thus, as anticipated and qualitatively explained earlier
(Cai et al. 1993), the binary projection yields a remarkably
accurate measure of the true, three-dimensional radius of
gyration.

Computer analysis of the clusters begins with the total
gray level defined as

Go = Y G, )

X,y

(Eq. 23-27)

where G(x, y) = 0 or 1 is the gray level of the pixel at position
(%, ¥). Since G(x, y) is binary, G, is the total number of pixels
in a cluster. To determine the radius of gyration R, of a clus-
ter, first calculate the cluster center of mass:

Fom = Gt Y G, YF(x, y) (Eq. 23-28)
X,y

and then the radius of gyration

R pinary = Giat D _ G, ))(F(x, y) — Fom)®  (Eq. 23-29)
Xy

Correction using Equation 23-26 to obtain R,/R, 5 could
now be made, but since the correction is only about 2%,
this is hardly warranted given that other experimental errors
are most likely larger. Another useful and fairly simple
method to determine R, is using the maximum, projected
length of the aggregate image. Computer simulations
indicate that half this length (hence a radius) R, is a constant
ratio to R, independent of N. This is shown in Figure 23-7.
The result is that

Ry/Ry = 0.69 + 0.03 (Eq. 23-30)
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Similar values have been found by Koylii et al. (1995) who
found 0.67 (no error quoted) for N > 100 and Brasil et al.
(1999) who found 0.667 + 0.02 for 500 > N > 10.

This method is simpler than calculation of R, from the
gray level, Equation 23-29, but relies on the clusters being
DLCA with Dy = 1.79, that is, equivalent to the simulation
that produced Figure 23-7.

23.3.5.2 Determination of N Determination of the
number of monomers per aggregate N from the projected
area of a cluster has a long and well established history for
DLCA (Ds =~ 1.75) (Medalia 1967; Medalia and Heckman
1969; Mandelbrot 1977; Sampson, Mulholland, and Gentry
1987; Megaridis and Dobbins 1990; Koylii, and Faeth
1992; Cai et al. 1993; Koyli et al. 1995) Brasil et al.
1999). In general it is found that

N = ka(Ac/Ap)* (Eq. 23-31)
where k, and « are constants near unity, and A, and A, are
the projected areas of the cluster (aggregate) and primary
particle (monomer), respectively. Medalia (1967; Medalia,
and Heckman 1969) first used this form and found empiri-
cally k, = 1.0 and a = 1.1. This has subsequently been cor-
roborated by a number of workers with « varying by a few
hundredths. Oh and Sorensen (1997) found that fractal soot
clusters with Df~ 1.75 obeyed Equation 23-31 with a =
1.09. Koylii et al. (1995) analyzed both computer-simulated
and real soot clusters, and found k, = 1.15-1.16 and o =
1.09-1.10. Note that with these results the limit as N — 1
is not preserved because k, is not unity. In another simulation
Meakin et al. (1989), created DLCA clusters with Dy = 1.8
and N up to N = 10%, larger than any in any other work that
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Figure 23-7 Ratio of the aggregate radius of gyration R, (ind = 3
space) to half the longest length R, of the clusters projected onto a
d =72 plane as a function of N for simulated DLCA aggregates
with Dy = 1.79.



520 NONSPHERICAL PARTICLE MEASUREMENT: SHAPE FACTOR, FRACTALS, AND FIBERS

has compared N to the projected area. They fit their data with

Ac /A, = 0.4784N + 0.5218N76% (Eq. 23-32)

This result is equivalent to Equation 23-31 with k, = 1.00
and a = 1.10 over the range of N = 1-100, k, = 1.00 and
a = 1.084 for N=1-1000, k, = 1.075 and a = 1.083 for
N=10-100, and k, = 1.106 and a = 1.069 for N = 10—
1000. The slope of a log N versus log (A./Ap) graph is a,
and Equation 23-32 yields a slowly decreasing a with
increasing N. This is consistent with the notion that, for clus-
ters with Dy < 2, as N — oo, N should be linear with A, that
is, a asymptotically approaches 1.00, because the cluster
dimension is less than the dimension of the plane onto
which it is projected.

Brasil et al. (1999) studied this problem with the expressed
interest to provide a recipe for image characterization of
fractal-like aggregates. They found for DLCA-like aggre-
gates k, = 1.10 and a = 1.09 for random projections, and
k,=0.97 and o = 1.11 for projections with the aggregate
resting on three contact points on the projection plane. This
latter projection seems reasonable to simulate the actual situa-
tion when aggregates are collected on a microscope grid.
More recently Pierce et al. (2006) found exponents of about
1.08 with a small dependence on whether the aggregation
was diffusive or ballistic.

In summary all these results agree fairly well, with typical
differences a few percent but as large as 10% for the range
N = 10-1000. Given this and because we desire to conclude
with a recommendation, we recommend k, = 1.09 and o =
1.08. These yield N from the area ratio in good agreement,
5%, with all the values discussed above, and any fretting
for more accuracy seems fruitless.

23.3.5.3 The Fractal Dimension There are three useful
ways to determine the fractal dimension, D;. Two methods
analyze a single cluster; they are the method of nested circles
or squares and the analysis of the density correlation function.
The third method requires an ensemble of aggregates and
compares N to R, (or any measure of the aggregate’s linear
size) via Equation 23-16. We discuss these methods sequen-
tially below.

23.3.5.3.1 The Method of Nested Circles or Squares In
this method circles or squares of increasing radius or side
length s are computer drawn on the aggregate centered on
the aggregate’s center of mass. The total binary dark or
gray area G (arbitrary units) within the circle or square is cal-
culated and plotted versus s. Then from Equation 23-18 the
following scaling relation holds

G ~ sPr2

(Eq. 23-33)

Equation 23-33 is best used as a log-log plot of G versus
s, which will have a slope of Ds,. Ds, must be converted
to the three-dimensional fractal dimension with Equation
23-25 and a.

Often a given cluster will yield a nonlinear, strangely
shaped plot of N versus s. One must remember that “fractal”
is a statistical concept and not all clusters are alike.
Examination of an ensemble of clusters is therefore highly
recommended. While most clusters will exhibit fractal behav-
ior, that is, have a linear log G versus log s plot, occasional
“odd” clusters will occur. An example of this cluster-to-
cluster variation is given by Zhang et al. (1988) and repro-
duced in Figure 23-8. There it is found that the sum of the
gray areas for three clusters is better described by Equation
23-33 than for any individual cluster. On the other hand, if
there are more “odd” clusters than “fractals” then the system
is not a fractal system.

23.3.5.3.2 The Density Correlation Method The density
correlation function is a conditional probability that, given
material at one point, defines the probability that there will
be material at another. It is represented by g(r) and is
expressed by

g(r) = {p(R + r)p(R)) (Eq. 23-34)

In Equation 23-34 p(R) is the density at point R and the
brackets (- - - ) mean an average over all positions R.

The digitized, binary images can be used to calculate g(r).
Since the density is proportional to the gray level of the
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Figure 23-8 The total gray level (G, labeled “Darkness”) within
a series of nested circles centered on the cluster center of mass for
three different soot clusters A, B, and C determined from their
binary projected images. The curve A + B + C is their sum, which
is fairly linear to imply an average Dy = 1.72 + 0.10.



image, Equation 23-27, we can write Equation 23-34 as

Ny Ny
g =" Gu+x)Gr+y)/NNy  (Eq. 23-35)

u v

where
= +/x2 + y2

In calculating with Equation 23-35, 1 and v should be con-
strained to points (pixels) within the aggregate. This is not
necessary, but otherwise G = (0 and unnecessary compu-
tation results. Note that Equation 23-35 could also be
restricted to averages over u or v separately to yield g(x)
and g(y). If these differed, anisotropy would be implied.
Many different x and y values yield the same r, so these
could be averaged over a range r to r + dr to calculate a
final g(r).

Once the density correlation function is calculated, it can
also be plotted on a log-log plot to display its power law
nature, as written in Equation 23-17. If the projected image
has been stored in the computer in a binary format, the pro-
jected image has pixels with gray level G=0 or 1 only,
and the effective spatial dimension is d =2 to be used in
Equation 23-17. Also for the binary format, the fractal dimen-
sion is Dy, = D3/ e, that is, the correction of Equation 23-25
must be made. Here again cluster to cluster variation is
expected, but typically not as much as in the “nested”
method above. Figure 23-9 gives an example for a soot fractal
aggregate.

(Eq. 23-36)
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Figure 23-9 Density correlation function for a soot cluster
obtained from a premixed CH4/O, flame. Dashed line is a fit to
the first 13 points [thereafter the cutoff fraction /(x) takes over] of

the power law g(r) ~ P,
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23.3.5.3.3 The Ensemble Method Both N and R, can be
extracted from the projected, binary images of the fractal
aggregates. Given these parameters, Equation 23-16 suggests
that a log-log plot for a polydisperse ensemble of aggregates
will yield Dy from the slope and k, from the intercept. This
fact has been used many times in the literature, and
Figure 23-10 gives an example. Note that this analysis yields
Df = Df’3.

If k, is not needed, this analysis can be simplified by using
the total gray level of the binary projected image of the aggre-
gate versus any aggregate length, for example, the longest, 2d
projected length. The slope of such a graph would yield D .
This method usually yields excellent results.

23.3.6 Aggregates with Dy>2

Jullien et al. (1994), modeled d = 3 random fractal aggre-
gates on a computer with 1 < Dy <2.5 and then studied
their projection onto a plane. Figure 23-11 is a reproduction
of their Figure 23-2a, which is particularly useful. It shows
the binary projected fractal dimension Dy, versus the true,
d =3 fractal dimension Dy of the aggregate for a variety
of aggregate sizes ranging from N = 16—8192. A line repre-
senting Equation 23-25 with o = 1.08 is included. The data
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Figure 23-10 Total number of monomers per aggregate versus
radius of gyration divided by the monomer radius for an ensemble
of soot clusters collected from a premixed methane/oxygen flame.
The slope of this log-log plot demonstrates the power-law depen-
dency of Equation 23-16 and yields a fractal dimension of Dy =
1.74 + 0.04. The intercept yields k, = 1.23 + 0.07.
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for Dy < 2 support the line, giving yet more credence to that
analysis.

