
TECHNICAL REPORTS SERIES No. 1 7 9 

Particle Size Analysis 
in Estimating the Significance 

of Airborne Contamination 

INTERNATIONAL ATOMIC ENERGY AGENCY, V IENNA, 1978 





PARTICLE SIZE ANALYSIS 
IN ESTIMATING THE SIGNIFICANCE 

OF AIRBORNE CONTAMINATION 



The fol lowing States are Members of the In ternat ional Atomic Energy Agency: 

AFGHANISTAN 
ALBANIA 
ALGERIA 
A R G E N T I N A 
A U S T R A L I A 
AUSTRIA 
BANGLADESH 
BELGIUM 
BOLIVIA 
BRAZIL 
BULGARIA 
BURMA 
BYELORUSSIAN SOVIET 

SOCIALIST REPUBLIC 
CANADA " 
CHILE 
COLOMBIA 
COSTA RICA 
CUBA 
CYPRUS 

CZECHOSLOVAKIA 
DEMOCRATIC KAMPUCHEA 
DEMOCRATIC PEOPLE'S 

REPUBLIC O F K O R E A 
DENMARK 

DOMINICAN REPUBLIC 
E C U A D O R 
EGYPT 
EL S A L V A D O R 
ETHIOPIA 
F I N L A N D 
F R A N C E 
GABON 
G E R M A N DEMOCRATIC REPUBLIC 
GERMANY, F E D E R A L REPUBLIC O F 
GHANA 
G R E E C E 
GUATEMALA 
HAITI 

HOLY SEE 
H U N G A R Y 
ICELAND 
INDIA 
INDONESIA 
IRAN 
I R A Q 
I R E L A N D 
I S R A E L 
ITALY 
IVORY COAST 
JAMAICA 
JAPAN 
J O R D A N 
KENYA 
KOREA, REPUBLIC O F 
KUWAIT 
LEBANON 
LIBERIA 
LIBYAN A R A B J A M A H I R I Y A 
LIECHTENSTEIN 
LUXEMBOURG 
MADAGASCAR 
MALAYSIA 
MALI 
MAURITIUS 
MEXICO 
MONACO 
MONGOLIA 
MOROCCO 
N E T H E R L A N D S 
NEW Z E A L A N D 
N I C A R A G U A 
NIGER 
NIGERIA 
NORWAY 
PAKISTAN 
PANAMA 
P A R A G U A Y 
P E R U 

PHILIPPINES 
POLAND 
P O R T U G A L 
Q A T A R 
ROMANIA 
SAUDI ARABIA 
SENEGAL 
SIERRA LEONE 
S I N G A P O R E 
SOUTH AFRICA 
SPAIN 
SRI LANKA 
SUDAN 
SWEDEN 
SWITZERLAND 
SYRIAN ARAB REPUBLIC 
T H A I L A N D 
TUNISIA 
T U R K E Y 
UGANDA 
UKRAINIAN SO V IET SOCIALIST 

REPUBLIC 
UNION O F SOVIET SOCIALIST 

REPUBLICS 
UNITED A R A B E M I R A T E S 
U N I T E D KINGDOM O F G R E A T 

BRITAIN AND N O R T H E R N 
I R E L A N D 

U N I T E D REPUBLIC O F 

CAMEROON 
U N I T E D REPUBLIC O F 

T A N Z A N I A 
UNITED STATES O F AMERICA 
URUGUAY 
V E N E Z U E L A 
VIET NAM 
YUGOSLAVIA 
ZAIRE 
ZAMBIA 

The Agency's S ta tu te was approved on 23 Oc tober 1956 by the Conference on the S ta tu te of the IAEA 
held at United Nat ions Headquarters , New York ; it en te red in to force on 29 July 1957. The Headquar ters of 
the Agency are s i tuated in Vienna. Its principal objective is " to accelerate and enlarge the con t r ibu t ion of 
a tomic energy to peace, health and prosperi ty t h roughou t the world". 

< Q I A E A , 1978 

Permission to reproduce or translate the in fo rmat ion conta ined in this publ icat ion may be obta ined by 
writing to the In ternat ional Atomic Energy Agency, KSrntner Ring 11, P.O. Box 590, A-1011 Vienna, Austria. 

Printed by the IAEA in Austria 
J a n u a r y 1 9 7 8 



5 3 0 4 4 
TECHNICAL REPORTS SERIES No. 179 

PARTICLE SIZE ANALYSIS 
IN ESTIMATING THE SIGNIFICANCE 

OF AIRBORNE CONTAMINATION 

INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA,! 978 



PARTICLE SIZE ANALYSIS IN ESTIMATING THE 
SIGNIFICANCE OF AIRBORNE CONTAMINATION 

IAEA, VIENNA, 1978 
STI/DOC/lO/179 

ISBN 9 2 - 0 - 1 2 5 0 7 8 - 9 



FOREWORD 

A better understanding of the exposure pathways leading to internal irradia-
tion is needed. Assessing the hazards is a complicated task which involves both 
biological and physical considerations. Aerosols play the most important role in 
the transport of radioactivity to man. They can enter the human body by a 
direct pathway through inhalation or by indirect pathways through deposition in 
the food chain. Their toxicity depends not only on their physical and chemical 
properties but also on their aerodynamic characteristics. One of the most impor-
tant aerosol properties governing aerodynamic characteristics is the particle size 
distribution. 

In this report information on pertinent methods and techniques for analys-
ing particle size distributions is compiled. It is hoped that the publication will 
make for the more reliable evaluation, assessment and control of the potential 
hazards of suspended particulate matter. 

