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Airborne particles are present throughout our environment. They come in many
different forms, such as dust, fume, mist, smoke, smog, or fog. These aerosols af-
fect visibility, climate, and our health and quality of life. This book covers the prop-
erties, behavior, and measurement of aerosols.

This is a basic textbook for people engaged in industrial hygiene, air pollution
control, radiation protection, or environmental science who must, in the practice of
their profession, measure, evaluate, or control airborne particles. It is written at a
level suitable for professionals, graduate students, or advanced undergraduates. It
assumes that the student has a good background in chemistry and physics and un-
derstands the concepts of calculus. Although not written for aerosol scientists, it will
be useful to them in their experimental work and will serve as an introduction to
the field for students starting such careers. Decisions on what topics to include were
based on their relevance to the practical application of aerosol science, which in-
cludes an understanding of the physical and chemical principles that underlie the
behavior of aerosols and the instruments used to measure them.

Although this book emphasizes physical rather than mathematical analysis, an
important aspect of aerosol technology is the quantitative description of aerosol
behavior. To this end I have included 150 problems, grouped at the end of each
chapter. They are an important tool for learning how to apply the information pre-
sented in the book. Because of the practical orientation of the book and the intrin-
sic variability of aerosol properties and measurements, correction factors and errors
of less than 5 percent have generally been ignored and only two or three signifi-
cant figures presented in the tables.

Aerosol scientists have long been aware of the need for a better basic understand-
ing of the properties and behavior of aerosols among applied professionals. In writ-
ing this book, I have attempted to fill this need, as well as the long-standing need
for a suitable text for students in these disciplines. The book evolved from class
notes prepared during nine years of teaching a required one-semester course on
aerosol technology for graduate students in the Department of Environmental Health
Sciences at Harvard University School of Public Health.

Chapters are arranged in the order in which they are covered in class, starting
with simple mechanics and progressing to more complicated subjects. Particle sta-
tistics is delayed until the student has a preliminary understanding of aerosol prop-
erties and can appreciate the need for the involved statistical characterization.
Applications are discussed in each chapter after the principles have been presented.
The more complicated applications, such as filtration and respiratory deposition, are

xi
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More than 16 years have passed since the first edition of Aerosol Technology was
published in 1982. During this time the field of aerosol science and technology has
expanded greatly, both in technology and in the number of scientists involved. When
the first edition was published there were two national aerosol research associations,
now there are 11 with regular national and international meetings. Growth areas in-
clude the use of aerosols in high-technology material processing and the adminis-
tration of therapeutic drugs, and there is an increased awareness of bioaerosols,
aerosol contamination in microelectronic manufacturing, and the effect of aerosols
on global climate. While the first edition proved to be popular and useful, and be-
came a standard textbook in the field, changes in technology and growth of the field
have created the need to update and expand the book.

The objective of the book has remained the same: to provide a clear, understand-
able, and useful introduction to the science and technology of aerosols for environ-
mental professionals, graduate students, and advanced undergraduates. In keeping
with changes in the field, this edition uses dual units, with SI units as the primary
units and cgs units as secondary units. Besides updating and revising old material,
I have added a new chapter on bioaerosols and new sections on resuspension, trans-
port losses, respiratory deposition models, and fractal characterization of particles.
The chapter on atmospheric aerosols has been expanded to include sections on
background aerosols, urban aerosols, and global effects. There are 26 new examples
and 30 new problems. The latest edition of Air Sampling Instruments remains an
excellent companion book, as does Aerosol Measurement, by Willeke and Baron.
Both provide greater depth and detail on measurement methods and instruments.

Of the many people who have helped with this edition, I would like to particu-
larly acknowledge Janet Macher, Robert Phelan, and John Valiulis for reviewing
specific chapters; Rachel Kim and Vi Huynh for typing manuscript changes;
doctoral student Nani Kadrichu for entering the equations; and finally, my wife
Lynda for her continued support during this long process.

WILLIAM C. HINDS

Los Angeles. California
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acceleration, particle radius
centrifugal acceleration, Eq. 3.15
area, cross-sectional area
cross-sectional area of a particle
surface area
coefficient for Hatch--Choate equation, Eq. 4.47
particle mobility, Eq. 3.16 .
luminance of an object, Eq. 16.26
luminance of background, Eq. 16.26
molecular velocity; velocity of light
mean molecular velocity, Eq. 2.22; mean thermal velocity of a
particle, Eq. 7.10
root mean square molecular velocity, Eq. 2.18; root mean square thermal
velocity of a particle, Eq. 7.9
velocity in the x, y. z directions
particle concentration in sampling probe
Cunningham correction factor, Eq. 3.19; slip correction factor, Eq. 3.20
drag coefficient, Eq. 3.4
mass concentration, mass of particles per unit volume of aerosol
count median diameter
number concentration, number of particles per unit volume of aerosol
apparent contrast, reduced contrast, Eqs. 16.27 and 16.33
true concentration, inherent contrast, Eq. 16.26
collection efficiency for respirable precollector, Eq. 11.14
collection efficiency for thoracic precollector, Eq. 11.18
particle diameter; derivative
arithmetic mean diameter, Eq. 4.11
Kelvin diameter, Eq. 13.5
aerodynamic diameter, Eq. 3.26
specified average diameter, Eq. 4.47
diameter of cylinder
droplet diameter
equivalent volume diameter, Eqs. 3.23 and 19.3
fiber diameter
Feret's diameter, Fig. 20.1
geometric mean diameter, Eq. 4.14
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Introduction

The microscopic particles that float in the air are of many kinds: resuspended soil
particles, smoke from power generation, photochemically formed particles, salt
particles formed from ocean spray, and atmospheric clouds of water droplets or ice
particles. They vary greatly in their ability to affect not only visibility and climate,
but also our health and quality of life. These airborne particles are all examples of
aerosols. An aerosol is defined in its simplest form as a collection of. solid or liq-
uid particles suspended in a gas. Aerosols are two-phase systems, consisting of the
particles and the gas in which they are suspended. They include a wide range of
phenomena such as dust, fume, smoke, mist, fog, haze, clouds, and smog. The word
aerosol was coined about 1920 as an analog to the term hydrosol, a stable liquid
suspension of solid particles. Aerosols are also referred to as suspended particulate
matter, aerocolloidal systems, and disperse systems. Although the word aerosol is
popularly used to refer to pressurized spray-can products, it is the universally ac-
cepted scientific term for particulate suspensions in a gaseous medium and is used
in that sense in this book.

Aerosols are but one of the several types of particulate suspensions listed in
Table 1.1. All are two-component systems having special properties that depend on
size of the particles and their concentration in the suspending medium. All have
varying degrees of stability that also depend on particle size and concentration.

An understanding of the properties of aerosols is of great practical importance.
It enables us to comprehend the process of cloud formation in the atmosphere, a
key link in the hydrological cycle. Aerosol properties influence the production,
transport, and ultimate fate of atmospheric particulate pollutants. Measurement and
control of particulate pollutants in the occupational and general environments re-
quire the application of this knowledge. Aerosol technology has commercial appli-
cation in the manufacture of spray-dried products, fiber optics, and carbon black;
the production of pigments; and the application of pesticides. Because the toxicity
of inhaled particles depends on their physical as well as their chemical properties,
an understanding of the properties of aerosols is required to evaluate airborne par-
ticulate hazards. The same knowledge is used in the administration of therapeutic
aerosols for the treatment of respiratory and other diseases.

Aerosol technology is the study of the properties, behavior, and physical prin-
ciples of aerosols and the application of this knowledge to their measurement and
control. The particulate phase of an aerosol represents only a very small fraction
of its total mass and volume, less than 0.000 I %. Bulk properties of aerosols, such
as viscosity and density, differ imperceptibly from those of pure air. Consequently,
to study the properties of aerosols, one must adopt a microscopic point of view. This
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3DEFINITIONS

FIGURE 1.1 (a) Coal-burning power plant. (b) Scanning electron microscope (SEM)
photograph of coal fly ash particles.

DEFINffIONS1.1

Aerosols can be subdivided according to the physical fonn of the particles and their
method of generation. There is no strict scientific classification of aerosols. The
following definitions correspond roughly to common usage and are precise enough
for most scientific description.

Aerosol A suspension of solid or liquid particles in a gas. Aerosols are usually
stable for at least a few seconds and in some cases may last a year or more. The
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5DEFINITIONS

FIGURE 1.3 (a) Arc welding. (b) SEM photograph of iron-oxide particles. Magnification
2300x.

Fume A solid-particle aerosol produced by the condensation of vapors or gaseous
combustion products. These submicrometer particles are often clusters or chains
of primary particles. The latter are usually less than 0.05 ~. Note that this defi-
nition differs from the popular use of the term to refer to any noxious contami-
nant in the atmosphere.

Haze An atmospheric aerosol that affects visibility.
Mist and Fog Liquid-particle aerosols formed by condensation or atomization.

Particles are spherical with sizes ranging from submicrometer to about 200 ~m.
Smog 1. A general term for visible atmospheric pollution in certain areas. The

term was originally derived from the words smoke and fog. 2. Photochemical
smog is a more precise term referring to an aerosol formed in the atmosphere
by the action of sunlight on hydrocarbons and oxides of nitrogen. Particles are
generally less than 1 or 2 ~m.

L
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7DEFINITIONS

.

FIGURE 1.5 (a) Volcanic eruption of Mount St. Helens, May 1980. (b) Optical microscope
photograph of volcanic ash. Magnification 125x. USGS photograph by Austin Post. Reprinted
from Mount St. Helens: Five Years Later. Courtesy of Eastern Washington University Press
and W. C. McCrone and J. G. Deily, The Particle Atlas. Reprinted by pennission from
McCrone Research Institute.
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11AEROSOL CONCENTRATION

TABLE 1.2 Examples of Mass Concentration Expressed in Parts per Million"

Parts per
Million,

Mass/Mass
(ppm)

Mass
Concentration,
MassNolume

(mg/m3)

Parts per
Million,

VolumeNolume
(ppm)

0.05 0.04u.s. PM-IO, annual average
Threshold limit value for nuisance dusts
(Particulates not otherwise classified)
Uncontrolled stack effluent (typical)

10
10,000

0.01
10

8
8,000

'Standard-density spheres.

late matter in a unit volume of aerosol. Common units are g/m3, mg/m3, and
J.1g/m3. The mass concentration is equivalent to the density of the ensemble ofaero-
sol particles in air; however, the latter term is not used because of possible confu;.
sion with particle density.

Another common measure of concentration is number concentration, the num-
ber of particles per unit volume of aerosol, commonly expressed as number/cm3 or
number/m3. An older unit is mppcf (million particles per cubic foot). Concentra-
tions of bioaerosols and fibers are expressed in terms of number concentration.

Unlike the situation with gaseous contaminants, volume ratio or mass ratio in
parts per million (ppm) is not used for aerosols, because two phases are involved
and aerosol concentrations are numerically very low when expressed in this way.
It is informative, however, to make such calculations for some standard concentra-
tions, as shown in Table 1.2. Note that, on a volume basis, a dense combustion
plume is 99.999% pure air.

Figure 1.7 shows the extremely wide range (from 10-13 to 103 g/m3) of aerosol
concentrations that one encounters in practice.

TLV for metals
~

Background nuclei
oE ~

Threshold of odors
E ~

MPC for radionuclides-
I I I I I I I I I
10-13 10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5

[1 pg/m3] [1 ng/m3] 11 I!g/m3]

Mass concentration (g/m~

FIGURE 1.7 Range of aerosol concentration.
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13REFERENCES

having a diameter d and a density p = 1000 kg/m3 [1.0 g/cm3]. What is the

surface area of I g of O.l-l.1m-diameter particles?
ANSWER: 60 m2.

Determine the ratio of the surface area of a sphere to that of a fiber with the
same volume. Assume that the fiber is a cylinder with a diameter equal to 20%
of the diameter of the sphere. Assume that the sphere and the fiber have stan-

dard density.
ANSWER: 0.3.

1.9

REFERENCES

Listed below are some general references on aerosol science and technology.
A comprehensive list of books and journals is "given in Aerosol Science and

Technology, 14, 1-4 (1990).

Cadle, R. D., The Measurement of Airborne Particles, Wiley, New York, 1975. (Emphasizes

microscopic measurement.)
Clift, R., Grace, J. R., and Weber, M. E.; Bubbles, Drops, and Particles, Academic Press, New

York, 1978. (Reference textbook on fluid dynamics, heat transfer, and mass transfer of

single bubbles, drops, and particles.)
Davies, C. N. (Ed.), Aerosol Science, Academic Press, New York, 1966. (Thorough cover-

age on selected topics.)
Friedlander, S. K.. Smoke, Dust and Haze, Wiley, New York, 1977. (Good coverage; oriented

toward air pollution.)
Fuchs, N. A., The Mechanics of Aerosols. Pergamon, Oxford, UK., 1964. (This outstanding

classic has been republished in paperback by Dover Publications, New York, 1989).
Hidy, G. M., and Brock, J. R., The Dynamics of Aeroco//oidal Systems. Pergamon Press, New

York, 1971. (A mathematical approach to the theory of aerosol science.)
Hinds, W. C., Aerosol Technology: Properties, Behavior and Measurements of Airborne Par-

ticles, Wiley, New York, 1982. (The predecessor to this edition.)
Mercer, T. T., Aerosol Technology in Hazard Evaluation, Academic Press, New York, 1973.

(Good coverage; oriented toward occupational hygiene.)
Reist, P. C., Introduction to Aerosol Science, McGraw-Hili, New York, 1993. (An introduc-

tory textbook on aerosol science.)
Shaw, D. T. (Ed.), Fundamentals of Aerosol Science, Wiley, New York, 1978. (Detailed cov-

erage of selected topics.)
Vincent, J. H., Aerosol Science for Industrial Hygienists, Pergamon, Oxford, UK., 1995. (A

textbook on the application of aerosol science and technology to the field of occupational

hygiene.)
Vincent, J. H., Aerosol Sampling: Science and Practice, Wiley, New York, 1989. (Compre-

hensive coverage of aerosol sampling, especially with blunt samplers.)
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4

The size of the particles of a monodisperse aerosol is completely defined by a single
parameter, the particle diameter. Most aerosols, however, are polydisperse and may
have particle sizes that range over two or more orders of magnitude. Because of
this wide size range and the fact that the physical properties of aerosols are strongly
dependent on particle size, it is necessary to characterize these size distributions by.
statistical means. For the purposes of this chapter, we neglect the effect of particle
shape and consider only spherical particles.

We begin by characterizing size distributions in a general way without specify-
ing the type or shape of the distribution used. Later we apply these concepts to the
most common aerosol size distribution, the lognormal distribution.

4.1 PROPERTIES OF SIZE DISTRIBUTIONS

In this section, we characterize size distributions and their properties by using ex-
amples based on a specific set of particle size data. The result ofa careful size analy-
sis might be a list of 1000 particle sizes. In some situations, keeping the data in this
form may be desirable--for example, if the list is stored in a computer. In most
situations, however. we would like to have a picture of how the particles are dis-
tributed among the various sizes and to be able to calculate several different kinds
of statistics that describe the properties of the aerosol. For that purpose, a list of
1000 numbers is an awkward format, so it is necessary to resort to descriptive sta-
tistics to summarize the information.

The first step in such a summarization is to divide the entire size range into a
series of successive particle size intervals and determine the number of particles (the
count) in each interval. The int~rvals must be contiguous and cover the entire size
range. so that no particles are left out. If there are 10 size intervals, our list of 1000
numbers is reduced to 20 numbers, the lower (or upper) size limits and the count
for each interval, as shown in Table 4.1. The upper size limit of each interval co-
incides with the lower limit of the next-higher interval. If a particle size falls ex-
actly on the interval limit, it is grouped in the higher interval. These grouped data
are much easier to deal with and give the first glimpse of the shape of the size dis-
tribution.

One graphical representation of grouped data is the histogram, shown in Fig. 4.1,
where the width of each rectangle represents the size interval and the height repre-
sents the number of particles in the interval. Unfortunately, the figure gives a dis-

75
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77PROPERTIES OF SIZE DISTRIBUTIONS

0 10 20 30 40
Particle diameter (I'm)

FIGURE 4.2 Frequency/~m versus particle size.

number of particles per unit of size interval (number/l.1m), and the heights of inter-
vals with different widths are comparable. Furthermore, the area of each rectangle
is proportional to the number, or frequency, of particles in that size range. This
relationship can be seen from the units of the graph: The height h; in number/j.1m
times the width L1di in I.1m gives an area equal to the number of particles in the in-
terval. The total area of all the rectangles is the total number of particles in the
sample N.

The histogram is usually standardized for sample size by dividing the heights of
the rectangles hj (in frequencY/Jlm) by the total number of particles observed in the
sample, giving heights as fraction/Jlm. The area of each rectangle in the units of the
graph, hjAdj, is equal to the fraction./; of particles in that size range, and the total
area is equal to 1.0. This change allows direct comparison of histograms obtained
from samples of different size.

nIi = ~ = (hiMi)
N

As shown in Fig. 4.3, the shape of the distribution is the same as that shown in
Fig. 4.2, but the ordinate is now the fraction of the total number of particles per unit
of size interval.
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PROPERTIES OF SIZE DISTRIBUTIONS 79

Because the frequency function is such an important way of characterizing dis-
tributed quantities, we review its properties here. Although we describe the fre-
quency function in terms of the particle size distribution, we can extend the analy-
sis by analogy to any other distributed quantity, such as particle mass or velocity.
The fraction of the total number of particles dfhaving diameters between d anddp + ddp is p

df= f(dp)ddp (4.4)

where f(dp) is the frequency function and ddp is a differential interval of particle
size. This function is the mathematical representation of the curve shown in Fig. 4.4.
The area under the curve is always

which is equivalent to Eq. 4.3.. In thinking about frequency functions, always keep
in mind which interval is under consideration. The interval may be from zero to
infinity, as in Eq. 4.5, or it may be between given sizes a and b, or it may even be
the tiny interval ddp.

The area under the frequency function curve between two sizes a and b equals
the fraction of particles whose diameters fall within this interval. Mathematically,
this is expressed as

which is equivalent to Eq. 4.2. Note that the fraction of particles having diameters
exactly equal to diameter b is zero, because the interval width is zero:

Size distribution infonnation can also be presented as a cumulative distribution
function, F(dp), which is defined by

F(a) gives the fraction of the particles having diameters less than a. Note that the
cumulative distribution function has the size interval built into its definition.
Figure 4.5 shows the cumulative distribution function for the data given in Table 4.1.
The fraction less than a particular size is obtained from the location on the vertical
axis associated with the point on the curve directly above that particular size.

An alternative cumulative distribution function can be constructed by consider-
ing the number of particles whose size is greater than, instead of less than, a par-
ticular size. A plot of this function contains the same information as is in Fig. 4.5,
but has the S-shaped curve reversed. In this book we consider only the more com-
mon variety, the "less than indicated size" cumulative distribution.
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- I.d - ~ = r- d

p f(dp)ddp d = - - Jo

p N

(4.11)
>:nj

where nj is the number of particles in group i, having a midpoint of size dj, and
where N = Lnj, i.e., the total number of particles, and the summations are over all
intervals. The midpoint size dj can be the geometric midpoint-the square root of
the product of the upper and lower limits of the interval-or the arithmetic mid-
point-the mean of the limits. The former is often preferred, but causes a distor-
tion when the first interval has a lower limit of zero. The arithmetic midpoint is used
here for simplicity.

The median is defined as the diameter for which one-half the total number of
particles are smaller and one-half are larger. The median is also the diameter that
divides the frequency distribution curve into equal areas, and the diameter corre-
sponding to a cumulative fraction of 0.5. The mode is the most frequent size, or the
diameter associated with the highest point on the frequency function curve. The
mode can be determined by. setting the derivative of the frequency function equal
to zero and solving for d. For symmetrical distributions such as the normal distri-
bution, the mean, median, and mode will have the same value, which is the diam-
eter of the axis of symmetry. For an asymmetrical or skewed distribution, these
quantities will have different values. The median is commonly used with skewed
distributions, because extreme values in the tail have less effect on the median than
on the mean. Most aerosol size distributions are skewed, with a long tail to the right,
as shown in Fig. 4.4. For such a distribution,

mode < median < mean

The geometric mean, dg, is defined as the Nth root of the product of N values,

dN)I/N
dg = (d1d2d3

For grouped data with I intervals,

(4.13)

dg = (d;ld;2d;3 d7r )1/ N

where nl' n2' n3' . . . , n, are the number of particles in intervals I through I and dl,
d2, d3, . . . , d, are the midpoints, or some other characteristic diameter for intervals
1 through I.

The geometric mean can also be expressed in terms of In(d) by converting
Eq. 4.14 to natural logarithms:

(4.15)Indg = ~nj Indj
N

(4.16)
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MOMENT AVERAGES 83

weighed on a balance and the weights summed and divided by their number, the
average mass would be obtained.