For D; > 2, however, this line fails, more so with increas-
ing Dy. Jullien et al. (1994) also found from their computer
simulations that, in the asymptotic limit of very large aggre-
gates, the perimeter fractal dimension D, is well defined
and varies continuously with the mass fractal dimension of
the three-dimensional aggregate. They proposed the follow-
ing approximate formulas to account for this variation:

Dy <2

D; = D,, (Eq. 23-37)

Dy =3—(D,— 1D)** Dy >2 (Eq. 23-38)
We have confirmed the validity of these equations by mea-
suring D,, for two-dimensional projections of computer-
simulated clusters with known fractal dimensions
(Dhaubhadel et al. 2006). To find D, the number N(L)
of square meshes of size L, each of which includes at least
one pixel of the fractal aggregate perimeter is determined
when the digitized picture of the fractal aggregate is viewed
under a grid. N(L) and L are related to D, as

N(L) = CL™ (Eq. 23-39)
where C is a constant of proportionality. The slope of a
doubly logarithmic regression of N(L) against L is D,. This
is illustrated in Figure 23-12. In the same work,
Dhaubhadel et al. (2006) showed that the fractal dimension
for any aggregate, regardless of whether D <2 or D > 2,
could be obtained by a structure factor analysis. For fractal

2.2

20}

18

16

D,

14}

12+

1.0 A -y 'S
1.0 1.5 20 25 3.0

Dy

Figure 23-11 Fractal dimension Ds, of the projection of a fractal
aggregate versus its d = 3 space fractal dimension, D, for N = 16
(open circles), 128 (filled circles), 1024 (open squares), 8192
(filled circles) for computer-simulated aggregates (after Jullien
et al. [1994]). Line is Equation 23-25 with o = 1.08.

aggregates, the structure factor S(g) is given by (Sorensen
2001)

S(q) =1,
= C(qRy) . qRy > 1

R, < 1 (Eq. 23-40)

(Eq. 23-41)

where ¢ is the scattering wave vector, R, is the radius of gyra-
tion of an aggregate, and C is a proportionality constant
roughly equal to unity. S(g) can be calculated for the digitized
picture of the soot cluster using the formula

Npix 2

i=1

S(q) = Ny (Eq. 23-42)

where N,y is the total number of dark pixel points in the pic-
ture and 7; is the position vector of the ith dark pixel.
Dhaubhadel et al. (2006) showed that the resulting S(g) had
many rather random “interference” wiggles, but the envelope
functionality was a power law at large gR, as described by
Equation 23-41. Figure 23-12 shows that this structure
factor analysis and the perimeter analysis yield consistent
results for a large Dy = 2.46 + 0.04 fractal aggregate.

23.3.7 Fractal Aggregate Mobility and Dynamic
Shape Factor

In this section we restrict our discussion to diffusion limited
cluster aggregates, DLCA, with a fractal dimension of
~1.78, since nearly all research regarding mobility has con-
cerned these common aggregates. One can find, however,
references to larger fractal dimension aggregates ranging
from 2.1 to 2.4 in the aerosol literature. These values, how-
ever, are very likely erroneous interpretation of the scaling
relation between the mass and mobility size and cannot be
considered true fractal dimensions. Indeed, these aggregates
are very likely DLCA. Some comment to that is given
below during the discussion of the small N limit.

Sorensen and co-workers (Cai and Sorensen 1994; Wang
and Sorensen 1999) have used light scattering to study fractal
aggregate diffusivity. This is relevant to the mobility and
dynamic shape factor because the diffusion coefficient D
and the coefficient of the drag force fin Fp = f V, where V
is the particle velocity, are related by the Einstein relation

D =kT/f (Eq. 23-43)

Here £ is the Boltzmann constant and T is the temperature.
Their method used static light scattering to measure the aggre-
gate radius of gyration, R, and the fractal dimension Dy, and
dynamic light scattering to measure the diffusion coefficient
D. The fractal aggregates were soot in a premixed methane/
oxygen flame and TiO, aggregates in air at room tempera-
ture and pressures from 1/15 to 1 atmosphere. Wang and
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Figure 23-12 (a) Transmission electron microscope picture of a large soot cluster (note the scale bar) and (b) structure factor of and (c) per-
imeter analyses of part (a). The fractal dimension is equal to the slope in the structure factor analysis. The perimeter analysis slope yields the
perimeter fractal dimension, 1.44. The mass fractal dimension is found via Equation 23-38 to be 2.42.

Sorensen also reinterpreted aerosol mobility data of Schmidt-
Ott (1988) and Rogak et al. (1993) and the colloidal data of
Wiltzius (1987), and combined all these with their data to
achieve a general picture of the mobility of fractal aggregates
at all values of the Knudsen number. Subsequently, other
workers have considered the problem of fractal aggregate
mobility and all these efforts yield the description below.

There are four regimes that must be delineated to under-
stand the mobility of a fractal aggregate. These four regimes
are due to the combination of the following two size
classifications:

1. The aggregate mobility radius, Ryop (= dg/2), will
have different functionalities on the primary particle

(or monomer) number N, depending on whether N is
either less or greater than a certain critical number,
N.. This classification results from the need for the
aggregate mobility to have the correct small N behavior
and limit at N = 1, where R, must equal a, the pri-
mary particle radius.

2. Ruop Will have different functionalities on N, depend-
ing on the Knudsen number, Kn. For fractal aggregates
Kn could be calculated using either the radius of gyra-
tion, Ry, Or Rpop, Or some other linear measure. This
issue is not yet resolved.

The need for the proper behavior of R,,,o, in the N = 1 limit
becomes evident when one considers experimental (Wiltzius
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1987; Wang and Sorensen 1999) and theoretical (Kirkwood
and Riseman 1948; Meakin et al. 1985) results in the conti-
nuum regime. There, one finds Ry, = BR, with B =
0.75 £ 0.05 for large fractal aggregates (N > 1). Note, how-

ever,atN =1,R, = %R for a spherical primary particle (of

radius R) and since R = R, for a sphere, then g = 1.29 at
N = 1. The implication is that 8 = R,op /Rg = 0.75 at large
N must at some point, call it N the “crossover N,” change
its constancy with size and evolve with decreasing N from
0.75 to 1.29 at N=1. This behavior was seen by Wang
and Sorensen when they reanalyzed the data of Cai and
Sorensen (1994) with Knudsen numbers of ca. 6.7 to 22,
Schmidt-Ott (1988) with Knudsen numbers of ca. 1.3 to 7,
and Rogak et al. (1993) with Knudsen numbers of ca. 0.1
to 2. All three data sets followed a power law functionality
Rimop = aN* with exponents x = 0.43, 0.46, and 0.45,
respectively, as they approached the N = 1 limit. Chan and
Dahneke (1981) calculated the drag force on linear aggregates
in the free molecular regime. For small N their results limit
properly to N =1 and display the same power law with an
exponent of x = 0.45 for N =1 to 10. Given these data and
implications, Wang and Sorensen proposed that the approach
to the N =1 limit was the same regardless of the Knudsen
number and is described by

Ruob = aN"®, N <N, (Eq. 23-44)

Recently Cho et al. (2007) reported measurements for aggre-
gates with N = 3, 4, and 5, and Knudsen numbers in the range
of 0.3 to 0.7. Our analysis of their data agrees with Equation
23-44 with an exponent of x = 0.44. Similarly, recent data
reported by Shin et al. (2009, 2010) also agrees with our
analysis. Moreover, there are numerous reports of how aggre-
gate mass scales with R, with a “fractal dimension” of any-
where between 2.1 to 2.4. In all these reports the aggregates
are small enough such that N < N.. The true fractal dimen-
sion is very likely ca. 1.8 and the observed functionality is
the crossover functionality of Equation 23-44, consistent
with the inverse of those “fractal dimensions,” 0.48 to 0.42.

23.3.7.1 Fractal Aggregate Mobility in the Continuum
Regime Experiments (Wiltzius 1987; Wang and Sorensen
1999; Gwaze et al. 2006) and theory (Kirkwood and
Riseman 1948; Meakin et al. 1985) give a consistent picture
for the continuum limit with N > N, that

Rinob = BR, (Eq. 23-45)
B=0.75+0.05 (Eq. 23-46)

Use of Equation 23-16 yields
Runon = aiy /PONLPO (Eq. 23-47)

The numerical value of the coefficient in Equation 23-47 is
uncertain due to the uncertainty of its parameters. In our

opinion the best values for these parameters are: 8 = 0.75,
ko= 1.4, Dy = 1.78. This yields

Rinob = 0.62aN" (Eq. 23-48)

23.3.7.2 Fractal Aggregate Mobility in the Free
Molecular Regime There are a number of results that
yield a consistent description of fractal aggregate mobility
in the free molecular regime. Wang and Sorensen concluded
that Ryo, = aN®*® in this regime. It is expected that the drag
is proportional to the effective projected area of the aggregate
accounting for screening of monomers by other monomers
during projections. Thus Wang and Sorensen (1999) con-
cluded that the results of Meakin et al. (1989) implied
Ronop = aN"*® (see the discussion above). Recent simulation
results obtained by Pierce at al. (2006), yield the same con-
clusion. Recently, Mackowski (2006) performed a definitive
simulation to resolve this problem and found R, =
0.9aN"*".

Given all these results, we recommend

Rinob = aN*®, N > N, (Eq. 23-49)

This is remarkably close, certainly within error, to the
result for N < N, and thus one could claim that there is no
crossover. Such a claim would be misleading because the
physics for the two regimes is different.