A detailed outline of the work was prepared by a panel of experts. Certain 
members of the group then worked on specific chapters. The Agency is parti-
cularly indebted to Mr. T.T. Mercer of the United States of America for writing 
Chapters 2, 3, 4, 9 and 10, to Mr. O. Preining of Austria for writing Chapters 5, 
6 and 7, and to Mr. J. Sisefsky of Sweden for writing Chapter 8. The many 
detailed comments on the resulting draft that were then received from the ori-
ginal panel members were studied by the Chairman, Mr. Mercer, and the Vice-
Chairman, Mr. Preining, who together prepared the final version of the report. 
The Agency's officer responsible for co-ordinating the work was F.N. Flakus 
from the Radiological Safety Section of the Division of Nuclear Safety and 
Environmental Protection. 
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Chapter 1 

INTRODUCTION 

Inhalation is known to be the most important route by which radioactive 
substances enter the human body. Workers in the atomic energy industry and 
in plants or laboratories handling radioactive materials may be exposed routinely 
to low concentrations of radioactive aerosols and, in the event of an accident, 
to concentrations that could be acutely dangerous. The general public, also, 
may be exposed to radioactive aerosols. Despite the use of highly efficient 
filtering systems to clean effluents that may contain radioactive aerosols, small 
amounts of activity may penetrate the filters and be discharged to the environment. 
Nuclear explosions, for whatever purpose, and accidents to nuclear reactors or to 
plant air-cleaning systems can lead to high localized concentrations of airborne 
radioactivity and contribute to a gradual increase in environmental levels. 

To establish criteria for the routine maintenance of safe conditions for both 
the general public and workers subject to occupational exposures, and'to anticipate 
the consequences of accidental releases so that the most effective corrective 
action can be taken, it is necessary to understand the properties and characteristics 
of airborne particles that govern the behaviour of radioactive aerosols. The most 
important of these are: settling velocity, diffusivity, inertia, and electrical mobility, 
which determine their dynamic bahavour; specific surface, which figures 
prominently in rates of chemical reactions, including dissolution in biological 
fluids and other aqueous media; specific activity, and activity-size relationships 
for inert particles contaminated with radioactivity; the distribution of activity 
as a function of particulate aerodynamic characteristics; coagulation; and 
hygroscopicity. 

Size is a dominant factor in all of the particulate properties and characteris-
tics that are relevant to this problem. Its effect, however, is not the same for 
all of the quantities of interest: volume varies as the cube of size, but specific 
surface varies inversely with size; settling velocity varies with the square of size, 
but diffusivity varies inversely with the 11th power of size, where 1 < n < 2. If 
all particles were non-porous spheres of known chemical composition and radio-
logical character, measurement of their geometric diameters would provide the 
data necessary to calculate the various physical properties and dynamic charac-
teristics of interest. Particles encountered in practice, however, are usually 
irregular in shape and the diameters assigned to them are defined arbitrarily. 
Diameters related to particle geometry may be measured with the aid of an 
optical or electron microscope; they are then defined in terms of some geo-
metric dimension that is convenient to measure. A diameter may also be related 
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2 CHAPTER 2 

to a specific particulate property or characteristic that can be measured con-
veniently; it is then defined as equal to the diameter of a sphere that possesses the 
same property or characteristic to the same degree. The arbitrary meaning of 
"size" makes it important to specify the method of measurement whenever 
particle size data are discussed. 

Detailed particle size distribution studies can help in predicting the behaviour 
of aerosols released to the environment, in designing filtration systems, and in 
evaluating the hazard associated with inhalation of a particular aerosol. For such 
purposes, the most useful size information is the distribution of radioactivity as 
a function of the dominant dynamic characteristic of the aerosol particles, which 
is not likely to be the same for all particles in the distribution. The choice of a 
method, or of methods, with which to measure the desired distribution must be 
based on a sound understanding of the principles governing the operation of the 
various sizing methods available. This report has been prepared to assist those 
who are concerned with making such choices. For this purpose, it provides 
detailed descriptions of the available methods of size measurement, the principles 
underlying their operation, and their advantages and shortcomings. It considers 
the merits of different methods of size measurement in relation to the information 
being sought and to their usefulness in the laboratory and in the field. 



Chapter 2 

PARTICLE SIZE DISTRIBUTIONS 

2.1. DEFINITIONS AND DESCRIPTIONS 

2.1.1. Populations 

A population is an essentially infinite number of individuals each of which 
possesses a certain property in an amount that can be assigned an appropriate 
numerical value that is unlikely to be the same for all individuals. The property 
of interest, which may assume a variety of values, is called a random variable. It 
will be represented here by upper-case letters; the numerical values it can assume 
by lower-case letters. Mathematical expressions that describe the distributions of 
a random variable, or some funct ion of it, throughout the population contain 
certain constants called parameters. They will usually be represented by Greek 
letters. 

2.1.2. Random variables, probability density (relative frequency) functions, and 
cumulative distribution functions 

A discrete random variable can assume only discrete numerical values. If, 
for example, a population of particles is distributed at random over a surface, the 
number of particles having their centres within a randomly selected element of 
that surface is a discrete random variable that can assume the value of any integer > 
zero. The probability function, or frequency function, of a discrete random 
variable is 

where P(X = x) is the probability that the random variable X will assume the 
value x. The cumulative probability function, F, of the random variable evaluated 
at x is equal to the probability that the random variable will assume a value < x: 

f(x) = P(X = x) (2.1.1) 

(2.1.2) 

XJ < X 

F(x) 1 as x 

3 



4 CHAPTER 2 

The Poisson distribution, which is encountered in several problems related 
to particle size analysis, is a distribution of a discrete random variable having a 
probability function 

X xe - X 

f(x) = — ; — (x = 0,1, 2 , . . . ) (2.1.3) 

This distribution is unusual in that it is characterized by the single parameter, X. 
It is important in problems of particle overlap, coincidence losses in various particle 
counting and sizing devices, and in the discrete distribution observed when an 
aerosol is produced by atomization of a suspension of monodisperse particles. 
Some examples are shown in Fig. 2.1.1. 

0 .4 

0 .3-

f ( X ) 0.2-

0.1-

X = 1 X = 2 A= 6 

0 2 4 0 2 4 6 0 2 4 6 8 10 12 

• FIG.2.1.1. Examples of the Poisson distribution (T.T. Mercer). 