Lmi--m= N (4.17)

Note that m could, of course, be obtained more easily by weighing the whole bas-
ket and counting the apples. In either case, this is the first step of indirect size mea-
surement. Assuming a spherical apple, the average mass is related to the size (di-
ameter) of the apple with average mass dm by

(4.18)

Combining Eqs. 4.17 and 4.18 gives the diameter of average mass for a basket of
apples, or, a sample of particles,

'3

¥)'" ~3. )1/3
d- =m (4.19)=

6

Pp7tN

,
=~

,Pp1tN

The diameter of average mass (the third-moment average) has a different value from
the mean diameter (the first-moment average). Nonetheless, it is a very useful quan-
tity, because it provides the link between the number and the aggregate mass of aero-
sol particles in a sample and between the number concentration CN and the mass
concentr;ition Cm. The total mass of the particles in a sample, M, is

M = Nm = N~d1.6 m

and

Cm = CNm = CN~d.?r.. 6 ... \ ,

The preceding discussion deals with only one of a whole family of moment aver-
ages. The diameter of a particle with average surface area or average settling velocity
is defined similarly. The general form for the diameter of an average property pro-
portional to dP is

lip
dji = (~)

or, for grouped data,

'¥11IP
dp = (
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MOMENT DISTRIBUTIONS

particle has 1000 times the mass of a I-f.1nl particle. The 10-llm particles contribute
50,000 units of mass to the total mass of the particles, whereas the l-llm particles
contribute only 50 units of mass; thus, the mass is distributed such that 99.9% is
in the 10-llm particles and 0.1 % in the l-llm particles. A similar analysis for sur-
face area attributes 99% of the surface area to the 10-llm particles and 1 % to the
l-llm particles. The distinction between count and mass distributions can be put in

20 30
Particle diameter (I'm)

40 500 10

FIGURE 4.7 Cumulative mass distribution
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The numerator and denominator of the rightmost side of Eq. 4.27 are moment
sums and are closely related to moment averages. The numerator can be written in
terms of the diameter of average mass. From Eq. 4.22 for grouped data,

Ln.d3' 113
-!-L

N
d- =m

Dt.d3 = N
( d- ) 3

I I m

Similarly, for the diameter of average surface,

}::J-z.df = N (d-)2
I I S

Substituting into Eq. 4.27 gives

N(d-)3 (d-)3- m - m

-M-;J;)2"-(d;)2dsm (4.31)

Thus, each weighted mean diameter can be written as the ratio of two moment av-

erages.
Weighted mean diameters can also be expressed in terms of aggregate quanti-

ties. If M and S are the total mass and surface area, respectively, of an aerosol
sample, then

l'~ ) Ln.d36 I IM=

S = 7tLn.d?
I I (4.33)

and Eq. 4.27 becomes

(4.34)

Equation 4.34 illustrates a characteristic of weighted mean diameters: An average
particle size (dsm) can be determined if the particle density is known by simply
weighing a sample of particles and measuring the surface area of the sample. There
are gas adsorption and radioactive coating methods to do this.

In addition to mass, surface, and count distributions, there is thc less commonly
used distribution of length. This distribution expresses the fraction of the total
length, if all particles are laid side by side, in any size range. In fact, there can be a
moment distribution for any property that is proportional to a constant power of
diameter. The general form for the distribution function giving the fraction of a
quantity proportional to d; in an interval between dp and dp + ddp is
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89MOMENT DISTRIBUTIONS

If we desired the total weight to determine whether all 20 people could ride to-
gether on an elevator, we need only weigh that person whose height is given
by the previous equation (or interpolate between the two nearest people) and
multiply his or her weight by 20. The person with the median height will also
have the median weight, because the order will not change by cubing heights.

An example of a moment distribution is that obtained from an analysis of the
grain size of sand by sieving. The sand is passed through a stack of sieves ar-
ranged in order of decreasing mesh size. The mass of sand retained on each sieve
is determined. From the characteristics of the screens, we can assign a diam-
eter to each mass of sand retained. With these data, we can determine the dis-
tribution of mass and calculate the mass mean diameter of the sand particles as

follows:

2

Calculation of Mass Mean Diameter

Midsize of
Collected Sand,

d.I
(mm)

Mass
Collected,

m,
(g)

Sieve
Opening
(mm)

m,d;
(g.mm)

12.0
25.5
15.0
2.26
0.19

54.9

1.5
0.75
0.375
0.188
0.062
Total

8
34
40
12
3

97

1.0
0.50
0.25
0.125

Final Pan

Percent of
Total Mass

(%)

~jdj -~=O.57mmdmm = --::- - 97
M

3

1.0
2.0
6.0
9.0

3
10
12
25

3
20
72
95

3
40

432
475

3
5
2

Arithmetic average, or count mean diameter = ~nd/N = 2.50

Median = 2.0
Mode = 2.0
Diameter of average surface = (~nd2/N)1/2 = (9.5)1/2 = 3.08

Diameter of average volume = (~nd3/N)1/3 = (47.5)1/3 = 3.62

Length mean diameter = ~nd2lLnd = 95/25 = 3.80

Surface mean diameter = ~nd3/~nd2 = 475/95 = 5.00

Volume mean diameter = ~nd4lLnd3 = 2675/475 = 5.63
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1 10 100
Particle diameter (pm)

FIGURE 4.8 Frequency distribution curve (logarithmic size scale).

size data given in Table 4.1. Note that the logarithmic scale has no negative val-
ues, thus overcoming the problem of negative particle size.

The lognormal distribution has been applied to such diverse distributions as in-
comes, populations (of both people and bacteria), prices of stocks listed on the New
York Stock Exchange, concentrations of environmental contaminants, and particle
sizes of aerosols. There is no fundamental theoretical reason why particle size data
should approximate the lognormal distribution, but it has been found to apply to
most single-source aerosols. (See Appendix 2 at the end of the Chapter.) Mixtures
of lognormal distributions will not be lognormal.

The lognormal distribution is most useful in situations where the distributed
quantity can have only positive values and covers a wide range of values-that is,
where the ratio of the largest to the smallest value is greater than about 10. When
this range is narrow, the lognormal distribution approximates the normal distribu-
tion. The lognormal distribution is used extensively for aerosol size distributions
because it fits the observed size distributions reasonably well and its mathematical
form is convenient for dealing with the moment distributions and moment averages
described in the preceding sections.

Because the logarithm of dp is normally dis!Eibuted, the lognormal distribution
frequency function can be formed by replacing dp and cr in Eq. 4.37 with their loga-
rithmic counterparts. Thus, dp is replaced by the arithmetic mean of In d, defined
by Eq. 4.15 as the geometric mean diameter dg,

Ind - 1:n.lnd.g - I I

N
(4.39)

Either the natural logarithm or the logarithm to the base 10 can be used, but the
natural logarithm is more common and is used here.
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FIGURE 4.9 Cumulative distribution curve (logarithmic size scale).

bution of count and mass plotted on the same logarithmic diameter scale. For the
mass distribution, we replace the geometric mean diameter with the mass median
diameter MMD, analogous to what we did for the count distribution. The mass dis-
tribution has the same shape as the count distribution but is displaced along the size
axis by a constant amount equal to MMD/CMD. The ratio MMD/CMD can be cal-
culated knowing only the GSD. This calculation is covered in Section 4.6.

1 10 100
Particle diameter (I'ml

FIGURE 4.10 Count and mass distributions (logarithmic size scale).
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d = ~% - d5(J'1o (4.44)

For a lognonnal distribution, which is nonnal with respect to In d, these differences

become ratios

in 0" g = in dS4% - in dSO%

= in(dS4%/dsoo/o)

GSD = cr =!!J.lli- = ~ =
(!!J.lli-) 1

g dSO% d16% d16%

The geometric standard deviation, being the ratio of two sizes, has no units and must
always be greater than or equal to 1.0. The CMD (50% cumulative size) and the
GSD can be determined directly from a log-probability plot and completely define

a lognormal distribution.
The first step in the graphical procedure for determining a lognormal size dis-

tribution is to determine the number of particles in each of a consecutive series of
size intervals. We then express these numbers as a percent of the total and (start-
ing with the smallest size intelval), sequentially add the percent for each interval,
to obtain the cumulative frequency in percent, as shown in the last column of Table
4.1. Next we plot the datum for each interval on log-probability paper as the per-
centage less than the upper size limit versus the upper size limit for that interval.
If a straight line fits the data, the distribution can be represented by a lognormal
distribution and the CMD and GSD can be determined from the 50th percentile size
and Eq. 4.46. While there will usually be some scatter about the straight line, the
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FIGURE 4.14 Cumulative count and cumulative mass distributions on log-probability
graph.

represent a bimodal distribution by two overlapping lognormal distributions. (See
Knutson and Lioy (1995).)

One great advantage of the lognormal distribution is that, for a given distribu-
tion, the geometric standard deviation remains constant for all moment distributions.
If the GSD is the same, the ratio dS4%/dso% will be the same, for each distribution,
and the cumulative distribution lines for other moment distributions will be paral-
lel to the cumulative count distribution line on a log-probability graph. The sepa-
ration between the lines (and between median diameters) is a function only ofGSD.
(See Section 4.6.) Figure 4.14 shows both count and mass distributions for the data
given in Table 4.1, plotted as cumulative distributions on log-probability graph pa-
per. The horizontal axis refers to cumulative percent of mass for the mass distribu-
tion line and cumulative percent of count for the count distribution line.

4.6 THE HATCJl;..cHOATE CONVERSION EQUATIONS

The real power and utility (and perhaps the popularity) of the lognonnal distribu-
tion comes from the fact that any type of average diameter discussed in this chap-
ter can easily be calculated for any known lognonnal distribution-that is, a distri-
bution for which one average diameter and the GSD are known. This is useful
because it is frequently necessary to measure one characteristic of the size distri-
bution, such as the number distribution, when what is really needed is another char-
acteristic, such as the mass distribution or the diameter of average mass.
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Thus, the diameter of the particle with average mass (that size particle whose mass
multiplied by the total number of particles gives the total mass) is

difi = CMD exp(l.5 In2(Jg; (4.53)

The mode, d, is given by

J = CMD exp(-lln2{Jg) (4.54)

The general conversion equation for any average diameter described by Eq.
4.36--that is, the pth moment average of the qth moment distribution-is given by

(dqm)p = CMD ~Xp[( q + f) In.2(Jg] (4.55)

For use with the logarithm to the base 10, the (q + p/2) tenD is multiplied by 2.303,
and logJO and lOX are used. When q = 0, Eq. 4.55 becomes the conversion equa-
tion for the diameter of average dP (Eq. 4.52). When p = 0, Eq. 4.55 becomes the
conversion equation for the median of the qth moment distribution (qMD). When
p = I, we get the conversion equation for the mean of the qth moment distribution,

dqm. Table 4.2 gives the value of b to be used in Eq. 4.47 for the most common con-
versions. Figure 4.15 shows the relative positions of several average diameters on
an arithmetic plot of the count distribution data given in Table 4.1. The larger the
coefficient in the conversion equation, the further that converted average diameter
is from the CMD. Also, the larger the GSD, the greater the ratio between the MMD
and the CMD, as shown in Fig. 4.16.

Table 4.3 summarizes infonnation about the various types of averages we have
discussed and gives the coefficient b for the lognonnal conversion equation, Eq.
4.47. There is an obvious pattern to the values of b, and the table can be extended
by analogy in any direction. However, as will be discussed in the next section, care
must be taken to ensure that the data are accurate and properly represent a lognor-
mal distribution in the region of the converted average diameter.

TABLE 4.2 Coefficients for Equation 4.47 for the Most
Common Conversions

Use, for the
value of bin Eq. 4.47,To Convert from CMD to'

0.5
1.5
3
3.5

Mode, d
Count mean diameter, d
Diameter of average mass, d-m
Mass median diameter, MMD
Mass mean diameter, dmm

"Diameters listed replace d,j in Eq. 4.47.
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101STATISTICAL ACCURACY

FIGURE 4.16 Ratios of mass median diameter and diameter of average mass to count
median diameter versus geometric stand~rd deviation.

butions should be considered estimates and used cautiously. For example, a 10%
error in the 84% size changes the GSD from 2.0 to 2.2 and the calculated MMD
by 53%. The converse is also true: When deriving count sizes from mass data, care
must be taken to ensure that the lower end of the mass distribution is statistically
accurate.

Most of the particles in a sample will be in a relatively few size intervals, and
intervals in the tail of a distribution will contain few particles. To ensure statistical
reliability of the measurements at the tail, a common criterion is to observe at least
10 particles in every size interval of importance to the distribution (either mass or
count) curve. An efficient procedure for doing this for microscopic sizing is de-
scribed in Section 20.1.

Confidence intervals for the CMD and GSD can be constructed to provide a mea-
sure of the range in which the true CMD and GSD values are likely to lie. Thus,
the 95% confidence interval for the CMD expresses the likelihood (19 chances out
of 20) that the true CMD lies within the range defined by the confidence interval
of a random sample.

For a lognonnal distribution the distribution of In d is nonnal, and a confidence
interval for In CMD (and CMD) can be constructed using the standard deviation
of In CMD, O"ln CMO'

In2 0'
11/2 --!.- + 0' 2

N EE (4.56)O"ln CMD =
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The first tenD on the right-hand side of Eq. 4.56, the random-sampling error, re-
flects the variation in In CMD from sample to sample, assuming that each sample
is taken from the same stable aerosol, without any experimental error. The tenD crEE
reflects the variation in In CMD that results from experimental error due to mea-
surement. In most particle sizing situations N is large, so random sampling errors
are small compared with experimental errors. The confidence interval (CI) for In
CMD is given by

95% CI for In CMD == In CMD % 20"InCMD (4.57)

Confidence limits calculated by Eq. 4.57 are logarithms and can be converted to
diameters to get the 95% confidence interval for CMD.

In most situations, there is no simple way to calculate the effect of experimen-
tal error on In CMD or In GSD. Nevertheless, confidence intervals for CMD and
GSD can still be determined by making repeated size distri,.,ution measurements.
The mean and standard deviation of the distribution of CMDs and GSDs are then
'calculated in the usual way, and confidence intervals for the CMD and GSD are
calculated by

95% CI for CMD = CMD :t to'CMD

.. ~
0 c:
.. "

.n e

a ~
..> II
,co ","-

95% CI for GSD = GSD::t IO"GSD (4.59)

where I is the I-test value, obtained from statistical tables (P = 0.05 and degrees of
freedom = Nt - I, where N' is the number of replications). On the log-probability

plot, the confidence interval of CMD defines the range of vertical positions of the
size distribution line, and the confidence interval of GSD defines the range of slopes.
Statistical tests such as the I-test and F-test can be used to compare the parameters
of one aerosol size distribution with those of another. These tests are discussed by
Cooper (1993), Land (1988), Herdan (1960), and Aitchison and Brown (1957).

The cumulative log-probability plot assumes that the data cover the size range
from zero to infinity. If there are significant numbers of particles lost by trunca-
tion at either end of the size range, the cumulative plot should not be used, but a
frequency histogram can still be constructed without bias.

Because of the exp~nsion of the scale at the ends of log-probability graph paper,
an error in cumulative frequency is about four times wider on the graph at 5% and
95% than it is at 50%. The rule of thumb for fitting a straight line on a log-
probability plot by eye is to give the most weight to the central region (20-80%)
and little weight to those points at less than 5% and greater than 95%. The use of
least squares regression to find the best fitting straight line on an arithmetic plot of
In(d) versus probit of the cumulative frequency is not recommended, because it over-
emphasizes the tails of the distribution. There are iterative computer procedures for
finding the best fitting line that give proper weight to all points in the distribution.
[See Raabe (1978) and Kottler (1951).]

Because of the convenience of the lognormal distribution, there is a tendency to
try to fit a straight line to points that clearly do not follow a straight line. This is a
risky procedure, especially if other average diameters are to be calculated using the
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APPENDIX 3: DERIVATION OF THE HATCH-CHOATE EQUATIONS 105

4 The exponential distribution has been applied to powdered materials. The
number of particles with sizes between dp and dp + ddp is given by

df = a exp(-bdp)ddp (4.63)

The total number of particles is a/b.
5 The size distributions of cloud droplets are described by the Khrgian-Mazin

distribution (Pruppacher and Klett, 1997). The number of droplets per unit
volume with sizes between dp and dp + ddp is given by

df = ad; exp(-bdp)ddp (4.64)

Total number concentration is 2a/b3, and the mean diameter is 3/b.

4.9 APPENDIX 2: THEOREllCAL BASIS FOR AEROSOL PARllCLE SIZE
DISTRIBUTIONS

Section 4.4 states that there is no fundamental theoretical basis for aerosols having
a lognormal size distribution. While this is true in general, several authors have
noted that when the particle formation process follows the "law of proportionate
effect," a lognormal size distribution results. This law requires changes in size to
occur in steps, with the particle size for each step being a random multiplicative fac-
tor of the size of the previous step. Breakage (crushing) of solid particles is an ex-
ample of such a process. Brown and Wohletz (1995) give physically based deriva-
tions of the Weibull and Rosin-Rammler distributions based on fractal cracking, a
breakage process that produces a branched tree of cracks that looks the same on
any scale. (See Chapter 20.) Brown and Wohletz note that certain of the resulting
distributions are very similar to the lognormal distribution.

4.10 APPENDIX 3: DERIVATION OF THE HATCH-CHOATE EQUATIONS

The diameter of average dP, where p = 2 for surface area and 3 for mass, is given
by Eq. 4.22 as

,lIp
dp = (dP)llp =

(4.65)

To evaluate d- for a lognonnal distribution, we must first express the quantity dPf(d)
P

in tenns of the CMD, O"g, andp. Expressingf(d) in tenns ofEq. 4.42 and making
the substitution dP = exp(p In d) gives
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(4.73)

In dp = In CMD + (4.74)

and dp, the diameter of average dP, is

which is identical to Eq. 4.52.
To obtain the conversion equation for the median (qMD) of the qth moment

distribution, we start with the distribution function, Eq. 4.35. Substituting Eq. 4.71,
with p replaced by q, for the numerator and using the procedure just outlined in Eqs.
4.66--4.72 to evaluate the integral of Eq. 4.71 for the denominator, we get

df. = 1 exp ( - [In d - (In CMD + q In20"g)p

q J2"ii d In O"g 21n20"g (4.76)

This equation has the form of a lognormal distribution, Eq. 4.42, with a median
diameter given by

In qMD = In CMD + q In20"g

qMD = CMD exp(q In20"g) (4.77)

which is identical to Eq. 4.48.
We can use Eq. 4.71 to get dqm. the mean of the qth moment distribution. This

mean is the ratio of two moments of diameter and has the general form

f- xq+t f(x) dxd 0qm = f~ xq f(x)dx

Both the numerator and denominator of Eq. 4.78 are equivalent to the integrals of
Eq. 4.71. Evaluating Eq. 4.78 using the procedure followed in Eqs. 4.66--4.72 gives

(4.79)

(4.80)
In dqrn = In CMD + [(q + 1)2 - q2] In2(Jg

2
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PROBLEMS 109

4.5 An aerosol with a lognonnal size distribution has a count median diameter of
2.0 ~m and a geometric standard deviation of 2.2. If the mass concentration
is 1.0 mg/m3, what is the number concentration? Assume spherical particles
with Pp = 2500 kgim3 [2.5 gicm3].

ANSWER: 5.8 x 106/m3 [5.8/cm3].

4.6 Consider an aerosol with a lognonnal size distribution (GSD = 1.8). The size
distribution is in a range where slip correction can be neglected and Stokes's
law holds. If the diameter of the particle of average settling velocity is deter-
mined to be 6.0 Ilm, what is the count median diameter?
ANSWER: 4.2 Ilm.

4.7 An aerosol with a lognonnal size distribution has a count median diameter of
0.3 J.1m and a GSD of 1.5. If the number concentration is 106 particles/cm3,
what is the mass concer:ttration? The particles are spheres with a density of4500 kgim3 [4.5 g/cm3]. .

ANSWER: 130 mgim3.

4.8 An aerosol is known to have a lognonnal size distribution with a geometric
standard deviation ag' The average time required for the particles to settle a
known distance h is t. Derive an expression for the diameter of average set-
tling time. Neglect slip correction. Also, give the equation for converting this
diameter to the count median diameter. Assume spherical particles.
ANSWER: di = (~d-2/N)---O.5, b = + 1.

4.9 An aerosol is mixed with radon gas, resulting in a surface coating of radio-
active radon decay products on the particles. The aerosol is then divided into
eight aerodynamic size groups, and the radioactivity of each size group is mea-
sured. How can this information be used to calculate the count median diam-
eter if the distribution is lognormal? All particles have the same density and
are geometrically similar. Assume that log-probability graph paper is avail-
able.