The value for N, is obtained from the continuum results,
Equations 23-45 and 23-47. We find

Ne = [B/koly "

The numerical value of N, ranges widely due to the uncertain-
ties in its parameters. In our opinion the best values for these
parameters are: 3 = 0.75, ko = 1.4, D= 1.78 and x = 0.45.
These yield

N. =170 (Eq. 23-50)

In summary, the mobility radius of a DLCA fractal aggregate
with Dy = 1.78 is given by the following matrix:

Mobility Radius, R,op, for DCLA Fractal Aggregates

Flow regime N <N, N> N,
Continuum aN°’® 0.62aN">¢
Free molecular aN*® aN®4®

To recast the mobility radius results into the dynamic
shape factor, recognize that Equation 23-5 implies for the
continuum regime

X = Ruob/Ry (Eq. 23-51)
and

X= (Rmob/Rv)2 (Eq. 23-52)



in the free molecular regime where R, is the volume equiva-
lent radius (= d,/2). We have R, = aN /3. One can then
recast the mobility radius matrix into a dynamic shape
factor matrix:

Dynamic Shape Factor, x, for DLCA Fractal Aggregates

Flow regime N <N, N> N,
Continuum NO12 0.62N%%
Free molecular NO24 NO26

23.4 FIBERS

23.4.1 Introduction

The term “fiber” has been applied to a wide variety of non-
spherical particles having an elongated shape, that is, one par-
ticle dimension significantly greater than the other two.
Airborne fibers generally are of microscopic dimensions,
typically less than 100 pm in their longest dimension and
less than 10 wm in their shortest dimension. Airborne fibers
may also consist of bundles of thinner fibers. Except in the
case of certain engineered nanomaterials, such as carbon
nanotubes and nanofibers, most fibers of microscopic dimen-
sions tend to be incidental byproducts of the manufacturing
and processing of materials that are fibrous on the macro-
scopic scale. Certain nonfibrous materials can produce
fibers when subject to stress. Certain fibers have several
unique properties that make them useful from a commercial
standpoint. Asbestos, for instance, includes six commercial
fibrous minerals that have high tensile strength, chemical
resistance, and excellent thermal and acoustic insulation
characteristics. These properties have made asbestos useful
in a variety of products, including friction materials, high
temperature insulating materials, acoustic insulation, fire-
proof cloth and rope, and floor tiles. Besides asbestos, other
mineral fibers exist in nature. Several materials, including
glass and mineral slags, have been melted and spun into
fibers. Ceramic materials have similarly been spun into
fibers, as well as grown by chemical and vapor crystallization.
Carbon and graphite fibers are produced commercially for
high strength products. Organic fibers, such as cotton,
wood, and other cellulosic materials are widely present in
the environment, both from commercially produced materials
as well as natural sources. Carbon nanotubes are a tubular
form of carbon “buckyballs” (Cgg), a molecular structure of
pure carbon with very high strength and high conductivity
(Ren et al. 1998). These nanotubes are being commercially
developed for variety of applications. Besides cylindrical par-
ticles that have relatively high strength, chains of particles
also may behave as fibers and can serve as models for some
aerodynamic properties of fibers. Some organic materials
can be crystallized into well-defined fibrous shapes and can
be used to test theories of fiber aerodynamic behavior.
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Asbestos fiber aerosols have been closely associated with
several diseases of the respiratory system (National Institute
for Occupational Safety and Health, 1976). Thus, the fibers
that can enter the respiratory system are of greatest concern.
The seriousness of the diseases has driven measurement tech-
nology to provide maximum sensitivity and accuracy for
measuring asbestos aerosols. Other airborne fibers may
have one or more of the same physical and chemical proper-
ties as asbestos. In some cases, human exposures and/or
animal studies suggest the disease potential of these fibers.
Thus, there is concern regarding the health effects of fibers
other than asbestos.

The dimensions of fibers in aerosols can cover a wide
range. Asbestos consists of material composed of individual
fibrils as small as 0.025 pwm (Langer et al. 1974). Airborne
fibers can be single fibrils or various-sized bundles with a
range of diameters, while lengths can be less than 0.5 pwm
to several hundred micrometers. The dimension distributions
depend on the fiber type as well as how the fibers were com-
minuted from the bulk material. The magnitude of disparity
between length and diameter often makes it difficult to
make accurate size distribution measurements. Several proto-
cols, using various types of microscopes, have been devel-
oped to deal with fiber distribution measurement. Other
types of instruments, primarily using light-scattering proper-
ties, have been developed to characterize fibers. However,
these instruments usually provide only an approximate indi-
cation of fiber dimensions.

Note that the following discussion, except where other-
wise indicated, will deal largely with measurement of aeroso-
lized fibers, generally visible only with a microscope, and not
with the macroscopic or bulk properties of the fibrous
material. Since asbestos has been the most intensely studied
type of fiber, many comments will relate to this material.
Many issues regarding asbestos mineralogy, health effects,
and measurement techniques are discussed in reviews by
Langer (1974), Walton (1982), and Dement (1990).
Additional topics are presented in books by Selikoff and
Hammond (1979), Rahjans and Sullivan (1981), Michaels
and Chissick (1979), Chissick and Derricott (1983), and
Holt (1987). Similar reviews have been carried out for
man-made fibers (NIOSH 1976, 1977; International
Agency for Research on Cancer [TARC] 1988).

23.4.2 Fiber Shape

The behavior of fibers suspended in a gas is a function of the
fiber dimensions. Assuming either a cylindrical or prolate
spheroidal shape, these dimensions can be defined by two
parameters, length and diameter. A third parameter 3, is
often invoked to indicate the fibrosity or aspect ratio, that
is, the ratio of the length to the diameter. However, real
fibers frequently do not meet the either the ideal cylindrical
or the prolate spheroid shape assumption. Glass or mineral
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fibers are often nearly cylindrical, but even these fibers fre-
quently display curvature along their length as well as bul-
bous or jagged ends. Asbestos fibers are formed from a
unique crystal habitat in which the bulk mineral has slip
planes in two directions, but only rarely in the third. This
results in a propensity to produce particles that can split long-
itudinally to produce thinner and thinner fibers, ultimately
resulting in fibrils about 0.02- to 0.05-wm diameter. Thus,
while some asbestos fibers exhibit a nearly ideal cylindrical
shape, others may have various combinations and degrees of
splayed ends, curvature, splitting, noncircular circumference,
and so on. For instance, the magnetically aligned chrysotile
fibers in Figure 23-13 show many of these characteristics. In
spite of these possible variations in shape, fibers are still
most often characterized simply by length and diameter.

Distributions of natural fibers are rarely monodisperse in
diameter and even more rarely so in length. This has made
it difficult to provide adequate calibration for instruments
that attempt to measure fibers as well as to perform measure-
ments of fiber toxicity as a function of fiber dimension.
Distributions of fibers can often be described by a two-dimen-
sional (length ! and diameter dy) lognormal distribution
(Schneider et al. 1983; Cheng 1986), that is, In / and In dy
are each distributed normally. The probability density func-
tion is given by

A2+ B2 —27AB
f, dp) = )

21— )
(Eq. 23-53)

1
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where A = (Ind; — pyp)/04, and B=(Inl— w)/os, w;
and o7 are the mean and variance of the natural logarithm
of [ and dy, respectively, and 7 is the correlation between In
[ and In d;. The five parameters w;, pgr, 01, Oyp, and T are

Figure 23-13 Scanning electron micrograph (1500 x ) of an aqu-
eous sample of magnetically aligned UICC Canadian chrysotile col-
lected on a 0.1-pm pore size filter. Reprinted from Timbrell (1973)
with permission.

needed to define completely a two-dimensional size distri-
bution. The two-dimensional lognormal size distribution
has the properties that the marginal and the conditional distri-
butions are lognormal (Holst and Schneider 1985). The
former property indicates that the length and diameter distri-
butions are each separately lognormal. The latter indicates
that functions of length and diameter of the form kd¥ /4,
where k, p, and g are constants, are also lognormal. Such
functions include aspect ratio, surface area, volume, and aero-
dynamic diameter. Deviations from lognormality can some-
times be attributed to artifacts in sampling or analysis or to
multiple aerosol generation sources.

Many fiber distributions reported in the literature include
the length and diameter means and variances, but unfortu-
nately do not include 7. However, if the original data is
reported in a table as a function of both length and diameter
the correlation term can be estimated (Cheng 1986). Most
fiber distributions have positive 7, suggesting that diameter
often increases with length.

There have been measurements of a variety of fibrous aero-
sols. Table 23-3 lists the results of some examples. Some of
these materials have been generated for toxicity studies;
some have been measured in environmental studies, while
others have been generated as calibration materials. It is
necessary to exercise caution when comparing fiber size dis-
tributions from different analytical procedures. A comparison
of concentrations of asbestos fibers >5 wm in length by opti-
cal and electron microscope (Dement and Wallingford 1990)
showed a good correlation (R2 =(0.87) but with a bias
towards greater numbers of fibers under the electron micro-
scope (slope of 1.07), thought due to the difference in resol-
ution of thin fibers (less than approximately 0.2-pm thick).
The ability of the optical phase-contrast microscope to resolve
fibers is a function of the difference in refractive index
between the object and the surrounding medium. Given a
microscope appropriately set up for fiber counting, chrysotile
fibers down to a width of 0.15 pm could be observed under
green light against a background of Euparal™ medium,
with a refractive index of 1.48 (Rooker et al. 1982). Smaller
diameters of amphibole fibers, which have a higher refractive
index than chrysotile, should be visible, especially against
Triacetin™ medium, which has a lower refractive index of
1.43. Amphibole asbestos fibers are usually also wider than
chrysotile fibers, so that while optical microscope counts of
chrysotile may underestimate fibers compared to the electron
microscope, amphibole asbestos counts by the optical micro-
scope may approach the true number.