A continuous random variable can assume any value 0 < x < x m , where 
x m is an upper size limit that often, for mathematical simplicity, may be taken 
as infinitely large. The probability that the continuous random variable will 
assume a value between x and x + dx is 

f (x )dx = P ( x < X < x + d x ) (2.1.4) 

where f (x) is the probability density function, or frequency function, of the 
random variable. The cumulative distribution function is now an integral rather 
than a summation: 

F(x) = P ( X < x ) = J f (x )dx = J dF(x) (2.1.5) 



PARTICLE SIZE DISTRIBUTIONS 5 

There may be lower and upper limits to x, say x 0 and x m , such that 
f(x) = 0 if x < x 0 and if x > x m , i.e. F(x) = 0 if x < x 0 and F(x) = 1 if x > x m . 

The normal distribution is the most important distribution of a continuous 
random variable. Its probability density function is 

f « = — = ^ e x p [ - ( x - / x ) 2 / 2 a 2 ] (2.1.6) 
\J2ira 

where the parameters fi and a 2 are respectively the mean and variance of the 
distribution, a, the square root of the variance, is the standard deviation. When 
f(x) is plotted as a function of x in rectangular coordinates, the familiar bell-
shaped curve shown in Fig. 2.1.2 is obtained. The cross-hatched element of 
area, f (x) dx, represents the relative number of individuals for which the random 
variable has a value between x and x + dx. The shaded area is given by the 
cumulative distribution function 

- / F ( x ) = / dF (2.1.7) 

When F(x) is plotted as a function of x, the equally familiar sigmoid curve, also 
shown in Fig. 2.1.2, is obtained. 

Figure 2.1.3 shows how the curves of f(x) and F(x) are affected by the 
value of a. The fact that an infinite number of such curves are possible while 
the integral in F(x) cannot be solved in closed form makes it wise to introduce 
a standardized normal random variable 

X - f i 
Z = (2.1.8) 

Like X, this variable follows a normal distribution, having zero mean and unit 
variance. Its probability density function is 

f ( z ) = — ^ = e " z 2 / 2 (2.1.9) 
V27T 

and its cumulative distribution function is 

F(z) = / f (z)dz = F(x) . (2.1.10) 
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FIG.2.1.2. (a) Normal probability density function. 
(b) Normal cumulative distribution (T.T.Mercer). 
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t ( x ) 

1.0. 

L - 0=0.4 

o/a • to) 

/0.6-

V0.4-
[V»- a = 0.8 

1 1 1 . . r .... , 

F(x) 

FIG. 2.1.3. Effect of a on normal distribution (T.T. Mercer). 
(a) Frequency function. 
(b) Cumulative distribution function. 
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F (x ) 

<T 

FIG.2.1.4. Standardized normal distribution on arithmetic probability coordinates (T.T. Mercer). 

The error function, or error integral, 

z 

erf(z) = —— / e" t 2dt (2.1.11) 
•s/tt J 

0 

may be used to evaluate F(z). Because of its usefulness, the error integral has 
been evaluated numerically for a wide range of z-values and extensive tables of 
erf(z) and various related functions are available in many handbooks. (Slightly 
different definitions of the error function are also used.) 
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The sigmoid curves of Fig. 2.1.3 can be straightened by scaling the ordinate 
so that the interval F (x ) — 0.5 is proportional to (x — n)/a . Figure 2.1.4 shows 
the curves of Fig. 2.1.3 plotted in the new coordinate system. Note that each 
curve intersects the ordinate, F = 0.841, at the mean plus one standard deviation 
unit. 

2.1.3. Sampling and sampling statistics 

Because of the large number of individuals in a population, the parameters 
of a frequency funct ion that describes the distribution of a certain characteristic 
of those individuals can never be known exactly; instead, they must be estimated 
f rom measurements made on a collection of individuals, known as a sample, that 
is representative of the populat ion as a whole. A sample would be ideally repre- . 
sentative if all individuals in the populat ion had the same probability of appearing 
in the sample. Many factors, such as location and time at which sampling occurs 
and the selective nature of sampling methods with respect to values of the property 
under investigation, work against the collection of a truly representative sample. 
Their effects must be made negligible or allowed for in the interpretation of data. 

Each individual of a sample is classified according to its content of the 
property under investigation. If the number, n, of individuals is small, the data 
may consist of n separate measurements, each made as accurately as the available 
techniques permit; if n is large, however, it may be impossible to make separate 
measurements on each individual or the ef for t required either to make or to 
analyse such measurements may be too costly to justify. When this is so, the 
effort may be reduced by sorting individuals into measurement intervals that are 
broad relative to the accuracy with which individual measurements could have 
been made, the sorting being done either as part of the measurement process or 
as a preliminary step in the analysis of data made up of individual measurements. 

When data are tabulated in intervals of equal width, a simple inspection 
provides some insight into the nature of the underlying frequency funct ion. This 
is almost true of the data [2.1.1 ] in Table 2.1.1 which are sorted into intervals 
of 0.5 mg/m 3 , except for those values above 5.0 mg/m 3 . Despite the widths of 
the last two intervals, one would expect the frequency funct ion to peak in the 
range of about 1.5 — 2.0 mg/m 3 and to be asymmetrical about the peak. The 
trend of the frequency funct ion is more readily apparent if the data are arranged 
in the form of a histogram, as shown in Fig. 2.1.5. For the upper histogram, the 
data of Table 2.1.1 have been plotted as rectangles having abscissae proportional 
to the interval widths and ordinates proport ional to the interval frequencies 
(column 2). This type of histogram can give a misleading impression of the 
frequency function, especially if only a few of the intervals have a common 
width. For the lower histogram, the same data have been plot ted with the 
ordinates equal to the frequency per unit concentration (column 5), i.e. the 
areas of the rectangles are proportional to the interval frequencies. This type of 
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Concentration 
interval 

(mg/m3) 

Frequency 
Relative 
frequency 

Cumulative 
relative 
frequency 

Frequency per 
unit 
concentration 

Relative frequency 
per unit 
concentration 
(%) 