4.10 For particles less than 0.05 ~m, light extinction efficiency is proportional to
d4. Ifan aerosol is lognonnally distributed with a CMD ofO.Ol~m and a GSD
of 1.8, what is the diameter of average extinction efficiency?
ANSWER: 0.020 ~m.

4.11 Measurements of specific surface indicate that 16% of the total specific sur-
face is contributed by particles less than 0.3 I.1m and 84% by particles less than
1.5 I.1m. Assuming that the particle size distribution is lognormal, calculate
(without the aid of log-probability graph paper) the specific surface median
diameter, the CMD, and the GSD. The specific surface is the surface area per
gram of particles.

ANSWER: 0.67 I.1m, 1.28 I.1m, 2.24.



'(1661)
ZO~-£6v 'ZS 'i°:Jossy °3,(H °pu/owy ,,'s;)lnsodX31~uO!t~dn:):)0 °t p;)!1ddV \;)POw \~UllOU

-~01 ;)qt lOJ t!d-Jo-SS;)UpooOJo ;)lnS~;)W V" 'oW 'S 'tlod~dd~"M pu~ 'oS 'U!A\;)S 'oV 'w 'Sl;)t~M

°IL61 ')jloA M;)N 'SS;)ld :)!W;)P
-~:)V 'iJUiJla,(H /vl.llSnpu/ Ul SlS,(/VUY iJZlS iJ/:Jll.lVc/ 'oW 'tsl!d pU~ '°:) 's~u!1\!g '" 'U~Ull;)A\!S

"(££61) 6Z 'L '/iJnd Isu/i"3 'l;)\WW"8"N puu '0 d 'U!s°"M

"(8L61) Z911 'ZI 'olf:JiJ.L 'l:JS 'llu3 '°0 '0 ';)q~~"M

"(IL61) £0£-u8Z 'Z'ol:JS/oSO.liJY i,,'UO!t

-nq!ltS!O \~UllON-~01 ;)qt pu~ ~t~O p;)dnOlO ~U!z!1M S!SA\~UV ;)Z!S ;)\:)!tl~d" '°0 °0 ';)qtlt!"M
° L661 'spu~{l~qt;)N ;)qt 'tq:)~lplOO

'l~Mn\)I 'OP;) PZ 'UOlIDl1d,:JiJ.lc/ pUll spno/.Jfo S:J1S,(lfdo.l:J1JV '°0 of 'U;)\)I pu~ ""M °H 'l;)q:)~ddrud

"(6£61) £9 's '(uDdDf') '3u3 °1f:JiJJV ':J°S °SUD.l.L 'oA '~M~S~U~.1 pu~ 'oS '~w~A!"nN

0£L61 "'lOA M;)N 'SS;)ld :)!W~P~:)V 'uollD~/DIl3 P.lDZDH ul ,(:Jo/OUIf:JiJ.L /OSO.liJY'°.1 °.1 'l;):)l~W

°8861 "'loA M~N 'l;)'PI~O \;):)l~W 'suolInQl.llS1U /DW.lOUaO7 '(oSp3)

')I 'nz!w!qs °)1 pu~ '"1 °3 'MOl:) U! ,,'S~t~WPS3 \~Al;)tUI pU~ StS;).1 S!S;)qtodAH" '°3 °:) 'pu~1

"(1~61) ~1 ~ '6vv 'ISZ 'ISU/ ul/JfuD.ld i'of °d 'l;)pt°)l

0~661 'P~UU!:)
-U!:) 'HID:)V "P;) qt8 'SIUiJWn.J1SU/ aUl/dwDS .llY '('SP3) '° A 's '~u!l;)H pu~ "S 'g 'U;)qo:) U!

'suopnq!lts!o ;)Z!S \OSOl~V Jo uOp~tU;)S;)ld pu~ tU;)W~lnS~~W 'of ° d 'AO!1 pu~ "0 °3 'uostnU)l

°0961 "'loA M;)N 'SS~ld :)!W;)P~:)V 'OP;) PZ 's:JllS11D1S iJ/:Jll.lDc///DWS '°0 'U~Pl;)H

"(6Z61) 69£ 'LOZ 'ISU/ ul/JfuD.ld i ,,'S;):)u~tsqns ;)t~\n:)!1JVd

UlloJ!Ufl-uoNJo S;)!tl;)dOld ;)Z!S ;)qtJo uopd!l:)s;)O \~:)pspms" 'od oS ';)t~oq:) pu~ '°.1 'q:)t~H

°8861 ')jloA M~N 'l~'PI;)O \~:)l~W

'SUOllD:Jl/ddy PUD t1.iOiJlf.L ;suollnQl.llS1U /DW.lOUaO7 '(oSP3) °)1 'nz!w!qs pu~ '"1 °3 'MOl:)

0£661
')jlOA M;)N 'PloqU!;)"M 'pu~ltSON U~A 'IUiJWiJ.lnSDiJJV /OSO.liJY '(Sp3) 'oV ° d 'UOll!g pU~ '°)1

';))j;)1I!1I\ U! 'UOp~tU~S;)ld pU~ S!SA\~UV m~o UO!tnq!ltS!O ;)Z!S JO spoqt;)W" 'oM °0 'l;)doo:)

"(~661) ZO~-£6v 'zs 'os,(lfc/'/ddy
1 ,,'uo!tnq!lts!p I~UllO~O\ pu~ l~lwwB"M-U!so"M ~qt Ot UO!t:);)uuo:) St! pu~ S;)ld!:)u!ld \~:)

-!sAqd uo P;)S~q suopnq!lts!p \1nq!;)11\ ~qtJo UO!t~A!l;)O" 'oH ')1 'ZJ;)\qoM pu~ ")1'11\ 'UMOlg
° L~61 '')In ';)~P!lq~:) 'SS;)ld At!Sl;)A

-!Ufl ;)~P!lqw~:) 'uOll:Jund uollnQl.llS1U /Dw.lou307 iJlf.L '°:) °V of 'UMOlg pu~ 'of 'UOS!q:)t!V~

S'.!I:) N':inIun

.~- = q :"MHi\\SNV
.8.0 PU1! OW::> ;)q~ JO SUU;)~ U! ;)O1!jJns o!J!O;)dS

;)31!J;)A1! q~!M ;)IO!:)J1!d ;)q~ JO J;)~;)W1!!P ;)q~ ;)A!3 II!M ~1!q~ uo!~1!nb;) UO!SJ;)AUOO

;)q~ dn ~;)S 'S;)IO!:)J1!d JO W1!J3 J;)d 1!;)J1! ;)O1!jJns S1! P;)U!J;)P S! ;)O1!JJnS o!J!O;)dS 'll."

011 S:)I.LSI.LV.LS 3ZIS 3':)I.L~Vd



tOE

:~qol~ ~q1 JO uo!llod JltlWS tI U! P~1t1l1U~"UO" ~ltl 1nq '1unowtl U! l~JltlWS ~ltl 'putlq

l~q10 ~q1 uo 'S~"lnos "!U~~OdOlq1utl ~q.L °S~"lnos tI~ltl 1StlA WOlJ S~WO" UO!1nq!l1

-UO" SS~W l!~q1 JO 1S0W PUtl '~qol~ ~q'! pUnOl~ p~1nq!l1S!p JI~M ~J1! S~"lnOS It1lmtlU
~q.L °SUO!SS!W~ ~1t11n"!1lt!d It1qol~ ~q1 Jo %O~ 01 01 utlq1 SS~l wolJ ~1nq!l1uo" S~"lnos

"!U~~OdOJq1Utl ~q.L °U!~ltlW ~P!M tI Aq S~"lnos "!U~~OdOlq1utI p~~"x~ S~"lnos ItllmtlU

~I~"s Itlqol~ tI uo 'l°v 1 ~lqtl.L U! U~A!~ S~1t1W!1S~ UO!SS!W~ ~q1 U! S~!1U!t!:jj~"un ~~ltll

~ltl ~l~q1 q~noq1lV °SUO!SS!W~ sno~stI~ WOlJ ~l~qdsOW1t1 ~q1 U! P~UllOJ S! ,,!u~~od
-olq1UtI PUtI It1lmtlU q1oq '~l~qdsOW11! ~q1 U! SStlW ~1t11n"!1ltld ~q1 Jo ~!lOrtlw ~q.L

°S~~l1 WOlJ SUO!SS!W~
lodtlA ~u~dl~10UOW PUtI ~u~ldos! uo 1q~!lUns Jo UO!1"~ ~q1 Aq P~UllOJ S! ~ows 1~"

-!W~q"010qd ItllmtlU ~q1 Jo 1S0W °S~"U~S!P Itlqol~ I~Atll1 01 q~nou~ ~UOI 'SAtlp AUtlW

lOJ p~pu~dsns U!tlW~l 1t1q1 S~I"!1ltld ~u!J ~"npold-s~I"!1ltld ..\ltlpUO"~S PUtI S~l!J
--UMOqS S~"lnos l~q10 ~q.L O~"lnos ~q1ltl~U 1no JltlJ 1t1q1 S~I"!1lt!d ~~J1!1 ~q 01 AI~"!l

S! SUO!SS!w~ 1"~l!P "!U~~OdOlq1U1! PUtI 'SUO!SS!W~ 10SOl~tI OUtI"IOA '1Snp I!OS moll
SStlW ~1t11n"!1ltld ~q1 Jo ~!l°rtlw ~q.L °SWS!Utlq"~w It1AOW~l pu~ S~"Utl1S!P 1l0dSUtll1

U! S~"U~l~JJ!P 01 ~np Aptl~l~ S~!ltlA 10SOl~tI "!l~qdsOW1t1 ~q1 01 UO!1nq!l1uo" l!~q1

~sntl"~q '~U!Ptl~IS!W ~q Uti" S~"lnos Jo uos!ltldwo" V o,,"Ol Jo ~u!l~q1t1~M ItllmtlU ~q1
PUtI SUO!~~l P!ltl WOlJ S~I"!1ltld I!OS UMolqpU!M s~pnl"u! 1snp I!OS °p~stlq ~ltl s~1t1W

-!1S~ ~s~q1 q"!qM uodn Suo!1dwnss1!~q1 Jo }:.1U!1!1l~"un ~q1 S1"~LJ~l S~"lnos 10SOl~tI

ItllmtlU lOJ U~A!~ S~1t1W!1S~ ~q1 Jo ~~Utll ~P!M ~q.L °l°v 1 ~lqtl.L U! UMOqS ~ltl sloS

-Ol~tI (A:I!A!1"tI utlwnq 01 P~1t1I~l) "!U~~OdOlq1utI PUtI punol~""tlq ItllmtlU Jo S~"lnos

lOSOH3V ONflOHt»t)ya 'IV}lfUYNl'tl

'S~~Idolp l~~1!/t\ Jo spnoI~ I1!ln:l1!U :IoSOl~1!
~!l~qdsOW11! ~ut11lodw! ~sow pUt! ~s~gl1!I ~q~ uo!ssn~s!p S!q~ wol] ~!WO ~ 1\\ 's~ss~~old

~s~q~ U1! Jo UO!~~1!l~~U! x~Idwo~ ~q~ ~~~LJ~l ~l~qdsow~1! ~q~ U! spuy ~uo suo!~nq!l~

-S!P ~Z!S ~q.L 'SWS!U1!q~~w I1!AOW~l Sn°!l1!A O~ ~~~rqns ~l1! PU1! SUO!~~1!~l I1!~!W~q~

lO 'UO!~1UOd1!A~ 'qVr\Olg ogl~pun f.1!W S~I~!~d Jo SPU!:>{ q~oH '~l~qdsow~1! ~q~ 'U!
P~UllOJ ~l1! S~I~!1l1!d f..J1!pUO~~S PU1! 'O~U! p~n!W~ f.Isnonu!~uo~ ~l1! S~I~!1l1!d f..J1!w!ld

'S~S1!~ q~oq uI 'S~~lnos ~!U~gOdOlq~U1! f.q p~~1!U!WOP S! IOSOl~1! U1!qln ~q~ ~W~l~X~

l~q~O ~q:} ~V .f.J,!A!~~1! U1!wnqJO ~~u~sq1! ~q~ U! ~u~s~ld ~ PIno/t\ ~1!q~ IOSOl~1! ~q}--{os
-Ol~1! punolg:>{~1!q I1!ln:l1!U ~q~ ~SlY l~P!SUO~ ~1\\ .S~~lnos ~!U~gOdOlq~U1! PU1! I1Un:l1!U
wol] S~I~!1l1!d P!nb!I PU1! P!IOS Jo ~ln:lX!W ~!W1!uf.p PU1! X~Idwo~ 1! s!--gl~qdsow

-~1! lno U! punoJ f.U1!UllOU ~l1! ~1!q~ S~I~!1l1!d ~q~ 'S! ~1!q}-IoSOl~1! ~!l~qdsow~1! ~q.L

J



NATURAL BACKGROUND AEROSOL 305

TABLE 14.1 Sources and Estimates of Global Emissions of Atmospheric Aerosols'

Source

1000--3000
1000--10000

26-,S0
4-10000
3-150

100--260
40--200

2200-24000

1500
1300

50
30
20

180
60

3100

50-160
26~60

5-25

32~0

120
330

10

460

Natural
Soil dust
Sea salt
Botanical debris
Volcanic dust
Forest fires
Gas-to-particle conversionb
Photochemicalc

Total for natural sources
Anthropogenic

Direct emissions
Gas-to-particle conversiond
Photochemical"

Total for anthropogenic sources

"Data primarily from Andreae (1995) and 8MIC (1971).
bIncludes sulfate from 8°2 and H28. ammonium salts from NH3, and nitrate from NO..
cPrimarily photochemical particle formation from isoprene and monoterpenes vapors from trees.
dIncludes sulfate from 8°2 and nitrate from NO..
.Primarily photochemical particle formation from anthropogenic volatile organic compounds.

the industrialized regions of the world. In these areas, the human contribution ex-
ceeds that from natural sources.

Once emitted into or formed in the atmosphere, particles can grow by vapor
condensation or by coagulation with other particles. Particles are removed after
growing to micrometer or larger sizes by settling or impaction on surfaces such as
tree leaves. Small particles may diffuse to surfaces or serve as nucleation sites for
raindrops (rainout). Larger particles may be swept out by falling rain or snow (wash-
out). Small particles have lifetimes of days in the troposphere; large particles
(do> 20 11m) are removed in a matter of hours.

Although most of the atmospheric particulate mass is confined to the troposphere
(region below an altitude of II kID), the stratospheric aerosol can have significant
effects on climate. This subject has been reviewed by Pueschel (1996). The primary
source of particulate in the stratosphere (altitude from II to 50 kID) is the forma-
tion of sulfuric acid droplets by gas-to-particle conversion of SOl injected into the
stratosphere by major volcanic eruptions. These droplets are formed by homoge-
neous nucleation involving photochemical reactions of SOl and water vapor. They
spread widely over the hemisphere (north or south) in which they originated.

The ozone layer in the lower stratosphere absorbs solar radiation and heats up
relative to the surrounding air. This heating creates a temperature inversion and a
region of atmospheric stability. The sulfuric acid droplets formed in the stratosphere
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Ions are formed continuously in the atmosphere by the action of cosmic radia-
tion and radioactive gases emanating from soil. Over land, about 10 ion pairs
(a positive and a negative ion) are formed in every cubic centimeter every second.
These ions attach to aerosol particles and recombine with each other at a rate that
yields an equilibrium concentration of small ions (charged molecular clusters) of
lOG-SOOO/cm3 with an average value of8 x IO8/m3 [800/cm3].

URBAN AEROSOL14.2

The urban aerosol-that found in the lowest kilometer of the atmosphere over large
cities--is dominated by anthropogenic sources. Aerosol mass concentrations in ur-
ban areas range from a few tens of micrograms per cubic meter to 1 mg/m3 during
air pollution episodes in heavily polluted cities in developing countries. The hori-
zontal distribution of aerosol concentration in urban areas varies greatly, depend-
ing on the proximity to natural and anthropogenic sources. Atmospheric stability
and the thickness of the mixing layer (usually 0-2 km) also affect local concentra-
tions. Table 14.2 gives historical particulate concentrations for different types of land

areas.
The particle size distribution of urban aerosol is complex, because it is a mix-

ture of aerosols from various sources, each with a different size distribution, and
is modified by size-dependent processes of growth, evaporation, and removal. The
most common way to present particle size distribution data for the urban aerosol is
in terms of the three modes, the nuclei, accumulation, and coarse particle modes.
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sus particle size on a log scale. These show clearly the modal nature of the urban
aerosol and the contribution of each mode to the distribution. Most information
about atmospheric aerosol size distributions is now presented in the form of Fig.
14.2c or Fig. 14.2d. These figures show that most of the particles are in the nuclei
mode and most of their volume (and mass) is split between the accumulation and
coarse-particle modes. The volume (or mass) distribution shown in Fig. 14.2d is
typical of most urban aerosols containing photochemical smog. Such distributions
are usually bimodal, with a saddle point in the 1-3-llm-diameter range. Particle sur-
face area and light scattering are associated primarily with particles in the accumu-
lation mode.

The nuclei mode consists primarily of combustion particles emitted directly into
the atmosphere and particles formed in the atmosphere by gas-to-particle conver-
sion. This mode is not always present, but is usually found near highways and other
sources of combustion. Because of their high number concentration, especially near
their source, these small particles coagulate rapidly with each other and with par-
ticles in the accumulation mode. Consequently, nuclei particles have relatively short
lifetimes in the atmosphere and end up in the accumulation mode. Nuclei particles
may serve as sites for the formation of cloud droplets and may subsequently be re-
moved from the atmosphere as rain droplets (rainout).

The accumulation mode includes combustion particles, smog particles, and nu-
clei-mode particles that have coagulated with accumulation-mode particles. The
smog particles are formed in the atmosphere by photochemical reactions of vola-
tile organics and oxides of nitrogen in the presence of strong sunlight. There is sig-
nificant overlap between the nuclei and accumulation modes. As the name suggests,
particles accumulate in this mode because removal mechanisms are weak. Particles
can be removed by rainout or washout, but they coagulate too slowly to reach the
coarse-particle mode. The nuclei and accumulation modes together constitute "fine"
particles. The size range of the accumulation mode includes the wavelengths of vis-
ible light, and these particles account for most of the visibility effects of atmospheric
aerosols. (See Section 16.4.)

Under conditions of high humidity, such as in a cloud or fog, the accumulation
mode may itself have two submodes: a condensation mode with MMAD of 0.2-
0.3 Ilm and a droplet mode with MMAD of 0.5-0.8 Ilm. The droplets are formed
by the growth of hygroscopic condensation-mode particles. This process may be
facilitated by chemical reactions in the droplet.

The coarse-particle mode consists of windblown dust, large salt particles from
sea spray, and mechanically generated anthropogenic particles such as those from
agriculture and surface mining. Because of their large size, the coarse particles
readily settle out or impact on surfaces, so their lifetime in the atmosphere is only
a few hours or days. The dividing line between coarse and fine particles is the saddle
point between I and 3 Ilm. The fine-particle mode contains from one-third to two-
thirds of the total mass, with the remainder in the coarse particle mode. The ratio
varies according to the region of the country. Fine and coarse-particles have dif-
ferent chemical compositions, sources, and lifetimes in the atmosphere. There is
comparatively little mass exchange between the two modes. In some locations, there
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ANSWERS: 1.4 x IO2o/kg, 8.7 x IO17/kg
8.7 x IO14/g, 1.8 x lOll/g).

.4 x IOI7/g8 x lOl4/kg

14.2 Estimate how long it would take for the diameter of average mass of the
nuclei mode to equal the CMD of the accumulation mode if the nuclei mode
particles were allowed to coagulate by themselves. Use modal data given in
Table 14.3. Assume that the GSD is constant at its initial value and K is con-
stant at 30 x IO--J6m3/s [30 x 10--10 cm3/s] (an interpolated average value from
Table 12.4).
ANSWERS: 3.3 x 104s(9.1 hrs).
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where fa is the permittivity of a vacuum, 8.85 x 10-12 C2/N . m
Eqs. 15.1 and 15.2 gives

Combining

(15.4)
,

FE=~R2
in cgs units

where FE is in .dyn, q and q' are in .stC, and R is in cm. Having defined charge in
this way, we must define unit current and unit potential difference in consistent units.
Unit current, the statampere (stA), is equal to a flow of charge of 1 stC/s along a,
wire. Unit potential difference, the statvolt (stV), is defined as the voltage between
two points that causes 1 erg of work to be done moving I stC of charge between
the two points.