The Dement and Wallingford study also noted the
majority of airborne fibers were <<5-um long, and that
there was a much greater variability between the optical and
electron microscope determinations of the concentration of
all fibers. It was noted in a recent study that fibers shorter
than 2-3 wm are often not recognized as fibers under the
optical microscope (Harper et al. 2008). In addition, the



TABLE 23-3 Examples of Measured Fiber Site Distributions
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Material Diameter (um) Oy Length (pum) o MMAD (pm) O, Measurement Technique
Chromoglycic acid” 0.205 1.58 2.09 1.83 SEM
0.65 1.88  Cascade impactor
Sugar cane silicate” 0.3-1.5/ 3.5-65/ TEM
Caffeine” 1.13 1.08 5.55 1.12 SEM
2.1 1.1 Sedimentation
Ceramic fibers?
Sample a 0.5 10.1 TEM
Sample b 0.66 8.3 TEM
Sample ¢ 0.98 22.8 TEM
Chrysotile®
Preform ring 0.13 2.15 1.6 2.7 TEM
Yarn dressing 0.08 1.92 1.0 24 TEM
Cure press 0.13 1.94 1.5 22 TEM
Crocidolite ”
Mine/mill® 0.08-0.10 1.86-2.08 0.98-1.25 2.30-2.55 TEM
Manufacturing 0.04 1.58 0.54 2.32 TEM
Fibrous glass”
Code 100 0.12 1.8* 2.7 2.2¢ TEM
Code 110 1.8 1.7 26 2.0 TEM
Tron oxide chains’
0.059 1.1 I 2.0 TEM
0.32 1.11  Centrifuge

“Chan and Gonda (1989).
’Boeniger et al. (1988).
“Vaughan (1990).

“Rood (1988).

“Pinkerton et al. (1983).
’Hwang and Gibbs (1981).

SThese values represent the range of several measurements that produced similar results.

"Timbrell (1974).
'Kaspar and Shaw (1983).

These values represent the range of particle sizes rather than the median diameters.

*Estimated from data in reference.
'Estimated from mean chain length of 22 primary particles.

smaller field of the electron microscope also contributes
towards differences. Attempts to measure “optical equival-
ent” distributions for asbestos fibers from observations
using an electron microscope often fall short of their goal,
which is why the NIOSH 7402 method (NIOSH 1994b)
only uses the optical equivalent (PCM-equivalent, or
PCMe) count to calculate the percentage of fibers that are
asbestos and then that percentage is applied to a separate
PCM count. Finally, it should be noted that most microscopic
techniques give little information about the third dimension
(although tilting the stage, or examining shadows is possible
in some instances). Thus, some platy materials, such as talc,
can be mistakenly observed as fibers when they are on edge.

23.4.3 Fiber Behavior

23.4.3.1 Translational Motion As noted earlier, trans-
port behavior of fibers depends on whether the major axis

is oriented parallel to or perpendicular to the direction of
the motion relative to the surrounding gas (Fig. 23-14a,b).
The drag on a fiber is greatest when it is oriented perpendicu-
lar to the flow of the surrounding gas. Fiber behavior is often
described in terms of a combination of the two orientations.
While the difference in drag between the two orientations is
typically about 15-30%, it can be difficult to determine the
contribution of each orientation in experimental systems. At
low Reynolds number (Re,,), fiber orientation will be stable
(discounting Brownian rotation) and will not change due to
translational motion, for example, during gravitational
settling (Gallily 1971). In addition, fibers settling in still air
will not settle exactly in the direction of the gravitational
force, but will drift somewhat due to orientation (Weiss
et al. 1978). Larger fibers, with Re,, greater than about 0.01,
will settle with their major axis oriented perpendicular to
the direction of motion (Fig. 23-14a). With increasing Re,
(Re, > 100), longer fibers (8, > 20) are still stable in the
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perpendicular orientation, but there is an increasing trend
toward instability (Clift et al. 1978).

The aerodynamic diameter d, of a prolate spheroid is given
by (Fuchs 1964),

pra
PoX

d, = d; (Eq. 23-54)

where, dy is the physical fiber diameter, py is the fiber density
and p, is standard density. A cylinder with the same diameter
and length as a prolate ellipsoid has 3/2 greater volume
and mass. Therefore, for cylinders with the same axial
dimensions, the right-hand side of Equation 23-54 must be
multiplied by (3/2)"/% or (3/2)!/? to obtain the equivalent-
volume or equivalent-mass diameter, respectively (Griffiths
and Vaughan 1986). For motion perpendicular (Fig. 23-14a),
and parallel (Fig. 23-14b) to the fiber major axis, the
respective dynamic shape factors xjandy, are given by
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(Eq. 23-55)
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(Eq. 23-56)

An alternate approach for directly calculating the aerody-
namic diameter of cylinders (Cox 1970) gives similar results

9
dy) = df\/ 4—5(‘; (In(2 B,) — 0.807) (Eq. 23-57)

Figure 23-14 Fiber alignment in various force fields. (a) Fiber aligned perpendicular to relative gas motion. This is the preferred orientation
during gravitational settling and acceleration at 0.01 < Re < 100 in absence of other forces. (b) Fiber parallel to relative gas motion. Fiber
motion is often treated as a combination of cases (a) and (b). (c) Fiber is readily oriented parallel to, or at some small angle to, the direction
of shear flow in the suspending gas medium. (d) Small fibers governed by diffusional forces may exhibit completely random orientation. (e)
Conductive fibers are aligned parallel to an electric field. Many fibers are also aligned in a magnetic field, usually parallel to the field lines,
though they may be aligned perpendicular to the field or, for some materials, at some intermediate angle.



and

9
dy) = df\/g—gf (In(2 B,) + 0.193) (Eq. 23-58)
0

If fibers are not preferentially oriented by a drag force or
other alignment force, the orientation may be completely
random. Then, a single, orientation-averaged dynamic
shape factor can be calculated using Equation 23-7.

In the presence of velocity gradients, the fiber will experi-
ence a torque until the fiber is oriented parallel to the direction
of shear force (Fig. 23-14c). Thus, a fiber settling in a hori-
zontal laminar flow will tend to be oriented horizontally (par-
allel to the shear force). However, the fiber will experience a
periodic instability and perform a “flip.” This instability is a
function of fiber dimensions as well as the velocity gradients.
Under such conditions, the aerodynamic diameter is not
strictly an inherent property of the particle and depends on
the experimental conditions of measurement (Gallily and
Eisner 1979).

Inertial separation is commonly used for particle separ-
ation and sizing, for example, in impactors and cyclones. In
such systems where flow conditions are rapidly changing,
the fiber mechanics are governed by initial orientation and
flow relaxation time besides the usual parameters observed
for spherical particles (Gallily et al. 1986). For instance,
fibers with large rotational inertia (especially long fibers)
may not orient completely or may over-rotate in passing
through a nozzle. Fiber behavior under such conditions
may be only approximately characterized using Stokes
number or other nondimensional parameters.

Experimental measurement of fiber deposition has been
carried out in horizontal elutriators (Gallily and Eisner
1979; Griffiths and Vaughan 1986; Iles 1990), centrifuges
(Stober et al. 1970; Martonen and Johnson 1990; Asgharian
and Godo 1999), impactors (Burke and Esmen 1978; Prodi
et al. 1982; Asgharian et al. 1997), and cyclones (Fairchild
et al. 1976; Iles 1990) for a variety of fiber types.

The extended shape also means that interception during
translational motion plays a larger role in fiber deposition
than for compact particles. However, the alignment of
fibers by shear flow often reduces the effect of length on
interception.

23.4.3.2 Rotational Motion The rotational mobility B, of
a high-aspect ratio ellipsoid can be approximated by
(Lilienfeld 1985)

B _ 32In2B, — 1))

Eq. 23-59

where w is the viscosity of the gas. Note that the rotational
mobility is a strong inverse function of fiber length.
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Similarly the rotational diffusion coefficient D, for fibers is
also a strong function of fiber length

3kT

T :W(lnzﬁa - 6)

(Eq. 23-60)
where k is the Boltzmann constant, T is temperature, and 6 is
1.4 for aspect ratios 3, larger than 10. Rotational mobility can
be estimated by measuring the rate of relaxation after removal
of an electrostatic alignment force (Cheng et al. 1991).

23.4.3.3 Behavior in the Transition Regime Under
molecular bombardment, fibers can exhibit both rotational
diffusion as well as translational diffusion. Such fibers are
likely to be randomly oriented (Fig. 23-14d). As for fibers
in the Stokes regime, it is often convenient to separate the
translational motion of fibers into motion in which the
major axis is parallel to the direction of motion and another
in which the major axis is perpendicular to the translational
motion. Diffusion of fibers is described by the diffusion coef-
ficient Dy, (m*/s)

Dy = BAT = < — TGt

f 1

where B is the fiber’s mechanical mobility (dyne-cm/s) and
f° is the drag per unit velocity of the fiber in the continuum
regime, f is the drag per unit velocity of the fiber corrected
for slip by the fiber slip correction factor Cgp, and can be cal-
culated using the adjusted sphere approach discussed earlier
(Dahneke 1973a,b,c).

Fiber diffusional behavior is usually treated as a modifi-
cation of spherical particle diffusion using particle shape fac-
tors (Asgharian and Yu 1988). This approach has agreed well
with experimental diffusion coefficient measurement of
fibers with mean diameters between 0.24 to 0.38 wm
(Gentry et al. 1983). Diffusional coefficients of much smaller
fibers have also been measured (Gentry et al. 1988) that show
higher diffusion coefficients than expected.

As with the stagnant flow conditions for fibers in the con-
tinuum regime, fibers are expected to be randomly oriented
unless affected by shear or other forces. Again, the longer
the fiber, the more likely it is to be oriented by such forces.