0 - 0.5 

0 . 5 - 1.0 

1 . 0 - 1.5 

1 . 5 - 2.0 

2 . 0 - 2.5 

2.5 - 3.0 

3 . 0 - 3.5 

3 . 5 - 4.0 

4 . 0 - 4.5 

4.5 - 5.0 

5.0 - 10.0 

10.0 - 20.0 

17 

24 

35 

39 

25 

18 

• 18 

11 

15 

12 

16 

8 

n = 238 

7.1 

10.1 

14.7 

16.4 

10.5 

7.6 

7.6 

4.6 

6.3 

5.0 

6.7 

3.4 

7.1 

17.2 

31.9 

48.3 

58.8 

66.4 

74.0 

78.6 

84.9 

89.9 

96.6 

100.0 

34 

48 

70 

78 

50 

36 

36 

22 

30 

24 

3.2 

0.8 

14.2 

20.2 

29.4 

32.8 

21.0 

15.2 

15.2 

9.2 

12.6 

10.0 

1.34 

0.34 

o 
as > 
•V 
H 
en 
50 

a The Table is based on Fig. 11, p. 753 of Ref. [2.1.1], 
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(a) 

40" 

30-

2 0 -

1 0 " 

1-20 

-15 

-10 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

(b) 

Hh 

-ih 

• i h 

- t h 
20.0 

80 

60 

c 40 

20 

135 

•30 o 

•25 

•20 S 

•15 

•10 

Hh 
0 0.5 1.0 1.5 2.0. 2.5 3.0 3.5 4.0 4.5 5.0 

Concentration (mg/m 3) 

10.0 20.0 

FIG.2.1.5. Histograms of data from Table 2.1.1 (T.T. Mercer). 
(a) Frequency plotted as interval height. 
(b) Frequency /unit concentration plotted as interval height. 



12 CHAPTER 2 

histogram gives a more faithful representation of the frequency function and, 
when the ordinate is scaled in units of relative frequency per unit concentration, 
the area under the histogram is equal to 100%. 

The parameters of a frequency function are estimated by statistics derived 
f rom sample data. The most important of these are 

n 

i = 1 

and 

i = l \ i = 1 / 

(2.1.13) 

which respectively estimate the distribution mean, ju, and variance, a2, if, and 
only if, the sample is representative of the population as a whole. 

Other statistics that may be useful include moments about the origin and 
about the mean, the median, and the mode. The r t h moment about the origin 
is 

n 

m r = - 2 ^ x f (2.1.14) 

i = l 

The r t h moment about the mean is 

n 

mr = ^ ^ ( X i - x ) r (2.1.15) 

i = 1 

Half of the x-values in a distribution are smaller than the median. The median 
can be found by interpolation of an ordered arrangement of the sample data or 
it can be taken f rom a cumulative distribution curve as the value of x for which 
the ordinate is 50%. The mode is the value of x corresponding to a maximum 
in the frequency function. It is the most probable value of x in a single-peak 
distribution. A distribution may have more than one mode (e.g., bimodal). 

The value of a sample statistic will differ from the value of the parameter 
it estimates by an amount that can be specified only in probabalistic terms, if at 



PARTICLE SIZE DISTRIBUTIONS 13 

FIG.2.1.6. The distribution of the means of samples of size n. 

all. If the distribution of a sample statistic itself is known, some useful inferences 
can be made concerning individual statistics. The distribution of the means of 
samples of size n, taken f rom a normal distribution, is itself normal, having a 
mean equal to n and a variance equal to a2 /n, where n and a 2 are the true values 
of the distribution parameters. The standardized normal variable Z = (jit — X)/ 
(a /Vn) will be normally distributed with mean zero and unit variance as in 
Fig. 2.1.6. In this figure consider the two equal shaded areas under the curve, 
bounded by Z a j 2 and Z j _ a / 2 - The probability that a randomly selected value 
of Z will lie between Z a / 2 a n d Z j _ a / 2 i s eQu'al to 1 - a 

P ( Z a / 2 < Z < Z 1 _ a / 2 ) = l - a (2.1.16) 

For any arbitrarily chosen value of a , we can find appropriate values of Z a / 2 

and Zj _ a j 2 (= ~ Z a / 2 ) f rom tables of the standardized normal variable. The 
probability term can be re-arranged to give 

p f x + Z a / 2 < X — Z a / 2 • \ = 1 - a (2.1.17) 
x V " V n / 
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a 
The quantities, X ± — • which bound a confidence interval, are called 

confidence limits and 1 — a , called the level of confidence, is the probability 
that a random sample of size n will yield a value of X such that n lies between 
these limits. A probability statement cannot be made for confidence limits 
calculated for any specific sample, because the parameter is either included 
within them or it is not. If similar limits are calculated for a number of similar 
samples, however, it can be said that the parameter will be included in the 
confidence interval with a relative frequency very nearly equal to that defined by 
the confidence level. 

The confidence limits, as described above, are defined in terms of a sample 
mean and a population standard deviation, the latter a parameter that can never 
be known exactly. For large values of n ( > 30) they can be calculated with 
sufficient accuracy by replacing a with the sample standard deviation, s. Confi-
dence limits for smaller values of n and samples f rom a normal distribution are 
based on Student 's distribution for the quantity [2.1.2] 

The confidence limits are then given by x ± ( s / s / n ) - ^ ^ , where s is the square 
root of the variance estimated according to Eq. (2.1.13). Appropriate values of 
t a /2 , for n - 1 degrees of freedom, are found in tables of the t-distribution. 

At large values of n, the distribution of sample means often approaches the 
normal form with mean n and variance a 2 /n , even though the parent populat ion 
is not normally distributed. Figure 2.1.7 shows this effect for the exponential 
distribution. Confidence limits on the mean can be calculated as x ± (s/y^n)• Z a j2 , 
for large values of n. The term s/-y/n is called the standard error of the mean. 