The cgs system has the advantage of simplified equations, but the disadvantage
of having to use "stat" units. The SI system has the advantage of using common
electrical units, but requires including the constant KE in the equations. Table 15.1
gives conversion factors relating the two systems of units. From the definitions given
and Coulomb's law, the following relationships can be derived:

A = CIs stA = stC/s
V = N . rn/C stY = dyn . crn/stC

N = KEC2/m2 dyn = stC2/cm2

V = KEC/m stY = stC/cm

where KF = 9.0 X 109 N . m2/C2, as defined by Eq. 15.2.

(15.5)

TABLE 15.1 Conversion Factors and Constants for Sf and cgs Electrostatic
Units

Quantity SI cgs

3.0 x
3.0 x]
0.003

lC
lA
IV

9.0 X 109 N. m2/C2
1.60xl0-J9C
6.3 X 1018/C

1 m2N . S
IN/C or Vim

4.80 X 10-10 stC
2.1 x 109/stC

3.0 x 106 cm2/stV . s
3.3 X 10-5 dyn/stC or stV/cm

Charge
Current
Potential difference

KE
Charge on an electron, e
Electrons per unit charge
Electrical mobility
Field strength

109 stC
l09 stA
13 stY
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When FE is expressed by Eq. 15.8 and Eq. 15.9 is rearranged, an alternative defi.
nition of field strength is obtained:

~W
~x

E= (15.10)

Thus, the field strength in any direction at a point is equal to the potential gradient
in that direction at the point. The detennination of field strength is primarily a prob-
lem of detennining the potential gradient near charged surfaces.

The solution for an electric field (that is, an equation that gives the field strength
at any point), can be detennined for simple geometries. Three such cases are con-
sidered here. The field around a single point charge q can be detennined easily by
placing an imaginary test charge q' in the field and detennining the force on it by
Coulomb's law and the field strength by Eq. 15.6. .

E = fA. - KEqq' - R2 (15.11)

The field strength between two oppositely charged, closely spaced parallel plates
is uniform in the region between the plates (neglecting edge effects) and is given
by

L\W

x
E= (15.12)

where ilW is the algebraic difference in voltage between the two plates and x is the
separation between the plates. In a unifonn field, the electrostatic force on a charged
particle is constant everywhere between the plates. For a positively charged par-
ticle, the direction of the force is toward the more negatively charged plate; for a
negatively charged particle, the force is directed toward the more positively charged

plate.
The field strength inside a cylindrical tube with a wire along its axis is given by

15.13)
E= ~W

R In(d,/dw)

where ~W is the algebraic difference in voltage between the wire and the tube,
R is the radial position for which the field is being calculated, and dl and dw are the
diameters of the tube and the wire, respectively. Equation 15.13 indicates that the
field strength goes to infinity as R goes to zero. The finite diameter of the conducting
wire precludes a field at R = O. The maximum field will be at the surface of the
wire and will increase as the wire diameter decreases. Equation 15.13 can also be
used for the field strength in the space between two concentric cylinders. It becomes
much more difficult to calculate the field strength for complex geometries or when
there is significant space charge (ions or charged particles in the field region).

I
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To determine V TE when the particle motion is outside the Stokes region, it is nec-
essary to follow a procedure analogous to that used to calculate V TS for Re > I. (See
Section 3.7.) A value of Re > I is more common for electrostatic motion than for
settling, because the electrostatic force can be much greater than the force of grav-

ity. Equating Eqs. 15.8 and 3.4, we obtain

l15.1T

and solving for CD gives

8neE

7tPvd2 ViE
(15.18)f

f
~

CD =

Multiplyipg both sides of Eq. 15.18 by Re2 gives

8neEpg
-~

(15.19)CDRe2 =

C~e2 can be calculated without knowing the velocity or Reynolds number at the
terminal electrostatic velocity. The terminal electrostatic velocity can then be de-
termined from the value of C~e2 by Eq. 3.33 with VTs replaced by VTE' or by the
graphical or tabular procedures given in Section 3.7.

The Millikan oil-drop experiment, one of the classical experiments of physics
in the early 1900s, used the preceding electrostatic principles to measure the charge
of an individual electron. The apparatus used, called a Millikan cell, is shown in
Fig. 15.1. A spherical, submicrometer-sized particle (an oil droplet) is introduced
between two horizontal parallel plates. The potential difference between the plates
can be carefully controlled. The particle is illuminated by a beam of light between
the plates and observed by a horizontal microscope positioned perpendicular to the
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TABLE 15.2 Electrical Mobility of Electrons, Ions, and
Aerosol Particles at Standard Conditions

Particle
Diameter
(~m)

Electrical Mobility {m2N . S)8

Singly Charged Maximum Chargeb

Electron
Negative air ion
Positive air ion
0.01
0.1
1.0
10
100

6.7 X 10--2

1.6 X lQ-4
1.4 x lQ-4
2.1 x lQ--6
2.7 x 1~
1.1 x 10-'1

9.7 x 10--11

9.3 X 10--12

7.3 x 1()'-4
9.3 x 1()'-4

(2.5 x 10-3)"
(6.7 x 10-3)"
(1.1 x 10-2)"

"For mobility in cm2/stV. s, multiply the value shown by 3 x 106.
bBased on the ion limit. (See Section 15.6.)
"Velocity (m/s) in a unit electric field, but because Re > 1.0,
Eq. 15.22 does not hold.

The particle's mechanical mobility can be obtained from Table All

Z = neB = 40 x 1.6 X 10-19 x 1.23 X 1010 = 7.9 X 10-8 m2N.s

[40 x 4.8 x 10-10 X 1.23 X 107 = 0.24 cm2/stY.s]

" = 6.6 stV/cm

VTE = ZE = 7.9 X 10-8 X 200,000 = 0.016 m/s [0.24 x 6.6 = 1.6 cm/s]

66,000 x 0.016 x 0.6 x 10-6 = 6.3 X 10-4 [6.6 X 1.6 x 0.6 x 10-4 = 6.3 X 10-4]Re

Note: VTE/~S = 0.016/1.37 x 10-5 = 1170

15.4 CHARGING MECHANISMS

The principal mechanisms by which aerosol particles acquire charge are flame
charging, static electrification, diffusion charging, and field charging. The last two
require the production of unipolar ions, usually by corona discharge (Section 15.5),
and are used to produce highly charged aerosols. It is often necessary to estimate
the charge on a particle based on the conditions under which it acquires the charge.

Flame charging occurs when particles are fonned in or pass through a flame.
At the high temperature of the flame, direct ionization of gas molecules creates high
concentrations of positive and negative ions and thennionic emissions of electrons

[2000 ""10.0033
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7tKEde~d kT [n(t) = ~ In 1 +
2KEe

15.24)2kT

where Ci is the mean thermal speed of the ions (c; = 240 m/s [2.4 x 104 cm/s] at
standard conditions) and Ni is the concentration of ions. At standard conditions, for
Nit> 1012 s/m3 [106 s/cm3], Eq. 15.24 is accurate to within a factor of two for
particles from 0.07 to 1.5 ~ and, for Nit> 1013 s/m3 [107 s/cm3], to within a factor
of two for particles from 0.05 to 40 ~m. A more accurate, but less convenient,
expression requiring numerical integration is given by Lawless (1996). Even in the
presence of an electrostatic field, diffusion charging is the predominant mechanism
for charging particles less than 0.2 ~m in diameter. A process similar to diffusion
charging, but utilizing bipolar ions, is used to discharge highly charged aerosols,
'see Section 15.7.

Field charging is charging by unipolar ions in th~ presence of a strong electric
field. This.mechanism is depicted in Figs. 15.2a-15.2c, in which the negatively
charged plate is at the left and negative ions are present. The rapid motion of ions
in an electric field results in frequent collisions between the ions and the particles.
When an uncharged spherical particle is placed in a uniform electric field, it dis-
torts the field, as shown in Fig. 15.2a. The field lines shown represent the trajecto-
ries of ions. The extent of the distortion of the field lines depends on the relative
permittivity (dielectric constant) £ of the particle material and the charge on the
particle. For an uncharged particle, the greater the value of £, the greater the num-
ber of field lines that converge on the particle.

Ions in this electric field travel along the field lines and collide with the particle
where the field lines intersect the particle. All ions on intersecting lines to the left
of the particle will collide with the particle and transfer their charge to it. As the
particle becomes charged, it will tend to repel the like-charged incoming ions. This
situation is shown in Fig. 15.2b, in which the particle is partially charged. The pres-
ence of the charge on the particle reduces the field strength and the number of field
lines converging on the particle from the left and increases these two quantities on
the right. Because of these changes, the rate of ions reaching the particle decreases
as the phrticle becomes charged.

Ultimately, the charge builds up to the point where no incoming field lines con-
verge on the particle (Fig. 15.2c) and no ions can reach the particle. At this maxi-
mum-charge condition, the particle is said to be at saturation charge.

When diffusion charging can be neglected, the number of charges, n, acquired
by a particle during a time t in an electric field E with an ion number concentra-
tion Ni is

Ed2 ~~ ' !!Ln(t) = I (15.25)
3e

e+2

t where E is the relative pennittivity of the particle and Z; is the mobility of the ions,
approximately 0.00015 m2N . s [450 cm2/stV . s]. In this equation, the first two fac-
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tors represent the saturation charge n., reached after sufficient time at a given charg.
ing condition.

-
(15.26)

3£ )( Ed2

,i:+2 4KE-; ,

The first factor on the right in Eqs. 15.25 and 15.26 depends only on the material
of the particle and ranges from 1.0 for E = 1 to 3.0 for E = 00. The relative permit-

tivity, or dielectric constant E, reflects the strength of the electrostatic field produced
in different materials by a fixed potential relative to that produced in a vacuum under
the same conditions. For most materials, 1 < E < 10; E is 1.0 for a vacuum, 1.00059
for air, 5.1 for DOP, 4.3 for quartz, 80 for pure water, and is infinite for conduct-
ing particles. The second factor in Eq. 15.25 indicates that the saturation charge is
proportional to the surface area of the particle and to the electrostatic field strength.
The final factor is a time-dependent term tJIat reaches a value of 1 when 1tKEeZ;N;t
» 1.0. The rate of charging does not depend on the particle size or field strength,
but only on the ion concentration. When particles are intentionally charged by field
charging, the ion concentration is usually 1013/m3 [107/cm3] or greater, so charg-
ing will be 95% complete in 3 s or less.

The charge that is acquired is proportional to d; in field charging and to dp in
diffusion charging, so field charging is the dominant mechanism for particles larger
than 1.0 f.1m, and diffusion chargihg is the dominant mechanism for particles less
than 0.1 f.1m, even in the presence of an electric field. Between these sizes, both
mechanisms are operating and the situation is much more complicated. Equations
15.24 and 15.25, while explicit, involve restrictive assumptions and are somewhat
oversimplified. More accurate expressions exist, but they are not explicit and usu-
ally require computer calculation. Lawless (1996) presents approximations for
charging rates that are applicable to diffusion, field, and combined charging. The
charging rate obtained must be numerically integrated to get the charge acquired
by a particle in a given period. Table 15.3 gives the number of charges acquired in
1 s by particles of various sizes by the diffusion, field, and combined charging
mechanisms at an ion concentration of 1013/m3 [107/cm3]. For the conditions of the
table calculations, the field-charging equation, Eq. 15.25, is accurate for particles
larger than 5 f.1m, and Eq. 15.24 is useful from 0.2 to 2 ~m. Figure 15.3 shows the
number of charges acquired by a particle having E = 5.1 for various charging con-

ditions.
Figure 15.4 shows particle mobility versus particle size for a typical field-charg-

ing condition. Although particle charge decreases with particle size, mechanical mo-
bility increases rapidly with decreasing size; consequently, there is a size for mini-
mum electrical mobility in the submicrometer range. Also, mobility under typical
charging conditions is a relatively weak function of particle size in the size range
0.1-1 f.1m.

EXAMPLE
.

How many elementary charges are acquired by a 2.0-f.lm water droplet in 1 s by
(a) diffusion charging in an ion concentration of lO13/m3 [lO7/cm3] and (b) field

I
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~

10151013 101410121010 1011

Nit (ion-s/m3)
(a)

t"
"
.
.
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"

1

100101.00.10.01

Particle diameter, ~m
(b)

FIGURE 15.3 Field and diffusion charging. (0) Number of charges acquired versus Nit
for particle diameters of 0.1, 1, and 10 Ilm at a field strength of 500 kV/m [5 kV/cm].
(b) Number of charges acquired versus particle diameter for field strengths of 0, 100, 1000,
and 10,000 Vlcm at Nit = 1013 s/m3 [107 s/cm3]. E = 5.1.
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~

Ed2

4KEe

Y.m-l.m2

N.m2 .C-2.C

7tKEeZ;N;t = 7t X 9 X 109 X 1.6 X 10-19 X 0.00015 X 1013 X =6.79N.m2.C.m2.s
C2.V.s.m3

In cgs units,

3 x 80
80 + 2

= 2.933£--
£+2

Ed2

4KEe

nKEeZ;N;t = n X 1 x 4.8 X 10-10 X 450 X 107 xl = 6.79 ,stC.cm2.s
stY.s.cm3

6.79 '

6.79 + 1,
= 1065n = 2.93 x 417 x

15.5 CORONA DISCHARGE

The field- and diffusion-charging methods described in the previous section require
high concentrations of unipolar ions. Because of the mutual repulsion and high
mobilities of those ions, their lifetime is brief. Consequently, ions must be continu-
ously produced to use these charging methods. Ions can be created in air by radio-
active discharge, ultraviolet radiation, flames, and corona discharge. Only the co-
rona discharge can produce unipolar ions at a high enough concentration to be useful

for aerosol charging.
To produce a corona discharge, one must establish a nonuniform electrostatic

field, such as that between a needle and a plate or between a concentric wire and a
tube, as described in Section 15.2. Air and other gases are normally very good in-
sulators, but in a region of sufficiently high field strength, air undergoes an elec-
trical breakdown and becomes conductive. Depending on the geometry of the field,
this breakdown can be an arc or a corona discharge. For a wire-and-tube geometry,
the only region with sufficient field strength for breakdown is a thin layer at the
surface of the wire. The field strength required for breakdown depends on the wire
diameter dw and is given by the empirical equation (White, 1963),
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[106-l09/cm3] and at high velocities of about 75 m/s [7500 cm/s] for the conditions
of Fig. 15.5.

Positive and negative coronas have quite different properties and appearances.
With positive corona, the entire region around the wire has a stable, glowing sheath
with a characteristic bluish-green color. With negative corona, the corona glow ex-
ists in tufts or brushes that appear to be in a dancing motion over the surface of the
wire. These tufts may be several millimeters in length. There is sufficient energy
in the corona region to produce ozone from oxygen. A negative corona produces
about 10 times as much ozone as a positive corona. Indoor and recirculating elec-
trostatic precipitators use positive corona for this reason. Industrial electrostatic pre-
cipitators usually use negative corona, because they can be operated at higher volt-
ages and thereby achieve higher efficiencies. Gas temperature, pressure, and
composition affect corona generation.

The introduction of aerosol particles into the space between the wire and the tube
will result in field charging of the particles to the same polarity as the wire. The
field used to create the corona and the ion wind also causes the field charging. If
clean air is blown through the tube at high velocity, it will carry the unipolar ions
out of the field region, where they may be mixed with aerosol particles for diffu-

sion charging.

15.6 CHARGE LIl\ffi'S

There are fundamental limits on the maximum amount of charge that can be ac-
quired by an aerosol particle of a given size. In the presence of strong external elec-
trostatic fields, aerosol particles can exhibit corona discharge. The loss of charge
by this mechanism sets an upper limit on the charge for a given particle size that is
on the order of the corona onset voltage for a sphere of that size. This type of co-
rona discharge has been observed surrounding raindrops during a thunderstorm and
in the laboratory. In the more usual case, where there is no strong external field, a
much higher charge can be achieved before the limit of spontaneous charge loss is

reached.
For negatively charged solid particles, the maximum charge is reached when the

self-generated field at the surface of a particle (see Eq. 15.11) reaches the value
required for spontaneous emission of electrons from a surface. When this limit is
exceeded, the crowding of electrons on the surface of the particle causes electrons
to be ejected from the particle by the force of mutual repulsion. For spherical par-
ticles, this limit is

d2EL
-E-

4KEe
(15.28)nL =

where EL is the surface field strength required for spontaneous emission of elec-
trons, 9.0 x 108 Vim [3 x 104 stV/cm]. This charge limit is proportional to the sur.
face area of the particle, as expected.



'1'~ = 3 .[(W:>fS L01] (w/s (\01 = I!N pUt! [W:>/A'I~]
W/A'I OO~ = .1 Jt! ~U!~Jt!q:> Pl:JY pUt! [(W:>/S L01] (w/s (101 = 1 !N Jt! ~U!~Jt!q:> UO!SnJJ!P

'([W:>jUAp £L] WIN £LO'O = J.) J:JJt!M JOj 1!W!\ q~!:JjAt!~ 'S1!W!j :J~Jt!q:> :Jj:>!1Jt!d 9"SI :!nII1~I.!I

wrl 'JeJewe!p el:>!!Jed

oo~

~o~ z
c

3
co

lO~ ~
9..

...

;

-/

90~

I../..~ ", ,. ILO~

.~:)1!JJ.ns J~~J1!!1! J~AO p~~nq!J~S!P A\OU

S! ~~J1!q:) JO }UnOW1! ~W1!S ~q} ~Sn1!:)~q }!W!! q~!~!A1!"}:I ~q~ A\O!~q ~J1! S~U~~1!JJ ~q~

's~~1!J8~~U!S!P }~!doJP ~q} u~q}\\ .~~1!J8~~U!S!P pUt! ~!Ul!! q~!~IA1!"}:I ~q:I q:)1!~J JJ!A\ ~~!doJP
~q} 'AJJ1!mU~A3 .~Z!S J~JJ1!WS 1! O} S~}1!JOd1!A~ ~! S1! p~~J1!q:) A!q~!q ~WO:)~q JJ!A\ ~~!

-doJP p~~J1!q:) Al~~1!J~POW Y .p~q:)1!~J ~J1! S}!W!! UO!SS!W~ ~:)1!jJns ~q:I ~JoJ~q p~q:)1!~J

~q JJ!A\ ~! ~sn1!:)~q 's~~!doJp J~~1!A\ }SOW JoJ ~!W!! ~U!JJoJ}uo:) ~q~ S! ~!W!! q~!~!A1!"}:I

~q~ '9.~1 .~!d U! UA\oqs sy .P!nb!1 ~~ldoJp ~q~ Jo UO!SU~} ~:)1!JJns ~q} S! J. ~J~qA\

I
1

1 i"
...

za3)!

) ~
(6'l'.~I)= 7U

u

f.q U:}A!g s! :}gJ~q:)

gU!~!W!1 :}ql .S~:}ldoJp J:}II~wS O~U! SJ:}n~qs ~:}ldoJp :}q~ 'UO!su:}~ :}:)~JJns Jo :}:)JoJ gU!
-uyuo:) :}q~ sp:}:}:)x:} ~:}Idolp ~ U!q~!A\ s:}gJ~q:) :)!j}:):}I:} Jo uo!slnd:}J I~mnw :}q~ u:}qA\

.s~:}ldoJp P!nb!1 JoJ S~S!x:} '~!W!I qg!:}If.~"M :}q~ P:}II~:) '~!W!I Jo :}df.~ ~u:}J:}JJ!P V

.9.~1 .g!d U! :}Z!S :}I:)!~~d Jo UO!~
-:)unJ ~ s~ UA\oqs :}J~ S~!W!I :}A!~~g:}U pU~ :}A!~!SOd :}q~ JoJ s:}nl~A .~!W!I :}q~ :}~~W!~S:}
o~ [w:)/A~s .01 xL] W/A 0101 x I.Z = 73JO :}nl~A ~ q~!A\ p:}sn:}q u~:) 8Z.~1 UO!~

-~nb3 .q~u:}j}s PI:}Y :}:)~JJns J:}~~:}J8 ~ s:}J!nb:}J pUt! ss:}:)oJd ~ln:)!lJ!p :}JOW ~ S! UO! :}A!~

-!sod ~ gU!~~!w:} 'J:}A:}:}A\OH .uoj}:):}I:} u~ Jo P~:}~SU! p:}n!w:} :}q ~snw UO! :}A!~!sod ~

~~q~ S! :}:)u:}J:}J]!P f.luo :}q~ :S:}I:)!~~d p:}gJ~q:) f.1:}A!~!sod JoJ S~S!x:} ~!W!I JP.I!W!S V

tff S3I.l"M3dO"Md 1V:JI"M.l:J313

o~ O'~ ~'O ~O'O
. . . , . , . ,. I ' . , . . , .. I . . . . . . 7" /" 1-0 ~

:::-d?~:-::-~ --- - Wn""\lQ\i!ri~ uue~\og aDi"i8~ - - ",..- -

:;o =--

~; '\.-"o""-~~ ;--;: ' .-

~
-

""""
~

/ :~

/.~ """"

""""
-""""

£o~

~
.o~ -<

..,
::T
II)

.a
;o~ (!)