Several studies have estimated effects of various depo-
sition mechanisms (diffusion, impaction, interception) to
determine overall particle deposition in filters (Fu et al.
1990) and lung airways (Asgharian and Yu 1989;
Balashazy et al. 1990; Asgharian et al. 1997).

(Eq. 23-61)

23.4.3.4 Charging Theories for unipolar diffusion char-
ging (Laframboise and Chang 1977) and bipolar diffusion
charging (Wen et al. 1984) of fibers have been developed.
Unipolar charging of fibers causes the charge of long, thin
fibers to increase significantly, though the electrical mobility
changes relatively slowly with aspect ratio (Yu et al. 1987).
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Such a variation of mobility with fiber aspect ratio may allow
separation of fibers of different lengths.

23.4.3.5 Electric Field Effects A fiber may be aligned in
an electric field by an induced dipole in the fiber. This
requires that charges in the fiber be separated so that the
polarity is opposite to that of the surrounding electric field
as shown in Figure 23-14e. The charge separation from con-
duction is usually greater than that from polarization of the
material. For charge separation to occur, the fiber must be suf-
ficiently conductive so that the charges can migrate the length
of the fiber in a reasonable time. Aerosol particles, even those
consisting of a normally nonconducting material, can often
be considered conductive because of their low capacitance
and small dimensions (Fuchs 1964; Lilienfeld 1985).
Surface impurities can also contribute to a particle’s conduc-
tivity. In addition, water adsorbed on the fiber surface (e.g.
glass fibers at ~50% relative humidity) can increase the
conductivity and allow fiber alignment in an electric field.
Thus, an electric field of sufficient strength (1 x 10°-5 x
10°V/m) can overcome diffusional randomization and
shear forces to align most types of fibers, including relatively
nonconductive ones. For instance, electrostatically aligned
zinc oxide fibers were used to modulate microwave radiation
(Tolles et al. 1974).

When fibers and compact particles of the same aerody-
namic diameter are charged under the same conditions, the
fibers may have higher mobility than compact particles.
Field studies of work environments suggested that fibers car-
ried a charge proportional to fiber length (Johnston et al.
1985). Other studies indicated that unipolar, charged particles

can be separated according to aspect ratio (Griffiths et al.
1985; Yu et al. 1987).

Electrostatic enhancement of fiber deposition in lungs
(conductive tubing) has been observed (Jones et al. 1983).
Calculations support such enhancement of sedimenting
charged fibers (Chen and Yu 1990).

23.4.3.6 Dielectrophoresis Diclectrophoresis was inves-
tigated for separating aluminum wires of different lengths
in liquid suspension (Lipowicz and Yeh 1989). Baron
demonstrated that fiber length classification could be
achieved for fibers as short as 4 pm in a 0.76-m long classifier
(Baron et al.1994). This technique has been used for pro-
duction of small quantities of classified fibers for in vitro
cell assay studies and for fiber size measurement (Baron
et al. 1998; Ye et al. 1999).

23.4.3.7 Magnetic Field Effects 1If a suspension of fibers
in a liquid or gas is subjected to a magnetic field, fibers with
sufficient magnetic susceptibility will align at some angle to
the field. Usually this angle is either 0° or 90°; some amphi-
bole asbestos samples have fibers aligned at both angles.
Timbrell (1975) developed a technique for preparing perma-
nently aligned samples by allowing a suspension of fibers in
0.5% celloidin/amyl acetate to dry in a 5—10,000 gauss mag-
netic field. Several fiber types have been aligned by Timbrell
(1972, 1973), including carbon fibers and the various types of
asbestos. Fibers of glass, silicon carbide, silicon nitride, and
tungsten-cored boron did not align in similar fields.

Figures 23-15, 23-16, and 23-17 contain images of fibers
magnetically aligned on a slide surface with light-scattering
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Figure 23-15 (a) Phase contrast microscope image of magnetically aligned carbon fibers suspended in celloidin on a glass slide. (b) Light-
scattering pattern from the same fibers in aqueous suspension. The direction of the magnetic field is indicated by the arrow. Note the monodis-
perse diameter of the fibers, reflected in the sharply defined scattering pattern. Reprinted from Timbrell (1973) with permission.
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Figure 23-16 (a) PCM image of magnetically aligned UICC crocidolite fibers suspended in celloidin on a glass slide. (b) Light-scattering
pattern from the same fibers in aqueous suspension. The direction of the magnetic field is indicated by the arrow. Reprinted from Timbrell

(1973) with permission.

patterns from magnetically aligned liquid suspensions of the
same types of fibers. The direction of the magnetic field is
shown in the figures. The scattering pattern has the main
laser beam in the center, with the plane of scattering radiating
in opposite directions. In Figure 23-15, monodisperse diam-
eter carbon fibers all are aligned parallel to the field so that a
well-defined scattering pattern perpendicular to the field is
produced. The crocidolite fibers in Figure 23-16 are aligned

the same way, but are not monodisperse. In other cases, the
fibers are aligned perpendicular or both perpendicular and
parallel to the magnetic field (e.g., Fig. 23-17), the latter
resulting in two planes of scattering. A synthetic fluoro-
amphibole was observed to align at +65° to the magnetic
field direction. The degree and direction of alignment has
not been adequately explained; however, it appears to be
more a function of the mineralogical source of the material

Figure 23-17 (a) PCM image of magnetically-aligned UICC amosite fibers suspended in celloidin on a glass slide. (b) Light-scattering pat-
tern from the same fibers in aqueous suspension. The direction of the magnetic field is indicated by the arrow. Reprinted from Timbrell (1973)

with permission.
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rather than of the primary crystal structure. Thus, Ugandan
tremolite was observed to align perpendicular to the magnetic
field, while Zululand tremolite aligned parallel to the field
(Timbrell 1973).

23.4.3.8 Light Scattering With a flashlight beam shining
on a glass rod such that the light beam was perpendicular to
the rod axis, one would expect the refracted and scattered
light to be dispersed into a plane perpendicular to the rod’s
axis. Light scattered and refracted from microscopic fibers
produces a similarly unique pattern. Such scattering patterns
from magnetically aligned fibers in an aqueous suspension
are given in Figures 23-15, 23-16, and 23-17. If the fiber is
not perpendicular to the light beam, the light-scattering pat-
tern is not as conveniently constrained to a plane, becoming
a cone of light. The details of light scattering from infinitely
long cylinders, ellipsoids, and several other regular elongated
shapes can be described with Mie theory (Van de Hulst 1957;
Kerker 1969). As with scattering from spherical and compact
particles, the scattering from fibers with diameters larger than
the light wavelength is concentrated in the forward direction.
The scattering from smaller diameter fibers is less in magni-
tude, but more uniform in all directions around the fiber axis.
In addition, the scattered light tends to be polarized in the
direction parallel to the fiber axis.

The unique, planar scattering pattern for right-angle illu-
mination has been the basis of several useful fiber detection
techniques. As noted above, the fiber must be held perpen-
dicular to the light beam axis to obtain the characteristic
fiber pattern. A fiber collected on a surface such as a glass
slide will generally be parallel to the slide surface, thus allow-
ing a beam perpendicular to the slide surface to produce the
narrow, planar scattering pattern from a single fiber. To
obtain a characteristic scattering pattern from a group of
fibers, they must be aligned using some force, such as mag-
netic, electric, or shear force.

Figures 23-15, 23-16, and 23-17 show the scattering pat-
terns for several types of fibers. Note the well-defined scatter-
ing pattern for monodisperse carbon fibers (Fig. 23-15) while
the broad distribution of diameters for the other fiber types
produces a more diffuse pattern.

23.4.4 Laboratory Fiber Generation

Fibers are more difficult to aerosolize than compact particles
because of their tendency to intertwine when in contact with
one another. This tendency is the basis for some commercial
properties of fibers, for example, the formation of rope and
felt. Various types of fiber aerosols can be generated in var-
ious concentration ranges for instrument calibration, analyti-
cal method validation and quality assurance, and toxicology
studies. Various generation mechanisms have been used to
produce well-dispersed fibers.

Sample preparation of fibers for generation is an important
step in producing useful aerosols. Some fibers may be avail-
able in sufficiently comminuted form for generation. Others
needed to be ground, chopped, or otherwise reduced in
size. Blenders and grinders have been used. Air or water sus-
pensions can be elutriated to reduce primarily the diameter
range of the fibers. One technique for glass fibers used com-
pression to produce fiber lengths with a mode in the 5- to
20-pm range, reducing the relative number of short fragments
typically produced during grinding (Hantonet al. 1998).

Nebulization of liquid suspensions has been used for gen-
erating relatively short fibers at low concentrations. Fibers
larger than the nebulized droplet diameter may not be gener-
ated efficiently and if the concentration is too high, more than
one fiber may be present in a droplet, resulting in fiber
agglomerates.

Several researchers have used high-speed chopping of
a packed fiber plug. Timbrell developed a version of this
approach using a household coffee grinder (Timbrell et al.
1968). A specially ground reference material, Union Inter-
nationale Contre le Cancer (UICC) asbestos (Timbrell et al.
1968) was packed uniformly in a syringe body and pushed
slowly into the rotating blades of the grinder. The consump-
tion rate of asbestos was 0.6—1.0 g/h, though not all this was
generated as an aerosol. The dispersion appeared to be largely
single fibers with relatively few clumps or flocculates, though
no size distribution was reported. A generator with similar
operating principle and dimensions was constructed using
more durable materials, including tungsten carbide blades
and a stainless steel body (Fairchild et al. 1976). This
device was used for both chrysotile and fibrous glass.
Although there were relatively few clumps of chrysotile by
number, the mass in these clumps accounted for the largest
fraction of the mass distribution. Airborne concentrations of
6-8 mg/ m’ were achieved, though the feed rate could be low-
ered to one-fourth or increased to ten times the value used for
this measurement. Fibrous glass aerosols were more success-
fully generated with this device (Fairchild et al. 1978).