Confidence limits can also be placed on the variance of a normal distribution. 
The ratio 

( n - l ) s 2 / a 2 

where s2 is the maximum likelihood sample statistic (Eq.(2.1.13)) estimating a2, 
follows the x2-distribution with n - 1 degrees of freedom (see Fig. 2.1.8). At 
the 1 - a confidence level, the limits are defined by 

t = ( x - M ) / ( s / v
/ S ) (2.1.18) 

SSS ^ 
xlj 2 ( n - l ) s 2 x j - a / 2 

(2.1.19) 
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FIG.2.1. 7. Effect of sample size on distribution of sample means for exponential distribution 
(T. T. Mercer). 

FIG. 2.1.8. Relative distribution of the variances. 
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Tables of x 2 are readily available for several levels of confidence and for n - 1 in 
steps of 1 up to 30. For larger values of n, the standardized normal variable 

referred to the appropriate values of a , can be used to calculate the x 2 ' s [2.1.3]. 
As n increases, the x2-distribution approaches the normal form with mean 
n - 1 and variance 2(n - 1). 

If the sampling distribution of a particular statistic is known, certain 
hypotheses about the corresponding population parameter can be tested. The 
null hypothesis, which consists merely of the assertion that the parameter has 
a specific value, is the simplest of these. Taking the mean of a normal distribution 
as an example, the null hypothesis would be /i = /j0 . A certain region of the 
sampling distribution of the statistic, x, is designated as critical and any sample 
mean that has a value lying within the critical region is said to differ significantly 
f rom ju0. The hypothesis that the mean of the population under investigation 
is equal to [i0 is then rejected. The critical region is usually made up of two 
equal areas, one at each tail of the distribution function, representing a total 
area, a (see Fig. 2.1.9). a is called the level of significance of the test. Its value 
is arbitrary but should be set before the test is made. For a given value of a , the 

critical region comprises the area outside the confidence interval and is bounded 
internally by the confidence limits. An observed mean, x, lies in the critical region 
if 

Z = V 2 X 2 - V 2 n - 3 (2.1.20) 

o 

FIG. 2.1.9. The critical area for defining the significance of test. 

(x - Hq)I(sIyfi) < t a j2 

or 

( x - j u 0 ) / ( s / \ / n ) > t j - a / 2 
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A test of this sort is called a "two-tailed" or "two-sided" test. In a "one-tailed" 
or "one-sided" test, the critical region consists only of an area at one end of the 
distribution. The hypothesis tested may be the assertion that ju < an observed 
sample mean falls in the critical region if 

( x - H0)l(s/y/n) >tt _a 

and the level of significance is a . 
Tests of significance can be carried out for any parameter on which confi-

dence limits can be set. A summary of tests and test statistics related to means 
and variances is given in Table 2.1.2. 

Goodness-of-fit tests provide a means for comparing a sample distribution 
with a hypothetical distribution that is assumed to be appropriate for the 
population under investigation. In some cases, the hypothetical distribution is 
defined independently of the sample distribution; but more of ten sample 
statistics are used in its definition. Although there are a variety of tests of this 
sort, only the x 2 and Kolmogorov-Smirnov tests are discussed here. 

X2-test. The sample values Xj, sorted into k categories so 
that the i t h category contains n 0 i values that lie within the category limits x L i 

and x L ; + j . The expected number of values in the i t h category is 

nE,i = Pin (2.1.21) 

where pj is the probability, according to the hypothetical distribution, that a 
value will fall in the i t h category. The quantity 

X2 
f ( 2 1 2 2 ) 
l—i n E i Z_j n E i 
i = l i = l 

can be used to test the hypothesis that the sample was taken from a population 
having the hypothetical distribution. 

The use of x 2 in this way contains the implicit assumption that (n0 - n E ) is 
a standardized normal variable for all i. This assumption is reasonable if each n E 

is sufficiently large, a fact that must be taken into consideration when the 
category limits are selected. There is some question about the meaning of 
"sufficiently large"; the values defined by various authors are included in the 
range "one or larger" [2.1.4] to "at least 20" [2.1.5], According to Cochran 
[2.1.6], one value of n E can be as low as 0.5 if the k - 1 other values are not less 
than 5. An empirical study for 10 < n < 100 and 2 < k < 10 [2.1.7] suggests his 
recommendation is reasonable. 



T A B L E 2.1 .2 . V A R I O U S T E S T S O F S I G N I F I C A N C E oo 

Hypothesis Test statistic Reject hypothesis if: Remarks 

M = M o 

M<Mo 

M>Mo 

Mi =M2 

M = M o 

M<Mo 

M>Mo 

Mi =M2 

a 2 = a? 

ff2 > ffo 

2 _ 2 

t = ( x - / x 0 ) V n / s 

t = (X! - x 2 ) 
n ^ j C n ! + n2 - 2) 

. ( n 1 + n 2 ) [ ( n 1 - l ) s ? + ( n 2 - l ) s | ] 

= (xi _ x 2 ) Vn/(sf + s l y if n, = n2 

z = (x i -Mo)V"/s 

= (xi - x2) Vn/2 /a 

if n! = n2 

, ( n ~ l ) s a 

X i 
Co 

F = S?/S22 

( S I > S 2 ) 

4 < 'a/2,n - 1' t > - a/2,n - 1 
t > t , — a,n — I 
t < t „ 

t < t , a/2,n, + n2 - 2 

4 > t l - a/2,nt + n2 - 2 
z < z a / 2 ; z > z i — a/2 
Z > ZJ 

z < z „ 
- a / 2 

a/2 

z < za/2 > z > z 1 - a/2 

X * ^ ^ 1 —a/2,v 

X 

X ^ Xi — a,y 
F > F 

Parent population 
is normal 

n is large, a 2 s s2 , 
distribution of 
sample means is 
approximately normal, 
but parent population 
need not follow 
normal distribution 

Parent population 
is normal; 
i> = n —' 1 = number of 
degrees of freedom 

i>, = n! - 1; i>2'= n2 - 1 

o 
X 
> 
H 
W 
90 
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T A B L E 2 . 1 . 3 . C H I - S Q U A R E D G O O D N E S S - O F - F I T T E S T F O R D A T A 