'"

Owner
矩形



EQUILIBRIUM CHARGE DISTRIBUTION

EXAMPLE

What is the maximum charge for a negatively charged .~m sphere?

~=nL = 4KEe -
(lo-6f X 9 X 108-

4 x 9 X 109 X 1.6 X 10-19

(lo-4f X 3 X 104

4 X 1 x 4.8 X 10-10
-. ~

EQun..mRIUM CHARGE DIS1RIBUfiON15.7

The minimum charge an aerosol particle can have is zero. This condition is rarely
achieved, because of random collisions of aerosol particles with the omnipresent
air ions. As explained in Chapter 14, every cubic centimeter of air contains about
103 ions with approximately equal numbers of positive and negative ions. Aerosol
particles that are initially neutral will acquire charge by collision with ions due to
their random thermal motion. Aerosol particles that are initially charged will lose
their charge slowly as the charged particles attract oppositely charged ions. These
competing processes eventually lead to an equilibrium charge state called the
Boltzmann equilibrium charge distribution (also called the steady-state, stationary,
or bipolar equilibrium charge distribution). The Boltzmann equilibrium charge dis-
tribution represents the charge distribution of an aerosol in charge equilibrium with
bipolar ions. This minimum amount of charge is very small, with a statistical prob-
ability that some particles will have no charge and others will have one or more
charges. For equal concentrations of positive and negative ions, a reasonable first
approximation for normal air, the fraction of particles In of a given size having n

positive (or n negative) elementary units of charge is given by

(15.30)In=-
exp(~n2e2/dpkT)-

~;=- eXp(KEn2e2/dpkT)

For particles larger than 0.5 ~m, Eq. 15.30 becomes identical to the equation rep.
resenting the normal distribution and can be written in an easier-to-use form as

( )1/2 ( )K e2 -K n2e2

In = ~ exp -f;kT- (15.31)

This equation agrees with Eq. 15.30 to within 7% for particles larger than 0.02 ~m
and to within 0.04% for particles larger than 0.05 J.Un. For particles less than about
0.05 J.Un, both Eq. 15.30 and 15.31 underestimate the fraction of charged particles,
and more complicated procedures must be used. [See Hoppel and Frick (1986).]
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.ube --

FIGURE 15.7 Cross section of a wire-and-tube electrostatic precipitator.

ticles stick if they touch the wall and are not reentrained. The fraction of particles
removed during this period, dN/N, is the negative ratio of the area of the annulus,
2nRVTPdt, to the total cross-sectional area of the tube. nR2, and is given by

~
R (15.34)

This equation can be integrated to obtain the number concentration after a time

(15.35)

(15.36)

For a tube of length L and a volumetric flow rate Q, the residence time in the tube,
7tR2L/Q, can be substituted into Eq. 15.36 to get the penetration---the fraction of the
inlet concentration that exits the tube:

(15.37)

It is customary to express Eq. 15.37 in terms of collection efficiency and the area
of the collection surface, Ac = 21tRL. Doing so gives the Deutsch-Anderson equa-

tion,

- exp( ~E= (15.38)
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.EM grid

Lucite cap

FIGURE 15.9 Cross-sectional diagram of a point-to-plane electrostatic precipitator used
to obtain aerosol samples for electron microscopy.

a sampling bias that favors the collection of larger particles (Cheng et al., 1981).
The use of a low sampling flow rate and a moderate ion current reduces this bias.

15.9 ELECTRICAL MEASUREMENT OF AEROSOLS

A simple electrical mobility analyzer is shown in Fig. 15.10. Aerosol particles are
introduced along the centerline between two oppositely charged parallel plates. Filter
samples (or other aerosol measurements) are taken downstream of the device while
a specific voltage is maintained on the plates. For a given voltage, all particles with
mobility greater than a certain amount will migrate to the plates and be trapped.
Those with lower mobility will get through, to be collected on the downstream fil-

Charged plate

Charged plate

FIGURE 15.10 Diagram of a simple electrical mobility analyzer.
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FIGURE 15.11 Schematic diagram of an electrical aerosol analyzer.

through a central tube. Only particles with a narrow range of mobilities can enter
the gap. Particles with greater mobility migrate to the central rod before reaching
the gap, while those with lower mobility go beyond the gap and are filtered Oit.
The exiting aerosol is nearly all singly charged and nearly monodisperse. Its si:'~
is controlled by adjusting the voltage on the central rod.

The DMA was originally intended to be used as a monodisperse aerosol generator
to produce submicrometer-sized aerosols for testing and calibration. However, it is
used more commonly to measure particle size distribution with high resolution in
the submicrometer size range. By monitoring the exit aerosol stream with a CNC
(see Section 13.6), the number concentration in a narrow range of mobilities, and
thus the particle size, can be determined. The entire submicrometer particle size dis-
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tions. A monodisperse submicrometer aerosol of known size is produced by the first
DMA. The aerosol is subjected to a growth or shrinkage process, and then its size
is measured by the second DMA. By careful operation and data analysis, particle
size changes as small as 0.3% can be measured. This method works best for par-
ticles in the 0.01-to-0.2-~m size range.

Although not an aerosol-measuring instrument, the Coulter counter, an instru-
ment manufactured by Coulter Electronics, of Hialeah, Florida, uses the electrical
resistance principle to measure particle size distributions in liquid suspensions. The
instrument is suitable only for insoluble particles, and the particles must be captured
directly in a conductive liquid, such as with an impinger, or transferred to such a
liquid before measurement. As shown in Fig. 15.13, the liquid flows from one sec-
tion to the other through a small orifice 10-400 ~m in diameter. A current is es-
tablished through the orifice by platinum electrodes in the liquid on either side of
the orifice. Because the particle has an electrical resistance different from that of
the liquid, there is a momentary change in the current as the particle passes through
the orifice due to the displaced electrolyte. This change, which is directly propor-
tional to the volume of the particle, is sensed electronically and converted to par-
ticle size, and these data are accumulated to produce a distribution of particle size
weighted by volume. The instrument can be used for particle sizes ranging from
0.3 to 200 ~m, but for a given orifice, the range is limited to 2-40% of its diameter.
Size calibration is done with polystyrene spheres of known size. (See Section 21.2.)
The maximum counting rate is 3000/s. A sample size of about I mg is required to
detennine a size distribution. Wetting agents and ultrasonic energy are used to
en~ure that all narticles are fullv disoersed in the liquid.
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15.9 Show that Rayleigh limit disintegration leads to the formation of charge-
stable. smaller droplets.

15.10 Determine the electrostatic velocity and the ratio of this velocity to the settling
velocity for a 0.6-~m particle (e = 10) in a field strength of 1200 kV/m

[12 kV/cm]. Assume that the particle is charged to the average Boltzmann
equilibrium charge.
ANSWER: 0.0043 mls [0.43 cmls], 320.

15.11 Detennine the electrostatic migration velocity for a 0.6-~m particle (£ =10)
in a field strength of 1200 kV/m [12kV/cm]. Assume that the particle is
charged in the same field for one second at an ion concentration of 1014/m3
[108/cm3].
ANSWER: 0.44 m/s [44 cm/s].

15.12 What particle size receives equal numbers of charges in 1 s by diffusion
charging and by field charging at 2000 kV/m [20 kV/cm]? Assume that each
mechanism operates independently and that the ion concentration is 1014/m3
[108/cm3] for both types of charging. 6 = 1. [Hint: A trial-and-error spread-

sheet approach may be the easiest way to do this problem.]
ANSWER: 0.15 J.1m.

15.13 What voltage is required to just balance a singly charged (negative) 0.8-~m-
diameter particle in a Millikan cell? The plate spacing is 5 mrn and particle
density is 1000 kg/m3 [1.0 g/cm3].

ANSWER: 82 v.
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The optical properties of aerosols are responsible for many spectacular atmospheric
effects, such as richly colored sunsets, halos around the sun or moon, and rainbows.
They also cause the degradation of visibility associated with atmospheric pollution.
The interaction of aerosol particles with light forms the basis for an important class
of instruments used for measuring aerosol particle size and concentration. Optical
measurement methods have the advantages of being extremely sensitive and nearly
instantaneous and of not requiring physical contact with the particles.

The optical phenomena covered in this chapter are all a direct result of the scat-
tering and absorption of light by aerosol particles. Black smoke looks black because
the particles absorb visible light. Dense rain clouds, on the other hand, look black
even though the droplets have negligible absorption, because the droplet scattering
is so complete that light cannot get through the clouds. Fair-weather clouds look
white because of the extensive scattering of the incident light from the surface of
the cloud. When we see an object, we are seeing primarily the scattered light from
that object. The scattered light reaching our eyes contains information about the
color, surface texture, and form of the object.

The scattering of light by very small particles--less than 0.05 Ilm in diameter-
is described in relatively simple terms by Rayleigh's theory, the theory ofmolecu-
lar scattering. Scattering by large particles--greater than 100 Ilm-<:an be analyzed
readily by geometric optics, the tracking of diffracted, reflected, and refracted rays
of light through the particle. Between these sizes, an important range of interest for
aerosol technology is the Mie scattering region. In this size range, where the par-
ticle size and the wavelength of light are the same order of magnitude, the scatter-
ing of light by aerosol particles is a complicated phenomenon.

The scientific study of light scattering by aerosols began in the late 1800s with
experimental studies by Tyndall and theoretical analysis by Lord Rayleigh.
Maxwell's theory of electromagnetic radiation enabled Gustav Mie to develop the
general theory of scattering in 1908. Unlike most other areas of aerosol science, the
theory of light scattering, although complicated, is exact for spherical, homogeneous
particles and thus provides an accurate and reliable tool for measuring properties
of aerosols.

The discussion that follows is limited to elastically scattered light-that is, scat-
tered light whose frequency is the same as the frequency of the incident light. Pro-
cesses such as fluorescence or Raman scattering are not covered here. Nearly all
real aerosols are sufficiently dilute that each particle will scatter light independently
of its neighbors. Consequently, we follow the microscopic single-particle approach
used in the previous chapters.

349
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Index of
Refraction

Index of
RefractionMaterialMaterial

1.544
1.590
2.417

l.56-0.087i
1.55-0.6i
1.96-0.66i
2.o-1.0i

2.8o-3.34i
0.47-2.81i

1.0
1.00025
1.00028
1.3330
1.4730
1.501
1.305

1.52-1.88
1.544

Quartz (SiOl)
Polystyrene latex
Diamond
Urban aerosol (avg.)
Methylene blue
Soot
Carbonb
Iron
Copper

Vacuum
Water vapor
Air
Water
Glycerine
Benzene
Ice (H2O)
Glass
Sodium chloride

'Data taken primarily from HandbookofChemisrry and Physics. 74th ed,. CRC, Boca Raton, FL (1993).

b", = 0,491 J.1m,

The intensity of electromagnetic radiation arriving at any surface, such as the
surface of a detector, is expressed in terms of the radiant power arriving per unit
area. When power (energy per unit time) is measured in watts (W), intensity is stated
in W/m2 [W/cm2]. Intensity of light emitted from a point source is expressed as
radiant power emitted into a given solid angle, i.e., watts per steradian (W/sr); for
visible light, this intensity can also be expressed in candela (cd), the SI base unit
for luminous intensity. The steradian (sr) is the dimensionless solid angle equal to
the cone from the center of an imaginary sphere that subtends 1/41t of the total
spherical surface. Thus, there are 41t sr in a sphere. The light scattered from an
aerosol particle can be considered as coming from a point source, and its intensity
in a given direction may be expressed in any of the units just mentioned.

Although we are concerned primarily with the scattering of visible light, the
principles presented here can be applied to electromagnetic radiation of any wave-
length. Thus, the scattering of radio waves by artificial satellites, the scattering of
microwaves by raindrops, and the scattering of light by aerosol particles are equiva-
lent processes with wavelengths and object sizes that are the same order of magni-
tude. The scattering in each case is governed by the ratio of the particle size to the
wavelength A of the radiation. This ratio, which is dimensionless, is called the size

parameter and is given by

1td
a=T (16.6)

The factor 7t is introduced to simplify certain light-scattering equations and has the
effect of making a. equal to the ratio of the circumference of the particle to the
wavelength. For visible light, the value of a. is approximately equal to six times the
particle diameter expressed in micrometers.

Light can be considered a stream of photons or a transverse wave. To describe
light scattering by aerosol particles, it is convenient to consider light as the elec-

I
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intensity per unit path length associated with an elemental thickness dr. The units
of O"e are (length)-I, and O"e and L must be expressed by the same unit of length to
make the exponent ofEq. 16.7 dimensionless. The extinction coefficient O"e is analo-
gous to y in Eq. 9.11 for penetration through a filter. (Note that Eqs. 16.7 and 9.11
have the same form.)

The aperture and lens arrangement shown in Fig. 16.1 is needed to ensure that
the particles are illuminated with a parallel beam of light (i.e., to ensure that all rays
are parallel) and that only the attenuated parallel light reaches the detector. Failure
to include the lens and aperture at the detector allows forward-scattered light from
the particles to reach the detector, in which case Eq. 16.7 does not hold. The ex-
tinction produced by a particle is a function of the particle extinction efficiency Qe.

~

radiant power scattered and absorbed by a particle
~= (16.8)radiant power geometrically incident on the particle

The geometrically incident power is the amount of energy per second that intercepts
the cross-sectional area Ap of the particle. The particle extinction efficiency gives
a relative measure of a particle's ability to remove light from a beam compared with
simple blocking or interception by the projected area of the particle. The extinc-
tion efficiency times the projected area of a particle is the cross-sectional area of
light removed from a beam by the'particle. A Qe of 2.0 indicates that a particle re-
moves twice as much light as it would by simple projected-area blocking. Values
of Qe range from 0 to about 5. The particles in a cubic centimeter of a monodis-
perse aerosol will each remove ApQe watts from a beam of unit intensity. From the
definition of the extinction coefficient, a monodisperse aerosol of N particles per
unit volume has an extinction coefficient of

I
I

~~
4

0" = NA n =e p~ (16.9)

Qe is defined (Eq. 16.8) in the same way as the combined single-filter efficiency,
given in Eq. 9.14. Also, Eqs. 16.7 and 16.9 are analogous to Eq. 9.19 for filters.
Both relate macroscopic phenomena-light attenuation and filter penetration--to
microscopic-scale particle properties, Qe and £1:, respectively.

The extinction efficiency of a particle is the sum of its scattering efficiency Qs
and its absorption efficiency QQ'

(16.10)~=Qs+Qa

where Qs and Qa are defined by equations equivalent to Eq. 16.8. It follows from
Eq. 16.10 that, for monodisperse particles

(16.11)O"e = o"s + O"a

where O's and O'a are defined by Eq. 16.9 with Qe replaced by Qs and Qa, respec-
tively. For nonabsorbing particles, Qe = Qs and O'e = O's. For polydisperse aerosols,
Eq. 16.9 holds for each particle size, and the combined effect is given by the sum
of the 0'8'S for all the particle sizes.
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, -- --
Size parameter, a

~

I I I I I I I I I I I I I I I I I

0 1 2 3
Particle diameter for A = 0.52 /lm (/lm)

FIGURE 16.2 Extinction efficiency versus particle size for spheres (after Hodkinson,
1966).

lations. The curves for nonabsorbing particles in Fig. 16.2 have been smoothed to
remove numerous small bumps and wiggles. These bumps are greatly reduced for
absorbing particles. Extinction efficiency decreases rapidly with decreasing a in the
region below a = 2, as shown in Figs. 16.2 and 16.3.

2 4 6 8 10 12
cx(In-1)

FIGURE 16.3 Extinction efficiency versus a(m - 1) for nonabsorbing spheres with
refractive indices between 1.33 and 1.50. Data from Kerker (1969).
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It is of interest to express Bouguer's law, Eq. 16.7, in tenDS of the particle mass
concentration Cm for monodisperse aerosols.

~

c - Np 7td3
m - p

6 (16.18)

Combining Eq. 16.18 with Eqs. 16.7 and 16.9 gives

I - 3CmQeL

2ppd -
= exp(-O"eL) = eX,D!

(16.19)

For large particles, for which Qe is a constant, extinction increases (scattering be-
comes greater) with decreasing particle size for a constant mass concentration.
Figure 16.5 shows the relative scattering per unit mass for three materials as a func-
tion of particle size. Because Qe decreases rapidly (Qe oc d4) for small particles, there
is a particle size for maximum extinction, as shown in the figure, and a range in
which a reduction in size gives an increase in extinction for a given mass concen-
tration. This fact explains why the visual impact of atmospheric aerosols and smoke-
stack plumes is governed by the concentration of particles in the size range from
0.1 to 2 Jlm and why a reduction in concentration outside this range has little effect
on extinction or visibility.

Table 16.2 gives the relative extinction for a given mass of water in the atmo-
sphere in the form of molecules, aerosol particles, or raindrops. For a given mass
concentration of water, aerosol particles in the range of 0.1 to 1.0 Jlm are a million
times more effective than vapor molecules and a thousand times more effective than

16
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FIGURE 16.5 Relative scattering per unit mass of aerosol versus particle size for light at
a wavelength of 0.52 ~m.
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FIGURE 16.6 Diagram showing scattering angle, scattering plane, and the polarized com-
ponents of scattered light.

slightly from its incident direction has a small scattering angle and is said to be
forward-scattering light. Light that is reflected or scattered back to the source (i.e.,
e = 180°) is called back-scattered light. The incident and scattered beams can each
be resolved into two independently polarized components, one whose electric vec-
tor is perpendicular to the scattering plane (designated by the subscript 1) and one
whose electric vector is parallel to the scattering plane (subscript 2).

The general theory of light scattering by aerosols was developed in 1908 by
Gustav Mie. The theory gives the intensity of light scattered at any angle e by a
spherical particle with known values of a and m illuminated by light of intensity
10. The resulting Mie equations are very complicated for particles with sizes greater
than the wavelength of light.

When particles are much smaller than the wavelength of light (d < 0.05 ~), the
much simpler Rayleigh scattering theory can be used. For these particles (and gas
molecules), the instantaneous electromagnetic field of the incident light is unifonn
over the entire particle, creating a dipole that oscillates in synchronization with the
incident electromagnetic field. This oscillating dipole reradiates electromagnetic
energy in all directions. The intensity and pattern of scattering is known as Rayleigh
scattering and, for unpolarized illumination, is given by

for d < 0.05 ~m (16.20)

where 1(8) is the total intensity, at a distance R from the particle, of the light scat-
tered in the direction 8.

Equation 16.20 indicates that the intensity of the scattered light at any angle will
be proportional to (j6/1-. 4. This is a strong function of diameter and a strong inverse
function of wavelength. Rayleigh scattering depends on the particle volume squared
and, as a result, is independent of the particle shape. The dependence of scattered
light on wavelength (1-.-4) accounts for the blue color of the sky: Blue light is scat-
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When Eq. 16.20 is integrated over the surface of a sphere, the result for non-
absorbing particles is the total radiant power of the light scattered by the particle
in all directions, which is equal to lo7td2~/4.

For particles larger than about 0.05 1.1ffi, the Mie equations must be used to de-
termine the angular distribution of scattered light. Mie scattering theory provides a
complicated but very general solution to the problem of scattering by spheres. The
theory is valid for absorbing and nonabsorbing spheres from molecular dimensions
to particles large enough to be treated by classical optics. The Mie theory is identi-
cal to the Rayleigh theory for particle sizes in the Rayleigh region. .

The Mie solution is the complete formal solution of Maxwell's equations for the
combined vector wave equations for the incident wave, the wave inside the particle,
and the scattered wave, subject to a set of boundary conditions at the surface of the
particle. A derivation of this theory and an explanation of the equations are presented
in van de Hulst (1957, 1981) and Kerker (1969).

The Mie solution .of Maxwell's electromagnetic equations is a solution to one
of the classical problems of physics. Although the solution is exact, its utility was
severely limited before the arrival of digital computers, because of the extreme com-
plexity of the computations. With a mechanical calculator, a single solution for one
value of m, a, and e could take from several hours to several months. Efficient com-
puter programs that provide nearly instant solutions to the Mie equations are now
available. (See Dave, 1969, and Wilson and Reist, 1994.)