Fluidized bed generators have also been used for creating
fibrous aerosols. Fluidized beds usually consist of two
phases: a powder phase, containing one or more components,
and an air phase passing through the powder. The powder is
“fluidized” by passing a sufficiently high airflow through it
or by applying vibrational or acoustic energy. The fluidized
bed may consist solely of the powder to be aerosolized or, in
addition, it may also contain larger beads, microspheres, or
particles that are too large to be carried away by the airflow.
The larger microspheres or particles help separate the
powder particles from each other and break apart the
agglomerates.

A two-component fluidized bed was used for inhalation
exposure experiments with fibrous glass (Carpenter et al.
1981) and crocidolite (Griffis et al. 1983). The bed consisted
of a stainless steel powder mixed with the fibers as slurry and



then dried. Air passing through fluidized the bed and released
the fibers, initially at a high rate, then decreasing exponen-
tially. A similar air-fluidized bed with bronze particles as
the fluidizing powder was used for generating multiple
filter samples of chrysotile for a quality assurance program
(Baron and Deye 1987).

Charge must be reduced on generated aerosols to produce
uniform air concentrations and consistent measurements.
This can be accomplished using bipolar chargers (see
Chapter 15) or by modifying the generation conditions. It
was found that fluidized beds produced highly charged
fibers when operated with dry air. The charge level dropped
about tenfold when the relative humidity of the air was
increased to about 15% (Baron and Deye 1990).

A two-component fluidized bed generator with a screw
feed system to continually refresh the bed with premixed
powder was found to produce a constant output concentration
(Tanaka and Akiyama 1984). This generator, using glass
beads as the large particle fluidizing component, was found
to produce a constant 6 mg/m?> fibrous glass (from a glass
fiber filter) for one week (Tanaka and Akiyama 1987). A
similar system using stainless steel beads and asbestos
fibers was developed by Sussman et al. (1985).

An acoustically-fluidized bed was developed to generate
cellulose, ceramic and glass fibers (Weyel et al. 1984;
Frazer et al. 1986; Craig et al. 1991; Blake et al. 1997).
This design allowed introduction of bulk fibrous powder
into the generator with relatively little processing and pro-
duced reasonably constant output concentrations over long
periods of time.

A one-component fluidized bed developed by Spurny
et al. (1976) and Spurny (1980) used vibrational energy to
assist bed fluidization. The output of the bed for several
types of asbestos was constant with time and the fiber size
was somewhat controlled by the vibration frequency and
amplitude. A fluidized bed generator of this type using mech-
anical vibration is commercially available (PAL).

23.4.5 Fiber Health Effects

While asbestos fibers have many useful commercial proper-
ties, there has been much concern regarding their ability to
cause disease. There are three primary diseases that have
been attributed to asbestos fiber exposure: asbestosis (a fibro-
sis or scarring of the lung tissue), mesothelioma (a cancer of
the pleura or peritoneum), and lung cancer. Asbestos
exposure has also been linked to gastrointestinal cancer in
workers (Morgan et al. 1985), which then led to a concern
over the health risks of asbestos in drinking water.
However, the case for serious health risks was not generally
accepted (Edelman 1988) and the U.S. Environmental
Protection Agency (USEPA) set a drinking water goal of
7 million asbestos fibers >10-pm long per liter based on
increased risk of developing benign intestinal polyps
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(USEPA 2003). Some more recent studies (Reid et al.
2004; Browne et al. 2005) have confirmed the likely absence
of gastrointestinal cancer risk while others have not
(Kjaerheim et al. 2005). In spite of an abundance of research
into disease mechanisms of asbestos fibers, the etiologies of
these diseases are still not well understood. Fiber shape
appears to play a major role, although other properties, such
as fiber chemistry and solubility in body fluids, clearly are
also important. See Chapter 38 for further discussion on the
pulmonary response to inhaled fibrous particles; that chapter
also discusses health effects of some emerging fibrous par-
ticles such as carbon nanotubes.

Fiber diameter must play a role in disease, since the aero-
dynamic properties resulting in respiratory system deposition
are strongly dependent on diameter (Timbrell 1982). In gen-
eral, mineral fibers must be thinner than about 2- to 3-pum
diameter to reach the thoracic region and thinner still to
reach the air exchange regions of the respiratory system
(Stober et al. 1970). It has been hypothesized that short
fibers have much less disease potential because macrophages
in the lung can engulf these particles and remove them from
the lung with relative ease. Longer fibers cannot be comple-
tely engulfed by these cells and therefore tend to remain in
the lung much longer (Holt 1987). Timbrell (1982) found
that clearance occurred for fibers up to 17-pwm long, approxi-
mately equal to the human macrophage diameter. Use of the
dielectrophoretic fiber length classifier to produce small
quantities of length-classified fibers in combination with
macrophage assays has confirmed that macrophages are
damaged and killed by fibers slightly longer than the macro-
phage diameter. During macrophage death, an “oxidative
burst” occurs and the macrophage produces a series of factors
that are linked to lung inflammation and ultimately fibrosis
(Blake et al. 1997; Ye et al. 1999). The concept of fiber
dimensions as the main determinant of toxicity is often
referred to as the “Stanton Hypothesis” (Stanton et al.
1981). However, it should be noted that asbestos exposure
causes several diseases, and the risk for each may involve
different parameters, including those not necessarily related
to physical dimensions. (Dodson et al. 2003). For any air-
borne asbestos, fibers less than 5 wm long generally dominate
the distribution, while fibers greater than 10 wm long are rela-
tively rare (Harper et al. 2008; Dement et al. 2008). Two
recent re-evaluations of fiber length in relation to mortality
in asbestos mills in South Carolina (Stayner et al. 2008)
and North Carolina (Loomis et al. 2010) compared exposure
estimates by TEM and PCM. While TEM-based cumulative
exposure estimates were found to provide stronger predictions
of asbestosis and lung cancer mortality at the South Carolina
mill, PCM data were a better fit for the model for lung cancer
at the North Carolina mill. At the South Carolina mill, cumu-
lative exposures based on individual fiber-size-specific cat-
egories were all found to be highly statistically significant
predictors of lung cancer and asbestosis. Both lung cancer
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and asbestosis were most strongly associated with exposure to
thin fibers (<0.25 wm). Longer (> 10 pm) fibers were found
to be the strongest predictors of lung cancer, but an inconsist-
ent pattern with fiber length was observed for asbestosis.
Cumulative exposures were highly correlated across all
fiber size categories in this cohort, which complicates the
interpretation of the study findings. At the North Carolina
mills, where fiber exposures were generally much higher
than at the South Carolina mill, indicators of fiber length
and diameter were also positively and significantly associated
with risk of lung cancer, with exposure to longer and thinner
fibers tending to be most closely associated with risk. In this
study too, strong correlations among fiber-size metrics pre-
vented modeling multiple fiber indicators simultaneously to
search for evidence that specific fiber-size ranges have inde-
pendent effects.

Besides shape, the chemical properties of fibers also
appear to play a role. Some fibers, especially glass, have
been found to dissolve in lung tissue over an extended
period, reducing their potential for disease (Johnson et al.
1984; Law et al. 1990), while chrysotile fibers longer than
5 pm were found to increase in number in lung tissue, appar-
ently due to longitudinal splitting of the fibers (Bellmann
et al. 1986). In vitro studies have suggested that surface
properties of fibers also can affect cell toxicity (Light and
Wei 1977).

Extrapolation of these properties indicates that long
(especially those >17 wm long), thin (<3 wm diameter)
insoluble fibers may have significant disease potential, for
example, several researchers have postulated more specific
size ranges as causing the various diseases (Pott 1978;
Lippmann 1988; Timbrell 1989).

23.4.6 Fiber Regulations

The potentially severe health effects of asbestos fiber
exposure have prompted several regulatory and health
research organizations to publish regulations and guidelines
for controlling airborne concentrations of asbestos fibers.
Since the health-based data indicates that disease at current
exposure concentrations is primarily related to fiber
number, most regulatory air concentration measurements
are based on asbestos fiber number concentration rather
than on mass concentration. In the United States for example,
the Occupational Safety and Health Administration (OSHA)
provides regulations for exposure to hazardous agents in
industrial and other workplace settings. The OSHA regu-
lations require that workers are not to be exposed to more
than 1 x 10° fibers/m’ [0.1 asbestos fibers/cm’] averaged
over an 8 hour period or more than 1 x 10° fibers/m” [1.0
fiber/cc] over 30 minutes as measured using the filter collec-
tion/phase contrast microscope (PCM) method (OSHA
1986). The Mine Safety and Health Administration
(MSHA) regulates exposures in mines and mills and limits
miner exposure to 1 x 10° fibers/m> [0.1 fibers/cm’] for

an 8-h average and 1 x 10° fibers/m’ [1 fibers/cm’] for a
30-min period (MSHA 2008).

The USEPA regulates environmental levels of pollutants.
Apart from prohibiting visible emissions, the USEPA has not
implemented limits for environmental concentrations of
asbestos. However, to protect children from being exposed
to asbestos in schools, the USEPA has mandated procedures
for removing and measuring asbestos in schools (USEPA
1987). The USEPA has defined asbestos-containing material
(ACM) as material containing more than 1% asbestos, to be
measured using polarized light microscopy. After removal
of ACM in schools, the USEPA requires that the airborne
asbestos concentration in the cleaned area be no greater
than that outside the area. Measurement is conducted using
five air samples inside the area and five outside for the com-
parison. Analysis by transmission electron microscope
(TEM) is required for monitoring the completion of all asbes-
tos removal operations, except that the PCM can be used
when removing small amounts of asbestos. Guidance docu-
ments describing methods for controlling asbestos in build-
ings (USEPA 1985, 1990) and for measurement of asbestos
after removal (USEPA 1985) have been provided.