O F T A B L E 2 . 1 . 1 

i 
Concentration 
interval 
(mg/m3) 

Observed 
frequency, 
N0,i 

Expected 
fraction < Lj 

Expected 
frequency 

N 2 
Q,i 

NE , i 

1 0 - 0.5 17 0.038 9.0 32.1 

2 0.5 - 1.0 24 0.141 33.6 17.1 

3 1 . 0 - 1.5 35 0 . 1 5 9 37.8 32.4 

4 1.5 - 2.0 39 0.138 32.8 46.4 

5 2 . 0 - 2.5 25 0.111 26.4 23.7 

6 2.5 - 3.0 18 0.084 20.0 16.2 

7 3 . 0 - 3.5 18 0.066 15.7 20.6 

8 3.5 - 4.0 11 0.051 12.1 10.0 

9 4.0 - 4.5 15 0.039 9.3 24.2 

10 4.5 - 5.0 12 0.032 7.6 18.9 

11 5 . 0 - 10.0 16 0.115 27.4 9.3 

12 1 0 . 0 - 20.0 8 0.026 6.3 10.1 

n = 238 261.0 

X ? = 261.0 - 238.0 = 23.0 

(cL,i + i/Cg) x = In C/Cg, C = concentration, 
in <jg f (x) = standardized normal distribution with 

r mean In (C/Cg)/ln a g = 0, C g = 2.1, and a g = 2.24. 
n E i = n-pj = n / f(x)dx, C L i = lower limit of i"1 interval. 

1" (CL,i/Cg) 
In og 

The integral can be evaluated using a table of functions for the standardized normal 
distribution or f rom a straight line drawn on log-probability paper through the points (2.1, 
50%) and (4.7, 84%). 

F o r a = 0 . 1 , P = 1 2 - 2 - 1 = 9 

XO.9S,9 = 0 - 3 2 5 

Xo.05,9 = 1 6 - 9 1 9 < 2 3 - ° 
At 90% level of confidence, the hypothesis that data are from log-normal distribution is 
rejected. 
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T A B L E 2 . 1 . 4 . C R I T I C A L V A L U E S O F d x ( n ) , T H E M A X I M U M A B S O L U T E 

D I F F E R E N C E B E T W E E N S A M P L E A N D P O P U L A T I O N C U M U L A T I V E 

D I S T R I B U T I O N S [ 2 . 1 . 8 ] 

Sample 
size 
(n) 0.20 

Level of significance (a) 

0.15 0.10 0.05 0.01 

1 0.900 0.925 0.950 0.975 0.995 

2 0.684 0.726 0.776 0.842 0.929 

3 0.565 0.597 0.642 0.708 0.828 

4 0.494 0.525 0.564 0.624 0.733 

5 0.446 0.474 0.510 0.565 0.669 

6 0.410 0.436 0.470 0.521 0.618 

7 0.381 0.405 0.438 0.486 0.S77 

8 0.358 0.381 0.411 0.457 0.543 

9 0.339 0.360 0.388 0.432 0.514 

10 0.322 0.342 0.368 0.410 0.490 

11 0.307 0.326 0.352 0.391 0.468 

12 0.295 0.313 0.338 0.375 0.450 

13 0.284 0.302 0.325 0.361 0.433 

14 0.274 0.292 0.314 0.349 0.418 

15 0.266 0.283 0.304 0.338 0.404 

16 0.258 0.274 0.295 0.328 0.392 

17 0.250 0.266 0.286 0.318 0.381 

18 0.244 0.259 0.278 0.309 0.371 

19 0.237 0.252 0.272 0.301 0.363 

20 0.231 0.246 0.264 0.294 0.356 

25 0.21 0.22 0.24 0.27 0.32 

30 0.19 0.20 0.22 0.24 0.29 

35 0.18 0.19 0.21 0.23 0.27 

over 35 1.07 1.14 1.22 1.36 1.63 

v s v f i V 5 VH V n 
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The number of degrees of freedom to be used for x 2 in this application is 
v = k-l-b where b is the number of sample statistics used in defining the hypo-
thetical distribution. 

For large samples, such as that of Table 2.1.1, the grouping intervals may 
be conveniently used as the desired categories. To test the hypothesis that the 
sample came f rom a population having a log-normal distribution, it is necessary 
first to calculate the values of pj for each category, using the observed mean 
logarithm, x, and the observed variance, s2 , to define the parent population. The 
nature of the tables makes it necessary to find the probabilities 

f rom which the pj are obtained. These values are then used to calculate n E i and 
the contribution of each category to the total x2- Table 2.1.3 shows the appli-
cation of this goodness-of-fit test to the data of Table 2.1.1. 

The Kolmogorov-Smirnov test is based on the fact that the sampling 
distribution of the statistic 

is known and is independent of F 0 ( x ) if that function is continuous [2.1.8], 
S n (x ) = n x / n , n x is the number of sample values less than or equal to x, n is 
sample size, and FQ(X) is the hypothetical cumulative distribution function. 
Proper application of this test requires that F 0 ( x ) be defined independently of 
any information derived f rom the sample. The value of d is a funct ion of sample 
size and the level of significance at which the comparison is made. Table 2.1.4 
[2.1.8] gives values of d a n , for various levels of significance, a , and sample size, 
n . If a sample of size n has actually come f rom a population having the 
distribution F 0 (x ) , then a is the probability that the largest absolute difference 
between F 0 (x ) and S n (x) will exceed d a (n ) . If the data are compiled as individual 
measurements of x, the test can be carried out graphically. F 0 ( x ) and F 0 ( x ) ± d a ( n ) 
are plotted as functions of x. The experimental step-function S n (x ) is then 
plotted on the same graph. If any part of it intersects one of the limit curves, 
the hypothesis that the sample distribution fits F 0 ( x ) is rejected. 