At a distance R in the direction e from a spherical particle illuminated with un-
polarized light of intensity 10 (W 1m2 [W /cm2]), the scattered intensity is

1(9) = loA2(4 + i2)

81t2 R2 16.23)

where i1 and i2 are the Mie intensity parameters for scattered light with perpendicular
and parallel polarization, respectively. For polarized illumination, the scattered in-
tensity is expressed by

~
47t2R2

(16.24)

for perpendicular polarization and by

~
41t2R2

(16.25)

for parallel polarization. The Mie intensity parameters i( and i2 are functions of m,
a, and e and are defined by a complicated infinite series involving Legendre poly-
nomials and Bessel functions. Because of the difficulty in calculating the Mie func-
tions it is common to estimate scattered light intensities from values of i I and i2,
tabulated as functions of m, a, and e or to calculate the functions directly using a
computer. The use of power series approximations has been reviewed by Kerker
(1969). In general, these approximations are restricted to a narrow range of values
ofa.
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more over a few degrees, for an a of 10 or more. As the particles get larger, the
scattering in the forward direction becomes much stronger than at other angles. The
segment of the curve for a = 10 between 0 and about 20° is known as the forward
lobe and consists primarily of diffracted light. It is absent in Rayleigh scattering.
Agglomerated or very irregular particles and absorbing particles tend to smooth out
the irregular scattering patterns shown. The irregular scattering patterns shown apply
only to single particles or monodisperse aerosols. Most aerosols are polydisperse,
and the patterns from many different sizes add together to give much smoother
curves.

Figure 16.9 gives the combined Mie intensity parameter for water droplets as a
function of the particle size parameter for scattering at e = 30° and 90°. These curves

0 = 30°
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FIGURE 16.9 Relative scattering [Mie intensity parameter (i, + i2)] versus size parameter
for water droplets (m = 1.33) at scattering angles of 30 and 90°.
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where Bo is the luminance of the object and B' is the luminance of the background.
Luminance describes the brightness of a surface and is defined as the luminous
intensity per unit solid angle per unit area of surface. The units of luminance are
lumens/m2. sr, or candelas per square meter (cd/m2). The sky near the horizon has
a luminance of 1 Q4 cd/m2 on a clear day and 1 Q-4 cd/m2 on an overcast, moonless
night. The luminance of a piece of white paper is 25,000 cd/m2 in sunlight and 0.03
cd/m2 in moonlight.

When the luminance of an object and its surrounding background are the same,
the contrast is zero, and the object cannot be distinguished from the background.
If the object is less luminous than its background, Co is negative, reaching a value
of -1 for an ideal black object against a white (or lighted) background. When the
object is brighter than its background, Co can have any positive value. For example,
a light at night represents a case in which Co has a large value. Contrasts greater
than about 10 seldom occur during daytime.

As we look at progressively more distant objects, such as the hills shown in Fig.
16.10, each more distant hill is lighter in tone. At the limit of visibility, the hills
have the same brightness as the surrounding horizon. What lightens the appearance
of the distant hills and mountains and reduces their contrast relative to the sky is
the light scattered to the observer by the intervening aerosol. As the distance is in-
creased, more aerosol is between th~ observer and the mountains, and they appear

lighter.
The inherent contrast-that is, the contrast without the intervening aerosol--of

forest-covered mountains against the sky is approximately -1. The apparent con-
trast CR when the mountains are observed through the intervening aerosol is less
than the inherent contrast because of the light scattered by the aerosol and is de-
fined as

- --~"""" ~- --

FIGURE 16.10 Photograph showing the increase in the apparent luminance of forest-
covered hills with increasing distance. Photograph courtesy of W. L. Hinds.



/Y\t!j S,lapa!wq:Jso)l JO UO!!t!A!lap aq! lOJ Wt!l~t!!a11'91 311!l~I.!I

/

-0
7,o-aoEl + (7'O-a - V~El = IiEl

(1£"91)

xp 7°f = (0£"91)

SaA!g JaAJasqo aq~ PUtJ ~:)arqo aq~ uaa~aq 1 a:)utJ~s!P aq~ JaAO 8zo91 °b3 gu!~tJJga~uI

(6Z"91) ~f[a!) = ,f[a!) = of[

PU1! '0 I1!nb~ ~snw XP/8P os 'uo!~!sod q~!h\ ~3u1!q:)
~ou s~op ~:)u1!u!wnI s~! ~nq '(punoJ3){:)1!q ~q~) A){S UOZ!l°q ~q~ JOJ U~U!JM ~q U1!:) UO!~

-1!nb~ J1!I!W!S V 'J~AJ~sqo ~q~ o~ p~J~U1!:)s ~q3!IA){S ~q~ o~ ~np IOSOJ~1! Jo ss~U){:)!q~
1!un 1! Jo ~:)u1!u!wnI ~q~ S! "8 PU1! 'ss~U){:)!~ ~!un J~d UO!~dJosq1! PU1! 3u!l~~~1!:)s o~ ~np

~:)U1!U!wnI Jo ssoI ~~ S! 8aD 'J~A1!I U!~ ~q~ ~1! ~:)~rqo ~q~Jo ~:)U1!U!wnI ~q~ S! 8 ~J~qh\

(8'l"91) "8 + 8aD- = ~
8P

IS! }:)~rqo ~q} pUR J~AJ~sqo ~q} U~~M}~q
10S0J~R WJoJ!Un R JO xp J~ARI U!q} R Aq p~SnR:) 'EfP '~:)uRU!Wnl U! ~SURq:) ~q} 'UOZ

-!Joq ~q} }SU!RSR P~M~!A }:)~rqo UR JO '11'91 'S!d U! UMOqS '~SR:) uowwo:) ~q} UI

l:)~rqo ~q} pUR J~AJ~sqo ~q} U~~M.}~q SU!l~PR:)S (J!R JO) 10S0J~R ~lq!S!1

-S~U S! ~J~q}J! }SRJ}UO:) }U~J~qU! ~q} O} lRnb~ S! }SRJ:}UO:) }U~JRddR ~qJ. 'Al~A!}:)~dS~J
'pUnOJS)}:)Rq ~q} pUR }:)~rqo ~q} JO S~:)uRU!Wnl p~AJ~sqo ~q} ~JR ~Ef pUR liEf ~J~qM

(LZ.91)~E! ~E! - NE! = N:J

99£ S3IJ.~3dO~d 'lV:JIJ.dO

I



367VISIBILITY

where Ba/cre has been replaced by BR according to Eq. 16.29. Substituting Eqs. 16.29
and 16.31 into 16.27 gives Koschmieder's equation, an expression for the appar-
ent contrast of an object when viewed against the horizon as a function of the dis-

tance between the observer and the object:

Bo - BR) -a,L e
BR

CR = (16.32)

CD = Cne-a.L (16.33)

A comparison of Eqs. 16.33 and 16.7 reveals that the exponential relationship
between contrast and distance is the same as that for extinction. Equation 16.33
J:lolds for horizontal viewing of an object with any value of inherent contrast when
the objecct is viewed against the horizon. The extinction coefficient and the illu-
mination of the aerosol must be uniform over the entire viewing distance. If the sight
path distance is short or the aerosol sufficiently dilute, O"eL will be approximately
zero, and the apparent contrast will equal the inherent contrast, giving nearly per-
fect viewing. With increasing distance (or increasing O"e)' the apparent contrast gets
closer and closer to zero, as shown in Fig. 16.12.
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FIGURE 16.12 Apparent contrast versus distance for a dark object against the horizon for
two values of extinction coefficient.
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by Eq. 16.35 in the same units of length in which O"e is expressed. The equation
relates the visual range to O"e and, consequently, to the aerosol properties of number
or mass concentration and particle size by Eq. 16.9, 16.13, or 16.19. When the vi-
sual range is greater than 30 kIn, the effect of scattering by air molecules must be
included by summing the extinction coefficients for air (Eq. 16.17) and aerosol.

In 1899, Lord Rayleigh used the preceding visibility principles and Eq. 16.17,
a result of the Rayleigh theory, to determine Avogadro's number by visual obser-
vation. One clear day, while vacationing in Darjeeling, India, he observed Mount
Everest at a distance of about 150 kIn from the terrace of his hotel. Through simple
calculations, he arrived at a value of 3 x 1019 for n (adjusted to sea level), which
corresponds to a value of No of 6.7 x 1023. This is remarkably accurate consider-
ing the simplicity of the measurement and illustrates the power of light scattering
as an atmospheric measuring tool.

EXAMPLE

What is the daylight visual range in polluted air containing O.3-J:lm-diameter par-
ticles at a concentration of2 x IO!o/m3 [2 x 104 particles/cm3]? Assume that the
particle refractive index is 1.5.

!!!!!!.~
4

.4 (from Fig. 16.2)where Qe =0" =e

2 X 1010 X 7t X (0.3 X 10-6)2 X 1.4. = 1.98 X 10-3 m(J =.. 4

2 X 104 X 7t X (0.3 X 10-4)2 X 1.4 = 1.98 X 10-5 cm"

4

= 1.97 x 105 cm = 2.0 km I3.91

1.98 x 1 O~5

Equation 16.35 gives the true visual range, when the correct value of E is 0.02.
The latter depends on the level of illumination. The meteorological range is defined
as the distance that yields a contrast threshold of 0.02, regardless of the illumina-
tion level or the uniformity ofcre' Equation 16.35 is the definition of the meteoro-
logical range. In many situations the absorption ,by the atmospheric aerosol is neg-
ligible compared to scattering, and cre can be replaced by crs (Eq. 16.11). This
assumption permits the meteorological range to be estimated by an instrument called
an integrating nephelometer (see Section 16.5), which measures cr, (also called bscat)
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OPTICAL MEASUREMENT OF AEROSOLS

ond method relies on the color of the scattered light as a function of angle to de-
termine particle diameters from 0.2 to 1.5 I.1m. Monodisperse aerosols in this size
range produce colored bands in their angular scattering pattern called higher order
Tyndall spectra, or HOTS. The number or the angular positions of red bands can
be used to determine the particle size by comparing the observed values with
calculated values. The sharpness of the colored bands increases with increasing

monodispersity.
Transmissometers, or light-attenuating photometers, are instruments that measure

the attenuation (extinction) of light through a path length that may range from a few
centimeters to a few kilometers. Stack transmissometers have a focused light source
positioned on one side of a stack and directed across the stack to a detector. These
instruments measure the extinction by the smoke in the stack when constructed ac-
cording to Fig. 16.1, but often the detected beam is inadequately collimated, and
such instruments detect significant amounts of forward-scattered light. Because of
multiple scattering effects at high aerosol concentrations, the transmitted light in-
tensity varies in an unpredictable way with concentration. This unpredictability is
not a problem for pure extinction by aerosols. A gravimetric calibration can be used
if the particle refractive index and size are constant. To eliminate forward scatter-
ing, the size of the pinhole before the detector must have an angular diameter, mea-
sured from the center of the preceding lens, of not more than 0.38/a radians.

Three types of instruments rely on measurements of light scattered at fixed angles
from polydisperse aerosols: photometers, nephelometers, and optical-particle
counters. Photometers are used to measure relative concentration by measuring the
combined light scattered from many particles at once. The aerosol flows continu-
ously through the instrument at several liters per minute. The illumination and col-
lection optics are arranged so that the light scattered at a fixed range of angles
reaches the detector. Depending on the design, the instrument may measure the
scattered light in the region of 90°, 45°, or less than 30°. Forward-scattering pho-
tometers « 30°) are less sensitive to refractive index than 90° scattering instruments.
Photometers are used with monodisperse test aerosols for filter penetration testing.
Typical instruments can measure penetrations as low as 0.001 %.

In the field of occupational hygiene, portable photometers are used as direct-read-
ing instruments to measure mass concentration. The scattering angles and wave-
lengths used are selected to reduce the effect of particle size and refractive index
on the response of the instrument. Electronic averaging is used to provide a digital
readout of mass concentration over the range of 1 I.1g/m3 to 100 mgim3. The out-
put of such instruments is sensitive to aerosol material and particle size distribu-
tion, and errors in concentration of a factor of two or more are possible with varia-
tion in these parameters. Instruments should be calibrated with side-by-side filter
samples if they are used for aerosols that differ appreciably from the manufacturer's
calibration aerosol. These photometers provide continuous output and are well suited
to monitoring concentration changes with time and location, provided that the par-
ticle size and chemical composition remain constant. Commercially available pho-
tometers and other light-scattering instruments are reviewed by Pui and Swift

(1995).
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OPTICAL MEASUREMENT OF AEROSOLS

(16.38)

where Q is the flow rate through the sensitive volume and t is the time for a par-
ticle to traverse the beam, plus the signal-processing time. Coincidence error can
be minimized by reducing the flow rate and the dimensions of the beam; however,
small beam dimensions require a small aerosol stream diameter so that nearly all
particles will pass through the beam for a high counting efficiency. Some instru-
ments use aerodynamic focusing of the aerosol stream to achieve a stream diam-
eter of less than 0.1 mm. Table 16.3 gives maximum concentrations for a 10% er-
ror in count due to coincidence.

Care must be taken in interpreting size distribution data from optical particle
counters. The distribution obtained is the size distribution by count or the number
distribution, but the number of particles below the lower size limit is unknown and
may be large. Plotting the results as counts per micrometer (number divided by
channel width) gives an accurate representation of the data. Plotting the fraction per
micrometer may be seriously in error if there is uncertainty in the total number of

particles.
Another particle-sizing method, called photon correlation spectroscopy (PCS),

dynamic light scattering (DLS) or quasi-electric light scattering (QELS), relies on
both the light scattering and the Brownian motion of the particles. An ensemble of
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16.6 One sunny day, while measuring the atmospheric aerosol concentration
(25 ~g/m3) on the top of the UCLA Center for Health Sciences building, you
notice that you can just see Palos Verdes Hill 22 mi away. If you assume
that the atmospheric aerosol is monodisperse, what is its particle size?
Assume that Qe = 1.0 and Pp = 1000 kg/m3 [1.0 g/cm3] and neglect extinc-
tion due to air molecules.
ANSWER: 0.34 ~m.

16.7 Repeat problem 16.6, but include the effect of air molecules. Assume that

You observe the visual range in urban air. If you assume that the range de-
pends solely on the fine-particle mode and that it can be represented by an
equivalent nonabsorbing monodisperse aerosol, what is its particle size?
Assume that Qe = Qs = 1 and the particle density is 1500 kg/m3 [1.5 g/cm3].
[Hint: Use the empirical expression relating visual range to fine-particle mass
concentration and Bouguer's law expressed in terms of mass concentration.]

ANSWER: 0.3 ~m.

16.8

What is the meteorological range in particle-free air at 20°C at sea level?16.9

16.10 (a) What is the maximum distance at which one can see a black automobile
on a foggy, moonlit night? Assume that the fog consists of 5-~m droplets at
101O/m3 [104/cm3], that the background luminance is 10-3 cd/m2, and that your
eyes are completely dark adapted. (b) Repeat part (a) if the headlights are
on and are directed toward you; assume that the inherent contrast is 104.

ANSWER: (a) 6.1 m; (b) 30 m.
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II. = 0.5 ~m.
ANSWER: 0.40 ~m.

Assume that A. = 0.5 ~m.

ANSWER: 220 kIn.
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The analysis of aerosol motion in the preceding chapters has focused exclusively
on the motion of individual particles. There are, however, some situations in which
individual particle motion is negligible compared with motion on a larger scale. In
one such situation, the gas phase of an aerosol has a density that differs from the
surrounding gas. For example, the buoyancy of a stack gas plume causes the par-
ticles contained in it to rise many meters after leaving the stack. The movement of
gases under these circumstances is a subject of fluid mechanics and meteorology
and is not covered here. When there is no difference in gas density between an aero-
sol cloud and its surroundings, there are still situations in which the cloud as an
entity can move much faster than the individual particles that make up the cloud.
For the purposes of this chapter, an aerosol cloud is defined as a region of high
aerosol concentration having a definite boundary in a much larger region of clean
air. The mechanics of clouds is far more complicated than that of individual par-
ticles, and a complete description of the motion of clouds does not exist. In this
chapter, we define the order of magnitude of the conditions under which cloud mo-
tion can occur.

Since cloud motion depends on the bulk properties of aerosols, we evaluate first
the viscosity of an aerosol cloud relative to that of pure air. Consider a monodisperse
aerosol of I-J,lm spheres of standard density at a mass concentration of 100 g/m3.
This is a very high mass concentration and corresponds to the densest smokes that
can be produced. The number concentration of such an aerosol is 2 x 108/cm3. The
average spacing between particles is 17 J,lm, or 17 times the diameter of the par-
ticles, so the aerosol is still mostly air, and the particles are far enough apart to have
little effect on each other. The viscosity of such a two-phase system llc is

Tlc = Tl(1 + 2.5Cv)

where C" is the volume concentration-that is, the volume of particles per unit vol-
ume of aerosol. In this example, C" = 0.0001 and the aerosol has a viscosity 0.025%

greater than that for pure air, a negligible difference. The density of a cloud exceeds
that of particle-free air by an amount equal to the mass concentration of the par-
ticles. At a mass concentration of 100 gim3, an aerosol has a density 8.3% greater
than that of clean air. It is this difference in density that causes bulk motion of aero-
sols. When such motion is caused by gravity, it is called clbud settling or mass sub-

sidence.
Cloud settling occurs when the aerosol concentration is sufficient to cause the

entire cloud to move as an entity at a velocity significantly greater than the indi-
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381CLOUD SETTLING

(17.2)
PgVc + CmVc - PgVc

P ==Cc m
Vc

Thus, the net cloud density is simply the particle mass concentration Cm expressed
in appropriate units-kg/m3 in SI units and g/cm3 in cgs units. Because clouds are
much larger than particles, their Reynolds numbers may be large, and their motion
is likely to be outside the Stokes region. The settling velocity ~ of a spherical cloud
is obtained by equating the force of gravity to Newton's drag

.a~ = CD ~ Pgd; ~
6

(17.3)

and solving for the cloud settling velocity

~
3CDPg

(17.4)II: =c

Equation 17.4 holds for rigid spheres, but settling clouds develop an internal
circulation pattern which reduces the drag force that they experience and increases
their settling velocity by a factor of (6/5)°.5, or about 10%. For simplicity, this ef-
fect has been ignored. Equation 17.4 is equivalent to Eq. 3.29 with Pp replaced by
Pc and dp by dc. The procedures for determining the settling velocities of particles
at high Reynolds numbers, covered in Section 3.7, can be used to determine the set-
tling velocities of clouds with these substitutions.

EXAMPLE

A spherical cloud of water droplets 5 m in diameter has a mass concentration of
g/m3. What is the terminal settling velocity of the cloud?

Pc = 0.001 kg/m3 [lO~ g/cm3

4d~PcPgg == 3'12CDRe:

This value is beyond the range of values given in Table 3.4 and is in the region
where CD has a constant value of 0.44. Hence,
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where C" is the slip correction factor of the particles. Equation 17.7 holds only when
Re < 1 for the cloud, which usually implies a cloud size smaller than a few centi-
meters. Cloud settling in the Stokes region is favored by large cloud size, high mass
concentration, and small particle size. A mass concentration of only 9.8 mgim3 is
required for a G value of unity for a cloud I cm in diameter with particles 1 ~m in
diameter.

Table 17.1 gives the minimum mass concentrations required for cloud settling
(G = 1). The values were calculated using Eqs. 17.4 and 17.6 and the procedure
given in Section 3.7. The table shows the importance of the cloud size and particle
size in determining whether cloud settling occurs. It is apparent that most aerosol
clouds will, at least initially, have cloud motion, although a value of G > 100 is prob-
ably required for sustained motion.

Because of the dilution, breakup, and erosion mechanism described earlier, the
lifetime of clouds less than a few meters in diameter is brief. Furthermore, a value
of G = 1 means only that the cloud settling velocity is equal to the particle settling
velocity, a velocity that is very small, particularly for submicrometer-sized particles.
Consequently, it is of greater practical significance to identify the concentration re-
quired for a cloud to have an appreciable settling velocity, such as 0.01 m/s [I cm/
s], as has been done in Table 17.2. In this case the required mass concentration does
not depend on the particle size, although the number concentration dQes. Note that
the mass concentration values are micrograms per cubic meter in Table 17.1 and
milligrams per cubic meter in Table 17.2.

When the particle number concentration in a cloud is high, coagulation will rap-
idly change both the number concentration and the particle size, although the mass
concentration will remain constant. As can be seen from Eq. 17.6, an increase in
particle size with a constant cloud diameter and mass concentration leads to a rapid
decrease in the value of G. Thus, coagulation inhibits cloud settling. In sum, the
several effects described here suggest that aerosol clouds often move initially as an
entity, but quickly revert to individual particle motion because of the combined
effect of erosion, breakup, size distribution, dilution, and coagulation.

Generally, the gas composition and temperature inside a cloud and in the sur-
rounding air will be different. This difference in density is usually much greater than
the net cloud density p", due to the weight of the particles. For example, in natural
atmospheric clouds, a temperature difference of 0.2°C produces a buoyant force

TABLE 17.1 Minimum Concentration for Cloud Settling (G = 1) at Standard

Conditions

0.04
0.1
0.4
1.0
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cloud settling and only a very slight reduction of particle settling velocity, due to
the increase in viscosity of the aerosol at high concentrations and the slight upward
velocity of the suspending gas caused by the displaced particle volume. These two
effects have only a minor influence « 0.1%) on the settling velocity of particles
in contained aerosols, even extremely dense aerosols.