Because ceramic fibers have become an important com-
mercial material, the USEPA promulgated regulations on
fiber exposure as negotiated with ceramic fiber industry to
keep exposure below 1.0 x 10° fibers/m> [1.0 fibers/cm?].

The Consumer Product Safety Commission (CPSC) pro-
vides guidance to manufacturers regarding the material con-
tent and potential hazards of commercial products. One
such product to be targeted was hairdryers, prompting
measurements of their emissions (Geraci et al. 1979).
Individual state agencies set regulations that are often more
stringent than those of the national agencies (Abbott 1990).

NIOSH recommended elimination of exposure to airborne
asbestos fibers or reduction to the lowest possible exposure
levels of asbestos fiber and recommended an exposure guide-
line of 0.1 fiber/cm”® based on practical limitations of PCM
measurements (NIOSH 1990).

Regulation of other fibers, for example, fibrous glass and
mineral wool, has generally dealt with these materials as nui-
sance dust. However, this may change since fibers other than
asbestos have been demonstrated to have health effects in
humans and animals. For instance, erionite (a fibrous zeolite)
has been associated with human mesotheliomas (Baris 1980)
and several man-made fibers have produced disease in animal
exposure studies (Pott et al. 1987; Smith et al. 1987).
Refractory ceramic fibers have produced mesothelioma in
animals and nylon fibers have produced acute inflammatory
reactions in the lungs of rats (Porter et al. 1999) and
humans (Jones et al. 1998).

23.4.7 Measurement Techniques

There are two main classes of measurement techniques
for fibers: microscopic observation of individual fibers and



light-scattering-based ~ instruments. ~ Other  instruments
described in this book also can detect fiber aerosols, but,
since they are not specific for fibers, will not be considered
here.

23.4.7.1 Microscopy Techniques Microscopy tech-
niques require the collection of samples, most often on
filter substrates, that are returned to the laboratory for prep-
aration and analysis by a microscopist. Sample collection
is most often carried out using a 25-mm-diameter conductive
plastic cassette with a 50-mm-long inlet (cowl) to prevent
direct deposition or contamination of the filter surface. The
sampler provides some measure of size selection of collected
fibers that varies with sampling rate and environmental con-
ditions (Chen and Baron 1996). Fiber sampling with a clas-
sifying inlet has been proposed to remove fibers and other
particles not likely to deposit in the lungs (Baron 1996).
Candidate size-selective samplers have been evaluated in
the laboratory and in the field (Maynard 2002; Jones et al.
2005; Lee et al. 2008). Since the aerodynamic behavior of
fibers is strongly dependent on their diameter, an alternative
strategy, simply to ignore fibers greater than 3-pm wide, with
similar effect is used in some counting rules (World Health
Organization 1997).

Four principal types of microscopes are used for fiber
detection and analysis: the phase contrast light microscope
(PCM), the polarized light microscope (PLM), the scanning
electron microscope (SEM), and the transmission electron
microscope (TEM). A review of microscope techniques for
workplace and environmental asbestos measurements is given
by Chatfield (1986). Descriptions of various light and elec-
tron microscopic techniques as well as pictures of many
different types of fibers and particles are given in the seven-
volume Particle Atlas (McCrone and Delly 1973). Other
techniques described in Chapter 10 have also been used to
analyze fibers.

Sample analysis can take place at various levels of com-
plexity, for example, counting fibers having dimensions
within prescribed size limits; determining the fiber size distri-
bution; and measurement of the complete size distribution as
well as qualitative analysis of individual fibers. The first is
usually applied to establish compliance with regulations
and may require some qualitative analysis as well as simple
counting of fibers. The latter types of analysis are usually
reserved for research studies or environmental assessments
where fiber sources are unknown.

Sample preparation is extremely important for micro-
scopic analysis, since the view of the fibers and other particles
is largely two-dimensional and only a small fraction of the
sample is actually observed. Thus, the particles must be uni-
formly distributed at optimum concentration or loading over
the sample surface. If the loading is too high, fibers and par-
ticles will overlap and be difficult to analyze; if the loading is
too low, it will take too long to find a useful number of fibers
(Peck et al. 1986; IARC 1988). Low filter loading may also
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cause an overestimate of fiber concentration in some cases
because fibers stand out more readily in a clean background
(Cherrie et al. 1986).

23.4.7.1.1 Phase Contrast Microscopy Phase contrast
microscopy (PCM) is perhaps the most often used technique
for monitoring airborne concentrations of asbestos and other
fibers in workplace and other environments because it can be
accomplished relatively quickly and inexpensively. Primarily
used for fiber number counting, PCM is an interferometric
technique that enables particles with low contrast to be
viewed. Light that is transmitted through the object is phase
shifted relative to that transmitted through the substrate
only. The phase shift is not detectable by the eye, but intensity
differences are detected. The PCM transforms the phase
difference to an intensity difference by forming an interfer-
ence pattern using the phase-shifted and unshifted light.
The limit of resolution is a function of the microscope
optics, the wavelength of light, and the difference in refractive
index between the object and the surrounding medium.
Cellulose-based filters are used to collect the fibers and
then the filter is chemically cleared on a glass slide. The
fibers are observed in a phase contrast microscope at approxi-
mately 450x magnification and counted within observation
fields defined by a graticule such as indicated in Figure 23-
18. Between 20—100 of such fields are normally counted to
obtain a statistically meaningful number of fibers (NIOSH
1994a).

The accuracy of fiber-counting techniques is not as good
as that of instrumental analytical methods. For instance,
most analytical methods in the NIOSH Manual of
Analytical Methods state an overall uncertainty (combined
variability and bias) of better than 10% (NIOSH 1984).
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Figure 23-18 Graticule used to define counting field in a phase
contrast microscope. The defined objects outside the circle are
used to help determine aspect ratios and sizes of fibers that should
be counted.
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Under optimum analysis conditions (uniform sample deposit,
no background dust interference, and optimum loading) a
relative standard deviation of 0.10 (or 10%) is expected for
fiber counting. Thus, the accuracy (including bias and varia-
bility) can be no better than this level. Other sources of varia-
bility and bias can occur, such as small sample size or
microscopist bias. The greatest source of variability and
bias is in the failure of microscopists to see very fine fibers,
for example, of chrysotile asbestos. Some microscopists
have been found to miss nearly all of the chrysotile fibers
observed by others (Pang 2007; Pang and Harper 2008;
Harper et al. 2009).

The USEPA has evaluated asbestos sample preparation
techniques (USEPA 1989). Most analyses of fibrous aerosol
samples are performed on filter samples that are prepared
without disturbing the location of the fibers on the filter sur-
face (direct transfer sample preparation). This approach has
been taken because asbestos fibers can break up when resus-
pended in a liquid (especially when ultrasonicated), increas-
ing the fiber number. When sampling other fiber types that
do not break apart or when sampling problems dictate
dilution of the collected sample, a liquid suspension and rede-
position of the fibers may be performed (indirect transfer
sample preparation). Indirect sample preparation has the
advantage of allowing removal of some interfering particles
as well as providing a more uniformly deposited sample.

23.4.7.1.2  Polarized Light Microscopy Polarized light
microscopy (PLM) is often used to identify particles and
their precursor materials to find potential sources of aerosols
such as airborne fibers (OSHA 1992). It is also used to deter-
mine whether a material needs to be characterized as contain-
ing asbestos.

Light is electromagnetic energy characterized by a travel
direction, an electric vibration direction, and a magnetic
vibration direction that are all mutually perpendicular. Light
for which the electric vibration vectors are all pointing in
the same direction is plane polarized. A linear polarizing
element or polarizer allows only light with the electric
vibration direction in a specific direction to pass through,
excluding all other light. This is the polarizing or preferred
direction. Light interacts with material primarily in the direc-
tion of the electric vibration. When light travels through a
material, it interacts with it and as a result, travels at some
speed v which is less than it would in a vacuum where its con-
stant speed is noted as c. The ratio of the two speeds is called
the “index of refraction” or “n” and is expressed as

n= % (Eq. 23-62)

The actual speed that light travels through a material is a
function of the wavelength of the light. This is known as dis-
persion. Some wavelengths will travel more slowly than
others depending upon how strongly the light interacts with

the material. As a convention, # is usually specified for the
wavelength of 589 nm, which is the wavelength of the
sodium D emission line. Most often, a white light source is
used to illuminate particles in PLM. White light is composed
of all wavelengths of visible light. One consequence of dis-
persion is that different wavelengths are refracted differently
and thus split, as by a prism.

A technique known as “dispersion staining” uses the
wavelength-dependent dispersion property to determine the
indices of refraction of transparent particles. When a particle
is placed in immersion oil having an index of refraction close
to that of the particle, and the sample is illuminated with
white light, the particle will appear colored due to the dis-
persion of the light as it passes through the particle and the
immersion oil. The color is called a dispersion color and is
used to determine the index of refraction of the particle by
comparison with the color seen for glass particles of known
index of refraction mounted in the same immersion oil.

Alternatively, some analysts prefer to use a traditional
index-matching technique, which involves immersing par-
ticles in a succession of mounting oils or temperature
varied oils to determine index of refraction (Kerr 1959).
The index of refraction of the oil in which the least contrast
is seen is the index of refraction of the particle. This technique
is popular among mineralogists, but not among aerosol ana-
lysts. Either technique when properly carried out is very
accurate.

Particles may be either isotropic or anisotropic. Isotropic
materials are usually amorphous, but may be crystalline.
Light traveling in any direction through the material will
behave in the same manner regardless of direction.
Examples of isotropic particles are unstressed fibrous glass
or ceramic fibers. Anisotropic materials may be crystalline
or otherwise present a differential directionality to light tra-
veling through them. Anisotropic materials have two or
three special directions through which light travels differ-
ently, each having a distinct index of refraction. These indices
are associated with preferred directions in the particle.
Polarized light provides a directional tool to investigate
each of those special directions separately. A single polariz-
ing element in the microscope allows the light to be aligned
with the principal directions of the particle and the index of
refraction can be determined independently for each
direction.