Grouped data f rom large samples can be used without upsetting the validity 
of the test, but the graphical method may be misleading. Instead, the test is 
carried out by comparing |F 0 (x j ) - S n (x j ) | , where Xj is the upper limit of the 
i t h interval, with d a (n ) . If the former exceeds the latter, the hypothesis that the 
sample distribution fits F 0 ( x ) is rejected. 

x L , i + l 

(2.1.23),. 

_ oo 

d = maximum |F0(x) — S n (x ) | (2.1.24) 
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The test is not really valid if F 0 (x ) is based on information derived from the 
sample being tested. When the test is used in this way, the fit appears to be better 

/ 

than it really is. 

2.1,4. Distributions peculiar to particle size work 

If f(D) is the probability density function for the diameters of a population 
of particles, then the relative frequency of particles having diameters in the 
interval D + dD is 

dF = f (D)dD (2.1.25) 

where F is the cumulative distribution function for the population. This equation 
describes the number or count distribution of diameters which has the usual 
statistical properties associated with the frequency distribution of a random 
variable. The number distribution is often not of interest in itself, however, and 
its usefulness depends on the accuracy and convenience with which the distri^ 
butions of real interest can be calculated from it. The latter are best estimated 
directly, whenever possible, but technological limitations often make it necessary 
to calculate them from a number distribution. 

The size distribution that should be determined depends on the interests 
of the investigator. In general, it will be related to some particulate property, 
such as volume or surface, that can be expressed as a function of diameter: 

A r = a r D r (2.1.26) 

where a r is an appropriate shape factor. Although the a r ' s are statistical quantities, 
those in more common use do not appear to depend significantly on D, so that 
the relative frequency function for the property A r is 

g r ( x ) = ( D r / D r ) - f ( x ) (2.1.27) 

where D r is the mean value of D r averaged over the number distribution, x is a 
function of D, and g r(x) is the relative amount of activity per unit of x. 
The A r distribution can often be estimated directly and can always be calculated 
f rom the number distribution, but the two distributions are usually measured 
with respect to different diameters. 

2.2. NUMBER-SIZE DISTRIBUTIONS 

A number of probability density functions has been proposed to describe 
particle size distributions. A few of those most commonly encountered in aerosol 
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studies are described later. Although a theoretical basis has sometimes been 
advanced for a particular distribution in a particular application, the justification 
for using a given distribution is usually empirical. 

2.2.1. The log-normal distribution 

This distribution is especially useful in particle size analysis because it is 
convenient to manipulate mathematically and because experimental observations 
show that it fits a wide variety of particulate populations. It is a normal distri-
bution of the logarithms of particle diameters, having the following probability 
density function: 

(*- j io) 2 

f ( x ) = — 7 = e 2 a 2 (2.2.1) 
ffV 27T 

where x = In D, a = In Og and [i0 = In D0>g are, respectively, the standard deviation 
and mean of the distribution, a g is the geometric standard deviation and Do ;g the 
median, or geometric mean, diameter of the distribution. (The double subscript 
is necessary to identify median diameters of different distributions.) 

The probability density function for the distribution of diameters is 

f(D) = ~ f ( x ) (2.2.2) 

Unlike f(x), this function is asymmetric, being skewed toward small values of D 
(see Fig. 2.2.1). The mode occurs at D = D 0 g e~ f f .. The mean is Di = D 0 g e a /2. 
Other average diameters are discussed later. 

D 

FIG. 2.2.1. Probability density functions for the distribution of diameters. 
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A. Analysis of sampling data-differential distribution 

If the particle diameters are measured individually and not grouped, the 
mean ptQ and variance a 2 of the distribution of logarithms are estimated by 

x = In D 0 g = In D (2.2.3) 

and 

s2 = (In Sg)2 = 
n - 1 

( l n D - l n D 0 g ) 2 (2.2.4)1 

Equation (2.2.3) can be put in the form 

D° 'e = ( ? D ) ' , n (2.2.5) 

i.e. it is the geometric mean diameter. By analogy, sg = es is called the geometric 
standard deviation. 

In particle size analysis, it is usually more convenient to sort the individual 
measurements into size intervals and estimate the population parameters by 

x = In D 0, 4 I n i i n D i 
( 2 . 2 . 6 ) 

i = 1 

and 

s2 = (In sg)2 = ^ n i d n D i - l n D o . g (2.2.7) 

i = 1 

1 Although og is commonly used to indicate the geometric standard deviation, it is 
more appropriate to use sg , reserving the Greek symbol to indicate the population parameter. 
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where rij is the number of measurements that fall in the i t h size interval, In Dj 
is an average value assumed to be representative of In D values in that interval, 
and k is the number of intervals. The logarithm of the average diameter in the 
i t h interval is a better value for In Dj than is the average of the logarithms of 
the interval boundaries [2.2.1 ]. 

The statistics, x and s2 , calculated according to Eqs (2.2.3) and (2.2.4) 
are maximum likelihood estimates of the population mean and variance, 
respectively. Iterative processes, which require the use of a digital computer, are 
necessary to obtain maximum likelihood estimates f rom grouped data. Raabe 
[2.2.2] has given details of a method for making such calculations. However, 
if diameters are sorted into intervals of equal width, w, and if D; is taken as the 
midpoint of the i t h interval, grouping has only a negligible effect when sample 
statistics are calculated using Eqs (2.2.6) and (2.2.7) provided that D 0 g > 3 — 4 w 
[2.2.1], 

B. Analysis of sampling data — cumulative distributions 

Sample statistics can be estimated by plotting, on logarithmic probability 
paper, the cumulative per cent 

I k 
P j = 1 0 0 ^ n i / 0 < k ) (2.2.8) 

i= 1 I i = l 

against the upper limit, Dj, of the j111 size interval for a number of values of j and 
drawing a straight line through the plotted points. D 0 g is the diameter at which 
the line intersects the coordinate P = 50%. The standard deviation is estimated 
f rom 

s = In sg = In Dg4 - In D 0 ; g = In D ^ / DQ^ (2.2.9) 