PROBLEMS

A cigar smoker blows a smoke ring that falls with a noticeable velocity. If
the ring is considered to be a sphere 0.05 m [5 cm] in diameter, what is its
cloud settling velocity? Assume that the smoke gas is air at room tempera-
ture and the smoke particle concentration is 30 g/m3. If the smoke particles
are 0.4 I.1n1 in diameter and of standard density, what is the value of G?
ANSWER: 0.17 m/s [17 cm/s], 25,000.

7.1

for a smoke gas-phase density that is17.2 Repeat the first part of Problem 17.
2% greater than that of air.
ANSWER: 0.24 m/s [24 cm/s].
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TABLE 19.1 Particle Size and Natural Background
Concentration of Bioaerosols'

Viruses
Bacteria
Fungal Spores
Pollen

0.5-1000
0-10,000
0-1000

'Data primarily from Jacobson and Morris (1976).

I ' t

,
t

:

t

ria have been identified. Those that cause human disease are described as human
pathogens. Some examples of infectious diseases known to be caused by aerosolized
bacteria are tuberculosis, legionellosis, and anthrax. Opportunistic pathogens are not
harmful to healthy people, but can infect those with compromised immune systems.
Many environmental bacteria colonize water or soil and are released as aerosols
when the water or soil is disturbed. A gram of soil can contain 109 bacteria. In in-
door environments, bacteria may colonize accumulations of moistur! in ventilation
systems and become aerosolized by air currents or vibration. Some bacteria release
spores called endospores. These are hardy, dormant versions of the bacteria, 0.5 to
3 f.1m in size, that are easily carried by air currents. Included in this category are
actinomycetes associated with hypersensitivity pneumonitis.

Fungi represent a unique group of organisms that are found everywhere in the
outdoor environment and in most indoor environments. They may occur as single-
celled organisms such as yeast or, more commonly, as microscopic, multicellular
branching structures called hyphae. Masses of hyphae are easily visible. Molds and
mildew are visible fungal growths on surfaces. Only about 70,000 of the estimated
1.5 million fungi have been identified. The majority of fungi are saprophytes, or-
ganisms that get their nutrients from dead organic material and facilitate its decom-
position. They are found primarily in soil, in damp locations. and on decaying veg-
etation. Most fungi disperse by releasing spores into the air. These fungal spores,
particles of 0.5 to 30 f.1m in size, are resistant to environmental stresses and adapted
to airborne transport. They may be single celled or fragmented hyphae, typically
2-4 JiIn, or fruiting bodies that form at the end of hyphae. They are aerosolized by
air currents or mechanic,al disturbances. Yeasts, by contrast, do not produce spores,
but become airborne by aerosolization of the liquid in which they grow. Inhalation
of fungi or spores can cause infectious disease, such as histoplasmosis, or oppor-
tunistic infection, such as aspergillosis. Most fungi are associated with allergic dis-
eases (e.g., asthma).

Viruses are intracellular parasites that can reproduce only inside a host cell. They
consist of encased RNA or DNA and little else. Although naked viruses range from
0.02 to 0.3 ~m, most airborne viruses are found as part of droplet nuclei or attached
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397SAMPLING

for bioaerosol particles employs many of the methods used for nonbioaerosol par-
ticles, but the analytical methods impose certain limitations on the sampling pro-
cess. There are physical and biological aspects to bioaerosol sampling. The physi-
cal aspects are the same for bioaerosols and nonbioaerosols. The biological aspects
may require aseptic handling to prevent contamination and special attention to the
viability of the organisms during the process of sampling and analysis. Viability,
which depends on the organism, the environment, and the sample collection and
analysis methods used, introduces significant uncertainty into the quantitation of air-
borne concentrations ofbioaerosols. Estimates of the fraction of viable particles that
survive the sampling and analysis process, grow, and are counted range from 0.1
to 0.00 I (Macnaughton et al., 1997). Other important factors in bioaerosol sampling
are high variability in number concentration, wide particle size range of interest,
analytical sensitivity to under- and overloading, and interference by other particles.
Comprehensive reviews of bioaerosol sampling methods are given by Nevalainen
et al. (1993), Macher (1995), and Willeke and Macher (1998).

There are three stages of bioaerosol sampling. The first concerns the inlet effi-
ciency, which is the same as that for nonbioaerosol particles. This stage is covered
in Sections 10.1 and 10.2 on isokinetic and still air sampling. The second stage is
the collection or deposition of particles onto glass slides, a semisolid culture me-
dium, or water. This is accomplished by adapting the basic methods used for
nonbioaerosols to bioaerosols. The third stage is biological analysis to identify and
quantitate the bioaerosol particles present. This stage is unique to bioaerosol sam-
pling. Most bioaerosol analysis involves either microscopic examination or growth
in culture medium followed by counting colonies. A discussion of the second stage
of bioaerosol sampling follows.

The most common collection methods rely on impaction, the same process as
described in Section 5.5 for nonbioaerosols. Slit impactors impact particles directly
onto a culture medium. For bacteria and fungal spores, the culture medium, called
agar, is a semisolid material containing water and nutrients that foster the growth
of the viable particles that are collected. For viruses, cell or tissue culture media
are used. Typically, the agar fills a 100-mm or 150-mm disposable petri dish, called
a culture plate, that is slowly rotated under the slit to provide a history of bioaerosol
concentration. Rotating slit impactors have flow rates of 28-50 L/min and cutoff
diameters of about 0.5 J:lm.

Multijet impactors have 100-500 jets impacting directly onto agar culture plates.
This action spreads the collected particles to many locations to prevent overload-
ing. Single and multistage impactors are available with cutoff diameters from 0.6
to 8 J:lm. Shear forces in the high-velocity jet and during impaction may cause loss
of viability. '

Other types of impactors are used to collect pollen. The pollen grains are im-
pacted directly onto glass slides or adhesive-coated transparent tape for microscopic
examination and counting. Culturing is not used for pollen. One type of sampler
(the RotorodOO sampler) impacts pollen grains directly onto adhesive-coated poly-
styrene rods. The rods are transparent for direct microscopic particle counting. The
rods are square in cross section, are 60 mm long and 0.5 to 1.6 mm wide, and are
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399SAMPLING

counted as a single colony. Second, if two different species are sufficiently close,
one may inhibit the growth of the other. Finally, due to its chemical nature, a
nonbioaerosol particle may inhibit the growth of a nearby viable particle. For a given
sampler, the sampling time t to achieve a desired surface density s (colonies or par-
ticles per unit area) is given by

sA
t=-=-- (19.2)

where A is the area onto which particles are deposited, CN is the average number
concentration of bioaerosol particles, and Q is the sampler flow rate. For micro-
scopic counting, a surface density of 108/m2 [10,000fcm2] gives good results; for
counting colonies, a surface density of 104fm2 [lfcm2] is desired.

A different approach is taken formultijet impactors. There is a deposition site
directly below each jet. After culturing, one cannot tell whether just one or more
than one organism has been deposited at a particular site. Regardless of the num-
ber of organisms involved, a site with a colony is called a filled site or a positive
hole. Plates are analyzed by counting the number of filled sites. For a given multijet
impactor, the more filled sites, the greater the proportion of those filled sites that
have multiple organisms. Willeke and Macher (1998) and Macher (1989) give tables
with correction factors to estimate the total number of viable organisms collected,
based on the number of filled sites. Also given is the statistical uncertainty of these
estimates. As shown in Table 19.2, the correction is less than 5% when less than
10% of the sites are filled sites. The correction factor is 2.0 when 80% of the sites
are filled sites. For an impactor with Nj jets, the following empirical equation gives

TABLE 19.2 Correction Factors for Multiple Particle Collection in

Multijet Impactors.

Filled
Fractionb

Filled
Fraction

Correction
FractionC

Correction
Factor

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

1.026
1.054
1.084
1.116
1.151
1.189
1.231
1.,277
1.329
1.386

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

1.452

1.527

1.615

1.720

1.848

2.012

2.232

2.559

3.154

>5.878

'Calculated from Macher (1989).
bfraction of deposition sites with colonies.
"Total number of viable particles collected equals the number of filled sites times
the correction factor.
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Ihouette of particl~

FIGURE 20.

a scale along a given axis is available, such as that in a microscope equipped with

a filar micrometer (Section 20.3).
The most commonly used equivalent diameter is the projected area diameter dPA'

also shown in Fig. 20.1. The projected area diameter is defined as the diameter of
the circle that has the same projected area as the particle silhouette. This diameter
has the advantage of providing a unique size for a given silhouette, regardless of
its orientation. It is difficult to make an accurate measurement of dPA for a single
particle because doing so requires determining the area of an irregular shape. Never-
theless, the projected area diameter is widely used because it can be determined by
simple visual comparison between the silhouette area of a particle and standard
circles of known area. Such comparisons allow particles to be grouped rapidly into
size intervals based on their projected area and the size distribution determined by
the methods described in Chapter 4.

In general. dM.5 dPA .5 dF~ with the equality holding only for spheres. For ir-
regular particles of most crushed materials, dM is only slightly less than dPA « 10%
difference), and they are often assumed to be equal. Feret's diameter is generally
about 20% larger than dPA for such materials.

In optical microscopy, the projected area diameter is measured using a set of
circles of standard area printed on an eyepiece graticule or reticule. The graticule,
a glass disk about 2 cm in diameter with the pattern printed on it, is inserted into
the eyepiece of a microscope so that its pattern is superimposed on the magnified
image of the particles. A common type is the Porton graticule shown in Fig. 20.2.
Each circle on the Porton graticule has twice the area of the next smaller circle; that
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EQUIVALENT SIZES OF IRREGULAR PARTICLES 405

0.49 ~m, and the number-9 circle is 0.49 x 29/2, or 11.1 ~m. This result could
have been obtained by measuring the number-9 circle directly with the stage mi-
crometer (a less accurate procedure) or by measuring the distance between the
center line (Z) and the number-14 line, 63 J.1ffi. For the latter measurement, the
apparent diameter of the number-9 circle is 63 x 2-5/2, or 11.1 ~m. The diam-
eters of the other circles can be calculated quickly using the fact that the diam-
eter of every other circle (or line) changes by a factor of two. Thus, circles 7 and
5 are 5.5 and 2.8 ~m in diameter, respectively, and circles 8 and 6 are 7.8 and
3.9 ~m, respectively.

Sizing is usually done by grouping particles into ranges defined by successive
circle sizes and plotting the results on probability graph paper as a cumulative per-
cent for each group versus the upper size limit of that group. The same sizing pro-
cedure is applicable to electron microscopy: One uses a photograph of the magni-
fied particles and a transparent overlay of an enlarged Porton graticule to compare
the various areas. In practice, particles are grouped into size ranges easily and rap-
idly because of the factor-of-two difference in area between successive circles. The
geometric progression of the circles also provides an even spacing of data points
along the size axis of a log-probability graph.

Most aerosol particle size distributions are skewed, so that relatively few large
particles are present. To count a meaningful number of large particles involves
counting unnecessarily large numbers of small particles. This problem can be

FIGURE 20.3 Portion of a stage micrometer as it appears at 400x. Actual distance between
the smallest lines is 10 J.lm.

.
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409FRACTAL DIMENSION OF PARTICLES

TABLE 20.3 Spreading Factor for Liquids on Glass Slides'

Particle
Size Range

(J:lm)
Surface
Coatingb

Spreading
Factor

None
L-1429
L-1428
FC-72 I
L-IO83
none
L-1428
FC-72 I
L-1429

2-50
2-5
2-50

10-20
50-150

2-50
2-50
3-29

0.02-0.07

0.30
0.58
0.69
0.74
0.69
0.42
0.70
0.75
0.71

Liquid

DOPC
DOP
DOP
DOP
DOP
Oleic acid
Oleic acid
Oleic acid
Sulfuric acid

"Data from Liu, Pui, and Wang (1982); Cheng, Chen, and Yeh (1986); Olan-
Figueroa, McFarland, and Ortiz (1982); and John and Wall (1983).
bL-IO83, L-1428, L-1429, and FC-721 are fluorocarbon oelophobic surfactants

manufactured by 3M, Inc., St. Paul, MN.

CDi (2-ethylhexyl) phthalate.

sion. Fractals are structures that have geometrically similar shapes at different levels
of magnification. This characteristic is called self-similarity or fractal morphology.
The fractal dimension relates a property such as the perimeter or surface area of
an object to the scale of the measurement.

For example, the length ora coastline can be represented by a continuous series
of equal straight-line segments. The size of each segment represents the step size,
or "ruler" length, from one contact point to the next. The total length depends on
the step size. The smaller the step size, the finer is the detail one can measure and
the longer the measured coastline. The relationship between step size and measured
length is shown in Figure 20.4 for the coastline of Great Britain. This log-log graph,
called a Richardson plot, of the measured coastline length L versus the step size A
approximates a straight line with a negative slope m. The equation for this straight
line is

(20.5)L = kAm = kAI-Df

where k is a constant and Dr is the fractal dimension

Df = 1 - m (20.6)

In this situation, the fractal dimension, 1.24, is a measure of the complexity of the
coastline. Its value lies between 1 and 2. If the coastline were a perfectly smooth
straight line, there w~ld be no change in length with the measurement scale, so m
would be zero and Dfwould be 1.0. As the self-similar complexity of the coastline
increases, the fractal dimension increases, approaching its maximum value of 2.0,
for this situation. Figure 20.5 shows line segments of increasing complexity and in-
creasing fractal dimension. Since they are all line segments, their topological!.



T
f

W){ 068£ = 8£l"o-O£ x OvL8 = la-I"t1f = 7

'w){ O£ = "t J°,.1

8£Z"o-O I

O~O~

ru'(

7
W)J OvL8 ==1/ =

I
,
J

I

t
.~
t

8al = (8£'l"O-) - I = fa

(00 1/0 V801 (~x/lx)8o1 8£'l"0- = (0'l6'l10t;0t;)8o1 = (~tC/ltC)8ol = IU

. 'w)[ O£ JO ;)Z~S d;)~s B JOJ ;)U~I~sBo:> ;)q~ Jo q~U;)I ;)q~ pUB U~B~!l8 ~B;)JD

JO ;)U~I~SBO:> ;)q~ JO UO~SU;)W~P I~:>BJJ ;)q~ tJ1IJ/n;)/IJ;) 't'Ol .g~d U~ UMOqS B~Bp ;)q~ JOd

I~
I

3'ldWVX3

"z JO UO!SU;}W!P 1/ q~!A\ ;}:>1/Jlns 1/ PU1/ I Jo UO!SU;}W!P 1/ q~!A\ ;}U!I ~q2!1/J~s 1/ U;};}!t\:j

-;}q ;}~1/!P;}UJJ;}~U! ;}S1/:> S!q~ U! 'UO!SU;}W!P I1/UO!~:>1/JJ 1/ S1/ Jo ~q2noq~ ;}q U1/:> UO!SU;}W

-!P 11/~:>1/JJ ;}qJ. "~no P;}q:>~;}J~S J! S;}U!I ~q2!1/J~s ;}q PlnoA\ f.;}q~ 'S! ~1/q~ : I S! UO!SU;}W!P

.(6861) :)A1I)l WOlJ 111110 .(W}j 8HI)
:)Z!S d:)1S snSl:)A U!1I1!lH 111:)lD Jo :)U!I1S1I0J :)q1 JO Q18u:)1 p:)lnS1I:)J'\I t.Ol 3H!l~I.!I

w)f 'ez!s de1S

0
0
Q)

~
5'
CD

15"
:]

(C
9'

""
3

3ZIS 31JI.L~Vd dO .LN3W3~nSV3W JIdOJSO~JIWOIt



I

I 411FRACTAL DIMENSION OF PARTICLES

Fractal
Dimension
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FIGURE 20.5 Line segments having different fractal dimensions. All have topological
dimensions of 1.0. After Kaye (1989). Reprinted with permission ofWiley-VCH Verlags-
gesellschaft. Weinheim. Germany.
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The concept and approach given here for calculating the fractal dimension and
the length of the coastline of Great Britain can be applied to the perimeter of any
particle. With suitable scaling, the data shown in Fig. 20.4 could apply equally well
to an aerosol particle with the same shape. The fractal dimensions would be the
same. Graphs such as Fig. 20.4 are usually put in dimensionless (normalized) form
by dividing Land ].. by the maximum Feret's diameter of the profile of the object,
be it Great Britain or an aerosol particle. The appearance of the graph remains the
same. Figure 20.6 (Kaye, 1989) shows simulated particle profiles, their fractal
dimensions, and normalized graphs of the particle perimeter, PldF, versus the nor-
malized step size, ]..ldF.

Fume particles have been measured microscopically and found to have fractal
dimensions of 1.3-1.5 (Baron and Willeke, 1993). Soot particles analyzed by
Sorenson and Feke (1996) displayed fractal morphology over the range 0.05--400
~m. This range corresponds to agglomerates of 10 to 108 primary particles. These
same authors found the relationship between the number of primary particles in an

I





413OPTICAL MICROSCOPY

longer, but retains its self-similarity. Other examples of quantities that can be de-
scribed as fractals are the borders of clouds and smoke plumes, turbulence, and the
geometry of the airways of the lungs.

20.3 OPTICAL MICROSCOPY

Because the optical microscope is a common instrument used in many areas of sci-
ence, only those characteristics of microscopes that are important to particle sizing
are covered here. Optical microscopes are most suitable for counting and sizing solid
particles having diameters of 0.3-20 j.1m. While any professional-grade compound
microscope can be used to size particles, those with multiple objectives mounted
in a nosepiece and a mechanical stage are the most convenient. Figure 20.7 shows
the major components of such a microscope. Other desirable features, not shown,
are a built-in substage illuminator and binocular eyepieces.

The light path for an optical microscope is shown in Fig. 20.8. Light from an
external source, usually a microscope lamp, is reflected 8P into the condenser by a
mirror. The condenser concentrates the light onto the sample from below. The par-
ticles to be measured are mounted on a glass slide held in the mechanical stage. A
magnified image of the particles is formed by the objective lens positioned just
above the slide. The image is located at the eyepiece, which further magnifies it to
create a virtual image at a distance comfortable for viewing. In this situation, the

.

,
. FIGURE 20.7 Diagram of an optical microscope.
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OPTICAL MICROSCOPY

nosepiece, shown in Fig. 20.7, permits 2-5 objectives to be mounted on the micro-
scope and rotated into place as needed. The objectives are positioned so that, when
the microscope is exactly in focus for one objective, the others will also be in focus.

Particles can be captured directly on a glass slide by sedimentation, electrostatic
precipitation, or thermal precipitation and viewed directly in a microscope. Pow-
ders or bulk dust samples can be spread out on a slide by gentle smearing with a
toothpick. The procedure for viewing particles captured on a filter is to cut out a
small pie-shaped piece of the filter and place it on a clean glass microscope slide.
A drop of immersion oil is allowed to saturate the filter to make it transparent. The
filter is covered with a glass coverslip and examined in the microscope. The im-
mersion oil must have the same refractive index as the filter material. The most
common type of filter for optical microscope examination of aerosol particles is a
cellulose ester membrane of 0.45-l.1m pore size. These filters have a refractive in-
dex of 1.510. Unfortunately, particles having exactly this refractive index are also
made transparent and cannot be observed by this method.

Although a total magnification of about 2500x can be obtained with standard
objectives and eyepieces, the size of the smallest observable particle is governed
not by magnification, but by the limit of resolution, which is controlled by the wave-
length of light and the characteristics of the objective lens. The limit of resolution,
or, more simply, the resolution, is the smallesJ scale of detail that can be observed
in the magnified image. Although greater magnification produces a larger image,
it does not increase the observable detail beyond the limit of resolution. Resolution
is usually defined as the minimum separation distance required for two dots to be
observed as two separate dots rather than as one elongated dot. Resolution is char-
acterized by a property of the objective lens called the numerical aperture, NA,
defined as

I

J

NA = m sin(8/2) (20.8)

where m is the refractive index of the viewing medium between the objective and
the sample and e is the angular aperture-the angle shown in Fig. 20.9. The limit
of resolution, LR, obtained with an objective having a numerical aperture NA is

1.22)..

2(NA)
(20.9)LR =

where A is the wavelength of the light used, 0.55 J.Un for white light.
Characteristics of the three objectives shown in Fig. 20.9 are given in Table 20.4.