In anisotropic particles, the numeric difference between
the highest index of refraction n., (slow direction) and the
lowest index of refraction n,, (fast direction) is called the bire-
fringence. The retardation between light traveling in the slow
direction and the fast direction is given as

B =ty(ny —ny) (Eq. 23-63)
where B” is the retardation, 1, is thickness of the particle, n., is
high index of refraction, and n,, is low index of refraction.



In a polarizing microscope the retardation is observed
as a color that results from destructive and constructive inter-
ference between white light traveling in different paths
through the particle. In an anisotropic particle, part of the
light travels along the slow direction and part travels along
the fast direction. When the light is recombined after traveling
through the particle, some of the wavelengths are diminished
and some are enhanced, resulting in the particle appearing
colored. This is a very rapid way of differentiating between
isotropic and anisotropic particles because the isotropic par-
ticles will not exhibit color different from the background,
while anisotropic ones will. Quantitative information about
the particle can be obtained by measuring the thickness of
the particle ¢ and referring to a Michel-Levi chart, which is
acombination color nomograph from which the numeric bire-
fringence can be determined and then compared with com-
piled tables for a variety of materials.

The angle of extinction of an anisotropic particle is the
maximum angular deviation between a distinct crystal
growth direction and a polarization direction at which the par-
ticle exhibits minimum brightness under the condition of
crossed polars. Minerals have characteristic angles of extinc-
tion, and so this value can be measured and compared with
tables compiled for the purpose. In addition, certain wave-
lengths of light may be preferentially absorbed by a particle,
giving it a distinctive color when observed in bright-field.
This property can be used as part of the identification of
that material. When the color is different in different direc-
tions, the particle is said to exhibit pleochroism. Identifica-
tion of fibers by their specific features under polarized light
is only possible for fibers greater than 1 wm in width. The
finest fibers are usually identified by inference from the pres-
ence of larger, identifiable fiber bundles. Other techniques
may be required to provide additional information in order
to correctly identify asbestos.

X-ray diffraction (Abell 1984) and other bulk analysis
techniques have also been used for asbestos and other
fibers; however, these techniques are not specific for fibers
and often are not sufficiently sensitive for aerosol sample
analysis. Chapter 9 provides details of analytical techniques
that may also be applied to asbestos or other fibers.

23.4.7.1.3 Automated Image Analysis There have been
several attempts to improve the accuracy and speed and to
reduce the subjectivity of microscope analysis by using auto-
mated image analysis of asbestos fiber samples (Whisnant
1975). Automated image analysis involves taking the image
from a microscope, digitizing the image, and using a compu-
ter to evaluate the number and size of objects present in the
image. For fiber analysis, this may involve counting the
number of fibers present or obtaining a size distribution of
the fibers.

An image analysis system coupled with PCM analysis of
asbestos fibers was developed. The Manchester Asbestos
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Program (MAP) was developed at the Manchester
University (U.K.) with support from the Health and Safety
Executive (Kenny 1984, 1988). The MAP operated in a
semi-automated mode, with the analyst selecting fields and
focusing the microscope. The MAP was used for a time in
various quality assurance programs but did not exhibit suffi-
cient equivalency to human counting for continued use
(Whisnant 1975).

Many image analysis systems are available with simple
software for counting larger, well-defined fibers. For instance,
they work reasonably well for fibrous glass insulation or syn-
thetic organic textile fibers. Such programs typically have dif-
ficulty with asbestos fiber images because of the difficulty of
detecting fibers of various diameters and curvatures, some
barely visible, some overlapping, in the presence of a noisy
image background containing particles of different shapes
and sizes. However, with increased computer power and
improved image analysis techniques, more accurate auto-
mated fiber counting may be possible in the future. A recently
developed asbestos fiber counting program shows promise
(Inoue et al. 1998).

Although not a complete image analysis system, one used
by Lundgren and co-workers incorporated a computer display
of a PCM microscope image to aid the analyst by recording
the fiber count and location of each fiber during the analysis
(Lundgren et al. 1995). A similar computer-based display
system was coupled to a polarizing light microscope and
used for quantitative measurement of tremolite fibers in dolo-
mite (Lundgren et al. 1996).

23.4.7.2 Direct-Reading Fiber Measurement An opti-
cal particle counter has been used for detection of chrysotile
fibers in a textile plant where asbestos was the primary aerosol
contaminant (Rickards 1978). Other direct-reading monitors
also may be used in situations where the fibers are the major
constituent in the aerosol, as in laboratory studies.

A fibrous aerosol monitor was developed for more specific
measurement of asbestos fibers in the presence of compact
particles (Lilienfeld et al. 1979). This instrument detects
fibers via a combined electrostatic alignment/optical scatter-
ing technique. A commercial version of the Fibrous Aerosol
Monitor (FAM-1, MIE) was produced and has undergone
continuous improvement, primarily in ruggedness for field
use, over the past 10 years. A more recent version with a
data logger and computer control was produced (FM-7400,
MIE). Fiber length measurement using light scattering in
the FAM was investigated (Cluff and Patitsas 1992) and indi-
cated good correlation between lengths measured using the
FAM and by SEM analysis. A dielectrophoresis-based fiber
length classifier was combined with an aerodynamic sizing
instrument to obtain a fiber length and diameter distribution
in near real time (Baron et al. 2000).

Other direct-reading instruments combining fiber align-
ment and light scattering have been developed for asbestos



538 NONSPHERICAL PARTICLE MEASUREMENT: SHAPE FACTOR, FRACTALS, AND FIBERS

monitoring. Rood et al. developed a technique using fiber
alignment by shear forces in an inlet tube, deposition by elec-
trostatic precipitation and detection by differential light scat-
tering (Rood et al. 1992). Another device, the Fibrecheck™
(CAS), measures scattering at multiple angles to differentiate
between fibers and compact particles. No field trials of these
instruments have been published. All of these devices suffer
from similar problems in accurately relating observed fiber
counts to the standard approach, that is, the filter collec-
tion/PCM counting method.

A general-purpose light-scattering instrument was devel-
oped that uses photomultipliers to detect light scattering in
the forward direction and at three azimuthal angles, each gath-
ering light between 27° and 140° from the forward direction.
The four scattering values for each particle allowed classifi-
cation of particles into shape-related groups (Kaye et al.
1996). A commercial version of this instrument is available
(BIR). Further development of this concept used a detector
array to give more complete scattering patterns (Kaye et al.
1992). An extension of the multi-angle fiber measurement
approach was developed by Sachweh and co-workers
(Sachweh et al. 1999). See Chapter 13 for further information
about light-scattering instruments.

23.5 LIST OF SYMBOLS

a monomer (primary particle) radius

A, Ap projected areas of the aggregate and
the primary particle (monomer)
(Eq. 23-31)

B, rotational mobility

B fiber’s mechanical mobility (dyne-
cm/s)

c speed of light in vacuum
constant of proportionality (Eq. 23-
39)

C(d,) slip correction factor for diameters
dﬁ

cdd,) slip correction factor for the volume
equivalent diameter

Cr fiber slip correction factor

Dy fractal dimension

d, volume equivalent diameter

d, physical size

dm mass equivalent diameter

de. envelope equivalent diameter

dg electric mobility diameter of the
particle

dagj adjusted sphere diameter

d, aerodynamic diameter

de diameter of the fiber

D

R

2.proj

RP
R g, binary

Rmob

diffusion coefficient of particle
perimeter fractal dimension

rotational diffusion coefficient for
fibers

diffusion coefficient for fibers
drag force on a nonspherical particle

drag force on that particle’s volume
equivalent sphere

friction coefficient, inverse of mech-
anical mobility B

drag per unit velocity of the fiber in
the continuum regime

total binary dark or gray area
total gray level

conditional probability relating on
average the density at two points sep-
arated by a distance r

cutoff function for the power law
Boltzmann constant

constants near unity (Eq. 23-31)
Knudsen number

constant of order unity

length of the fiber

number of square meshes of size L
total number of dark pixel points in
the picture (Eq. 23-42)

number of primary particles in an
aggregate

cross-over N, at which constancy of
N with R changes

index of refraction

highest index of refraction (slow
direction)

lowest index of refraction (fast
direction)

scattering wave vector

cluster center of mass

position vector of the ith dark pixel
(Eq. 23-42)

radius or a radius of gyration of an
aggregate

radius of gyration

true, three-dimensional radius of
gyration of the cluster

observed for the mass-preserving
projected image

perimeter radius (Eq. 23-22)

binary projection radius of gyration
aggregate mobility radius



R, volume equivalent radius

Re,, particle Reynolds number

S(q) structure factor for the fractal
aggregates

T temperature

t thickness of the particle

Vv relative velocity of the particle with

respect to the surrounding gas
v speed of light in a medium
retardation between light traveling in
the slow direction and the fast direc-
tion (Eq. 23-63)
B fibrosity or aspect ratio, i.e., the ratio
of the length to the diameter

B ratio of mobility radius to radius of
gyration

x" dynamic shape factor based on d,,

Xec dynamic shape factor in the conti-

nuum regime

Xi|» X1 dynamic shape factors when the
particle’s symmetry axis is oriented
parallel and perpendicular to the
flow

Xean orientation-averaged dynamic shape
factor

um absolute viscosity of gas

i mean of the natural logarithm of [
and dy

o fiber density

p(r) density

Po standard density

Pe effective particle density

p particle density (pp) normalized by
the standard density (pg)

p(R) density at point R

Pp particle density

Pe effective density

13 length parameter in Eq. 23-17

o7 variance of the natural logarithm of /
and d,

T correlation between In [ and In d;

Wi, dy, 0y, oy and 7 parameters needed to completely
define a two-dimensional size
distribution
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