It is apparent that the maximum value ofe is 180°, so the numerical aperture can
exceed unity only when m > 1. This is accomplished by filling the space between
the objective and the sample with an oil of high refractive index. Such an approach
allows numerical apertures as great as 1.4 and yields resolutions of about 0.2 I.1m
for white light. In general, the condenser should be adjusted so that the angle of
illumination equals the angular aperture of the objective. For the best resolution,
immersion oil should be used to couple the top of the condenser lens to the bottom
of the glass slide. A rule of thumb for the selection of eyepieces and objectives is

i
j
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ELECTRON MICROSCOPY 419

that produced in optical microscopy. The magnified image is viewed by projecting
the electron image onto a fluorescent screen or a photographic plate.

The principles of resolution and depth of field discussed in Section 20.3 hold for
electron microscopes, but the wavelength of the radiation used in electron micro-
scopes is much less than the wavelength of light. The wavelength of an electron is
given by

A - 0.0012
e -

.JV
(20.10)

where A.e is in J:lm and the microscope acceleration voltage V is in volts. For a typical
acceleration voltage of 70 kV, the wavelength of the electron beam is 4.5 x I Q-6
J:lm, or 100,000 times smaller than the wavelength of light. The resolution, how-
ever, is not 100,000 times smaller than that of an optical microscope, because of
the small value of angular aperture used in electron microscopes to minimize dis-
tortion. The limit of resolution for a typical TEM is less than 0.001 J:lm. The small
value of aperture angle used has the advantage of providing a large depth of field,
more than 100 times the resolution of the instrument. Table 20.5 compares the mag-
nification, resolution, and depth of field of different types of microscopes.

Transmission electron microscopes permit the smallest aerosol particles to be
measured, but these instruments can be used only for solid particles that do not
evaporate or degrade under the combined effects of high vacuum and heating by
the electron beam. Particles must be deposited on specially prepared 3-mm-diam-
eter grids mounted in a grid holder and inserted into the microscope. The grids are
200 mesh electrodeposited screen with a thin film of carbon or Parlodion (1-4%
nitrocellulose in amyl acetate) covering the screen openings. The film is sufficiently
thin, compared to the particles. that it causes only slight attenuation of the electron
beam. The particles, on the other hand, extensively scatter and absorb the electron
beam to form a high-contrast silhouette image. Particles can be deposited directly
onto the film surface of a grid by electrostatic precipitation using the miniature type
of precipitator described in Section 15.8. In some cases, replication or transfer pro-
cedures can be used to deposit particles or their replicas from another surface onto
a grid.

Sizing of particles is usually done from photographs made by enlarging a nega-
tive exposed to the electron image in the microscope. Special fine-grained. blue-
sensitive photographic film is used for this purpose. The sizing procedures are the
same as those described in Section 20.1 for optical microscopy, except that a trans-
parent overlay of the Porton graticule or other standard circles is used. The exact
magnification of the photographs and the calibration of the overlay are determined
by photographing a carbon film replica of a diffraction grating under the same con-
ditions of magnification as that for the particles. The spacing between the grating
lines, usually less than 1 J:lm, is accurately known from independent measurements.

Although the scanning electron microscope (SEM) also uses electron beams,
magnetic lenses, and a high vacuum, it operates on a different principle than the
TEM does and creates images having a three-dimensional appearance. As shown
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ELECTRON MICROSCOPY 42]

in Fig. 20.11, the electron beam is focused to a spot about 0.01 !lm in diameter and
passed back and forth across the sample in a regular pattern. The electron beam
causes secondary electrons to b~ emitted from the surface of the sample. These
low-voltage electrons are attracted to a detector maintained at a positive voltage with
respect to the sample. They can follow a curved path to reach the detector (a scin-
tillator plus a photomultiplier tube, or PMT), where they are converted to an elec-
trical signal. The number of secondary electrons emitted and reaching the detector
depends on the topography of the surface; high points emit many electrons and val-
leys emit few. A cathode ray tube (CRT) is scanned in synchro~ization with the
scanning pattern of the electron beam, and the brightness of the picture at any point
is made proportional to the number of secondary electrons reaching the detector at
that instant. This creates a reconstructed image of the sample surface, with high
points appearing bright and valleys appearing dark. By tilting the sample with re-
spect to the electron beam, realistic shadows are produced that give a remarkable
three-dimensional effect to the picture. SEM photographs such as those shown in
Sections 1.1 and 9.1 are photographed directly from the CRT screen. The sample
can be tilted and rotated by external controls while being viewed to reveal all sides
of a particle.

The resolution of a typical SEM is about 0.01 !lm, not as good as a TEM, but
much better than an optical microscope and adequate for most particle studies. Like
the TEM, the SEM is limited to solid, nonvolatile particles. Unlike the TEM, the
electron beam, in a SEM does not have to penetrate the sample support, so SEM
samples are usually mounted on the end of an aluminum cylinder 10-30 rom in
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423ASBESTOS COUNTING

.

are cleared by the normal clearance mechanisms. Each of the asbestos-related dis-
eases is associated with fibers in a specific size range. Fibers 0.15 to 3 J.1m in di-
ameter and 2-100 J.1m long are associated with asbestosis, fibers less than 0.1 J.1m
in diameter and 5-100 J.1m long with mesothelioma, and fibers 0.15-3 J.1m in di-
ameter and 10 to 100 J.1In long with lung cancer (Lippmann, 1991). Because the risk
of disease depends critically on the shape of the particles, microscopy must be used
to evaluate the concentration of those asbestos particles whose size and shape make

them hazardous.
The U.S. occupational exposure standard for asbestos is 100,000 fibers/m3

[0.1 f/cm3] greater than 5 J.1In in length and having an aspect ratio greater than 3: 1,
as determined by the membrane filter method using phase contrast microscopy
(PCM). The membrane filter method, or "NIOSH method," is an optical microscope
technique used for the quantitative determination of the concentration of asbestos
fibers in air. The method consists of collecting breathing zone samples at 0.5-16
L/min on 25-mm membrane filters (mixed cellulose ester membrane filters with a
pore size of 0.45-1.2 J.1m). Open-face filter holders with a 50-mm protective cowl
(inlet extension) are used. The sample volume is adjusted to produce a fiber sur-
face density in the optimal range of 100-1300 f/mm2. A sample volume of 1.0 m3
[1000 L] is suitable for concentrations of 40,000-500,000 f/m3 [0.04-0.5 f/cm3].
The filter is "melted"to a solid, transparent film by hot acetone vapor and is sealed
in triacetin. Fibers meeting the size and shape criteria are counted at 400--450x mag-
nification (45x objective, NA = 0.65-0.75, and lOx eyepiece) by phase contrast op-
tical microscopy. (Phase contrast microscopy is used to enhance the contrast of the
fibers because the refractive index is near that of the mounting medium.)

Any particle having a length greater than 5 J.1m and an aspect ratio of 3: I
(length:diameter) or greater is considered a fiber, whether or not it is asbestos. Stan-
dard practice in the United States calls for using a Walton-Beckett graticule, shown
in Figure 20.12. The Walton-Beckett graticule defines a 100-J.1m-diameter count-
ing field with standard fiber shapes and sizes around the perimeter for comparison.
Fibers meeting the size and shape criteria that are completely within the field are
counted as one fiber, while those that are partially within the field are counted as
one-half fiber. Sample fibers are also shown in Figure 20.12. Because of the limit
of resolution of optical microscopes, this method cannot detect fibers less than 0.25
J.1m in diameter. Consequently, a significant number of hazardous fibers are too
small to be detected by PCM, so the count that is obtained should be considered
an index of asbestos concentration, and not the true concentration. Because of the
difficulty of sizing particles near the limit of resolution of the microscope, novice
counters can underestimate fiber concentrations by a factor of two or more.

More advanced methods of optical and electron microscopy may be used to
determine whether a fiber that meets the size and shape requirements is in fact an
asbestos fiber. This can be done most definitively by transmission electron micros-
copy (TEM), which allows observation and measurement of fiber size and shape
for even the smallest asbestos fibers. TEM also provides the opportunity for posi-

tive identification through elemental analysis by energy-dispersive X-ray analysis
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425PROBLEMS

operator error or bias. Automated image analysis attempts to overcome these prob-
lems by using computer analysis of particle images. First, the image of many par-
ticles is scanned, creating a digital image in the form of an array of millions of pic-
ture elements (pixels). The image may be from an optical or electron microscope
or a photograph. The computer interprets particle size and shape from the arrange-
ment of contiguous dark pixels on a light background or vice versa. The computer
can then calculate the projected area diameter, maximum chord, Feret's diameter,
Martin's diameter, perimeter, and various shape factors. Mean and standard devia-
tions and moments of these quantities for all particles in the field can be calculated
automatically. Measurements can be made on all or selected particles in a field.
Image analysis can be combined with elemental analysis in an electron microscope.
Here, the microscope is operated under computer control to obtain information about
particle size, shape, and elemental composition of many particles automatically.
Analysis of hundreds or thousands of particles yields more elaborate information,
such as size distributions for selected elemental composition or average concentra-
tions of a specific element versus particle size.

The accuracy, speed, versatility, and ability to make measurements without the
possibility of operator bias are the primary virtues of these automatic instruments.
They work best with a high-contrast image in which the smallest particles have an
image size of several millimeters. When particle images have low contrast with
fuzzy, gray edges, the size of the particles measured is controlled by instrument
settings that define what gray level constitutes the edge of the particle. In this situ-
ation, the entire sizing process, microscopy, photography, and image analysis must
be calibrated to yield accurate results that are free from bias. The procedure can be
further complicated by overlapping particles and a "noisy" background. Care must
be taken that the background texture, such as the holes of a capillary pore mem-
brane (Nuclepore) filter, is not included in the analysis. Such elements are instinc-
tively screened out when we view an image, but the computer does not have our
instincts.

PROBLEMS

20.1
.

Consider an aerosol composed entirely of spherical doublets (particles that
consist of two spheres joined at a point). Assume that all spheres are identi-
cal with a diameter d. If the particles are viewed perpendicular to the line
between their centers:
(a) What is the projected area diameter for these particles?
(b) What is their volume shape factor?
(c) What is the maximum and minimum ratio of Feret's diameter to the pro-
jected area diameter?
ANSWER: 1.41d,0.37, 1.41,0.71.

20.2 A straight fiber has an aspect ratio of 5: 1. If the fiber is viewed perpendicu-
lar to its axis, what is the maximum ratio of Feret's diameter to projected
area diameter?
ANSWER: 2.0.
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Appendix AI. Useful Constants and Conversion Factors

Fundamental units
1 micrometer (~m) = 1 micron (~) = 10--6 m = IQ--4 cm = 10-3 mm == 103 nm

= 104 A = 3.94 X 10-5 in
1 nm = 10-3 ~m = 10--6 mm == 10-7 cm = IQ-9 m

1 m = 39.4 in = 3.28 ft
1 kIn = 1000 m = 3280 ft == 0.621 mi
1 in. = 0.0254 m = 2.54 cm = 25.4 mm
1 ft = 0.305 m = 30.5 cm = 305 mm
1 newton (N) = 1 kg. m/S2 = 105 dyn = 105 g. Cm/S2

1 Ib = 0.454 kg = 454 g

K= °C + 273
of = 1.8(OC) + 32

Volume
I m3 = 1000 L = 106 cm3 = 109 mm3 = 35.3 fp

1 L = 0.001 m3 = 1000 cm3 = 106 mm3 = 0.0353 ft3 = 61.0 in'

1 fp = 28,300 cm3 = 28.3 L = 0.0283 m3 = 1728 in3
1 in} = 16.4 cm3 = 0.0164 L = 1.64 x 10-5 m3

Flow rate
I m3/s = 2120 fP/min = 1000 Lis

I m3Jh = 16.7 L/min = 35.3 ft3Jh = 0.588 ft3/min

I ft3/min (cfm) = 28.3 L/min (Lpm) = 1.70 m3Jh

I ft3Jh = 0.47 L/min

Concentration
1 Ilg/m3 = 1 ng/L = 1 pg/cm3

1 mglm3 = 1 IlgiL = 1 ng/cm3
1 glm3 = 1 mg/L = 1 IlglCm3
1 mppcf = 35.3 particles/cm3
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Specific heat ratio = K = cplcv = 1.40
Diffusion coefficient = 2.0 x 10-5 m2/s = [0.20 cm2/s]

Composition by volume (dry air)

N2 78.1%

02 20.9%

Ar 0.93%

CO2 0.031 %

Other 0.003%

Water at 293 Kf20°Cf and 101 kPa (1 atm)
Viscosity = 0.00100 Pa' s [0.0100 dyn. s/cm2]
Surface tension = 0.0727 N/m = [72.7 dyn/cm]
Saturation vapor pressure = 2.34 kPa = [17.5 mm Hg]

Water vapor at 293 Kf20°C} and 101 kPa (1 atm)
Diffusion coefficient = 2.4 x 10-5 m2/s [0.24 cm2/s ]
Density = 0.75 kgim3 = 0.75 x 10-3 g/cm3

Appendix A2. Some Basic Physical Laws

The inertia of a body is that property of the body which tends to resist change in
its state of rest or of motion. Mass is a quantitative measure of inertia.

Momentum = mass x velocity = m V

Newton's second law: The rate of change of momentum of a body is proportional
to the net force on the body, LF = d(mV)/dt. For a body with constant mass,

F = m( %) = ma

where force is in N (newtons) for m in kg and a in m/S2, and in dyn for m in g and
a in Cm/S2.

Work = force x distance; 1 N . m = 1 l; [1 dyn . cm = 1 erg]

Kinetic energy = tmV2; 1 kg. m2/s2 = 1 l; [1 g' cm2/s2 = 1 erg]

Power = work per unit time; 1 W = 1 lis = 107 erg/s = 0.00134 Hp

!!!.~
R

Centripetal force = = mRro2

i where Vr = tangential velocity, mls [cm/s]; co = angular velocity, rad/s; and
R = radius of motion.
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APPENDIX A3. Relative Density of Common Aerosol Materials
(Multiply Values by 1000 for Density in kg/m3 and by 1.0 for Density in g/cm3)

2.7
4.0
1.8

2.0-2.8
2.4-2.6

1.0
1.2-1.8
0.7-2.6
0.7-1.0
2.4-2.8
2.6-2.8

0.92
7.9
5.2
2.7
11.3

2.6-2.8
1.26

1-1.6
0.9

1-1.6
0.45-1.05

1.05
1.03
3.2
2.6
2.2
2.1
1.5

2.6-2.8
4.3
1.53

0.4-1.0
6.9
5.6

Natural fibers
Paraffin
Plastics
Pollens
Polystyrene
Polyvinyl toluene
Portland cement
Quartz
Sodium chloride
Sulfur
Starch
Talc
Titanium dioxide
Uranine dye
Wood (dry)
Zinc
Zinc oxide

So/ids
Aluminum
Aluminum oxide
Ammonium sulfate
Asbestos
Asbestos, chrysotile
Carnauba wax
Coal
Fly ash
Fly ash cenospheres
Glass, common
Granite
Ice
Iron
Iron oxide
Limestone
Lead
Marble
Methylene blue dye

Liquids
Alcohol
Dibutyl phthalate
Dioctyl phthalate [DOP; di-2

(ethylhexyl) phthalate]
Dioctyl sebacate
Hydrochloric acid

0.79
1.045

13.6
0.88-0.94

0.894
1.13
1.84
1.00

0.983
0.915
1.19

Mercury
Oils
Oleic acid
Polyethylene glycol
Sulfuric acid
Water

APPENDIX A4. Standard Sieve Sizes

DesignationNominal
Wire Size

(~m)

Nominal
Wire Size

(~m)
ISO Std,"

(/lm)
Alternate

(No.)
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459APPENDICES

APPENDIX All (b). Properties of Airborne Particles at Standard Conditions (cgs Units)'

Coagulation
Coefficient
K (cmJ/s)

Particle
Diameter
d (11m)

Slip
Correction
Factor Cc

Settling
Velocity

VTS (cm/s)

Diffusion
Coefficient

D (cm2/s)

Relaxation

Time
't (5)

Mobility
B (cm/dyn. s)

6.75E-O7
I.OIE-O6
1.35E-O6
2.04E-O6

2.72E-O6

!"A(t[-(\'(;
4.IIE-O6
5.5IE-O6

6.92E-O6
I.O5E-O5
1.42E-O5
2.l9E-O5

3.00E-O5
3.85E-O5
4.75E-O5
6.69E-O5

8.82E-O5
1.50E-O4
2.26E-O4
4.21E-O4

6.76E-O4
9.9IE-04
1.37E-O3
2.30E-O3

3.48E-O3
7.47E-O3
1.30E-O2.
2.85E-O2
5.00E-O2
7.76E-O2
1.IIE-OI
1.96E-OI

3.06E-OI
6.84E-OI
1.21E+OO
2.72E+OO
4. 84E+OO

7.55E+OO

1.33E+Ol
1.72E+Ol
2.49E+Ol

6.89E-IO
1.O3E-O9
1.38E-O9
2.08E-O9

2.78E-O9

:fAg'~-(j'<1
4.19E-O9
5.61E-O9

7.05E-O9
1.O7E-O8
1.45E-O8
2.23E-O8

3.06E-O8
3.93E-O8
4. 84E-O8
6.82E-O8

'S.99E-O8
1.53E-O7
2.31E-O7
4.29E-O7

6.S9E-O7
I.OlE-O6
1.39E-O6
2.35E-O6

3.54E-O6
7.62E-O6
1.32E-O5

2.90E-O5
5.10E-O5
7.91E-O5
1.13E-O4
2.00E-O4

3.12E-O4
6.9SE-O4
1.24E-O3
2.7SE-O3
4.93E-O3

7.70E-O3

1.IIE-O2
1.97E-O2
3.07E-O2

1.32E+12
5.85E+ll
3.30E+ll
1.47E+ll

8.28E+IO
{.:.t1~+ (6'
3.70E+IO
2.09E+IO

1.35E+IO
6.07E+O9
3.46E+O9
1.58E+O9

9.13E+O8
6.00E+O8
4.28E+O8
2.54E+O8

1.72E+O8
8.68E+O7
5.51E+O7
3.04E+O7

2.06E+O7
1.54E+O7
1.23E+O7
8.75E+O6

6.77E+O6
4.31E+O6
3.16E+O6

2.05E+O6
1.52E+O6
1.21E+O6
I.OOE+O6
7.47E+O5

5.95E+O5
3.95E+O5
2.95E+O5
1.96E+O5
1.47E+O5

1.18E+O5
9.80E+O4
7.34E+O4
5.87E+O4

5.32E-O2
2.37E-O2
1.33E-O2
5.94E-O3

3.35E-O3

1.(3'~-(fl
1.50E-O3
8.46E-O4

5.45E-O4
2.45E-O4
1.40E-O4
6.39E-O5

3.69E-O5
2.43E-O5
1.73E-O5
I.O3E-O5

6.94E-O6
3.5IE-O6
2.23E-O6
1.23E-O6

8.3IE-O7
6.24E-O7
4.98E.O7
3.54E-O7

2.74E-O7
1.74E-O7
1.28E-O7

8.31 E-O8
6. 1 5E-O8
4.89E-O8
4.05E-O8
3.02E-O8

2.4IE-O8
1.60E-O8
1.19E-O8
7.94E-O9
5.95E-O9

4.76E-O9

3.96E-O9
2.97E-O9
2.37E-O9

3.IIE-IO
3.8IE-IO
4.40E-IO
5.39E-IO

6.2IE-IO

6.<Jl(;:-((J
7.56E-IO
8.63E-IO

9.48E-IO
I.O9E-O9
1.15E-O9
1.14E-O9

I.O7E-O9
9.92E-IO
9.20E-IO
8.03E-IO

7.17E-IO
5.83E-IO
5.09E-IO
4.34E-IO

3.97E-IO
3.76E-IO
3.62E-IO
3.45E-IO

3.35E-IO
3.22E-IO
3.15E-IO

3.09E-IO
3.06E-IO
3.04E-IO
3.03E-IO
3.0IE-IO

3.00E-IO
2.99E-IO
2.99E-IO
2.98E-IO
2.98E-IO

2.98E-IO

2.98E-IO
2.98E-IO
2.98E-IO

0.001
0.0015
0.002
0.003

0.004
6.665
0.006
0.008

0.01
0.015
0.02
0.03

0.04
0.05
0.06
0.08

0.1
0.15
0.2
0.3

0.4
0.5
0.6
0.8

224.332
149.752
112.463
75.174

56.530
'({.:1"4i
37.888
28.568

22.976
15.524
11.801
8.083

6.229
5.120
4.384
3.470

2.928
2.220
1.878
1.554

1.402
1.316
1.261
1.194

1.155
1.103
1.077

1.051
1.039
1.031
1.026
1.019

1.015
1.010
1.008
1.005
1.004

1.003
1.003
1.002
1.002

5

4
5
6
8

10
IS
20
30
40

50
60
80

100

'Calculated for standard density spheres at 293 K [20°C] and 101 kPa [1 atm].
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