The geometric standard deviation is 

Sg = e s = D M / D O , * 

Dg4 is the diameter at which the line intersects the coordinate P = 84%. 
The uncertainties encountered when fitt ing data to a straight line by eye 

can be avoided if a method analogous to that of probit analysis [2.2.3] is used, 
f rom the definition of the standardized normal variable, 

Zj = a + pXj 
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wherea = ju/o and (3 = — 1 la. The corresponding equation for sample data is 

zj = a +. b Xj = a + b In Dj 

Values of Zj, defined by Eq. (2.1.10) 

F(zj) = Pj /100 = / f (z) dz 

j 

/ (2.2.10), 

can be found from tables of the normal distribution function. The constants, 
a(=x/s) and b ( = - 1/s) are obtained from the k - 1 pairs of data (zj, InDj) using 
the method of least squares, 

(2.2.11) Z j - b ^ M n D j J / t k - l ) 

b = (k - D ^ Z j l n D j - ^ z J ) ( ^ I n D j ) / ( k - l ) ^ l n 2 D j - ( ^ l n D 

with the summations taken over j = 1 to j = k - 1. The sample statistics are given 
by 

a 
x = lnD 0 ) g = (2.2.12) 

1 
s = In s„ = -6 b 

C. Conversion to other distributions of interest 

The value of D r averaged over the whole population is 

oo oo 

DJ= J D r f ( l n D ) d InD = J e r l n D f ( l n D ) d l n D 

= D 0 , g e 

(2.2.13) 
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With this relationship, in Eq. (2.1.27), g r becomes 

g r(ln D) = (In a g V2 i r ) _ I • exp [ - ( I n D - In D 0 g - r ln2ffg)2 /2 In2 a g ] (2.2.14) 

Making the substitution 

lnD r > g = l n D 0 g + r l n 2 a g (2.'2.15) 

puts g r in the fo rm of a normal distribution having mean In D r g and standard 
deviation In a g . Thus, if a number size distribution is log normal, any property, 
A r , described by Eq. (2.1.26) is also log-normally distributed with respect to 
diameter and has the same geometric standard deviation. 

Equations (2.2.14) and (2.2.15) are the Hatch-Choate [2.2.4] equations 
f rom which the diameter corresponding to the average value of A r and the median 
diameter of the A r distribution are obtained: 

D r = ( £ > , ) ! / ' = D 0 > g e r l n V 2 -

, a (2.2.16) 
D r ,g = D 0 , g e ^ 

The number distribution of the property A r is also log normal, since 

f (In A r) = f (In D) I (d In D/d In A r ) I 

= - f (In D) 
r 

= 1 - = exp [—(In D — In D0 ; g)2 /2(72] 
( ra)v27r 

= — e x p [ - ( l n A r - l n A r g ) 2 / 2 r 2 a 2 ] (2.2.17) 
(ro)y/2n 

Equation (2.2.17) represents a normal distribution having mean In A r g and 
standard deviation r a = In CTL The median value of the property is 

A r , g = a f D 0 , ; (2.2.18) 
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D. Distributions of sampling statistics 

Since the logarithms of diameters are normally distributed, the distribution 
of sample mean logarithms is also normal, having a mean value equal to that of 
the population mean logarithm and a standard deviation equal to In ag/-^/n. For 
the values of n usually encountered in particle size work, the sampling distribution 
of the variance, s2 , approaches the normal form with mean ln 2a g and variance 
2 ln4ag/n. The sampling distribution of lnD r g , when estimated by the Hatch-
Choate.equation, is also normal, having a mean equal to the corresponding 
population mean and a variance [2.2.5], 

o 2 ( l n D r g ) = ( l n 2 a g / n ) ( l + 2 r 2 a 2 ) • (2.2.19). 

Likewise, the sampling distribution of In Dr is normal having a mean equal to . 
the population mean value of In D r and a variance 

a2(ln D r) = ( ln 2 a g / n ) ( l + r 2a 2 /2) (2.2.20) 

In practice, s and sg replace a and a g in these equations. 

2.2.2. The normal distribution 

Particle size distributions do not often have the normal form. It seems to 
apply, however, to condensation aerosols that are approximately monodisperse. 
The relative frequency function is 

f(D) = 
1 

\f2wo 
exp 

( D - M ) 2 

2a 2 
(2.2.21) 

The A r distributions are not normal. The mean values of D r , for ju > a and 
r = 2,3, are 

D2 = ( j u 2 + 2 a 2 ) 2 

D 3 = ( M 2 + 3 M a 2 ) ^ 

Maximum likelihood estimators for the mean and variance are 

(2.2.22) 

- 1 
D = -

n 
D 

n - 1 
(D - D)2 

n - 1 
D2 - nD2 1 (D2 - D2) (2.2.23) 

n - 1 
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for ungrouped data. Errors due to grouping of data are negligible if the interval 
width < s/4. A graphical method of interpretation, similar to that described for 
the log-normal distribution, consists of plotting cumulative per cent versus 
diameter on arithmetic probability paper. 

2.2.3. The power function distribution 

This distribution has been observed in samples taken in mine atmospheres 
[2.2.6]. Its frequency function is 

f(d) = KD"7 ( D L < D < D u ) (2.2.24) 

where 7 > 0 and K is a constant given by 

7 - 1 
K = —: (2.2.25) 

The cumulative distribution function is 

D l - 7 - D l - 7 
F ( D ) = — — — (2.2.26) 

D [ - 7 _ D l - 7 

If 7 > 1.5, as it usually is in practice [2.2.6], and D u > D L , Eq. (2.2.26) can 
be written as 

log [1 - F ( D ) ] = (1 - 7) log D — (1 - 7) log D l (2.2.27) 

A graph of this equation yields a slope of 1 - 7 and an intercept - (1 - 7) log D L . 
When the assumption D u > D L is not valid, Eq. (2.2.24) in the form 

log (An/AD) — lojg Kn — 7log D (2.2.28) 

where An is the number of particles in the size range AD, can be treated graphi-
cally to obtain estimates of 7 and K. 

2.2.4. The exponential distribution 

This distribution has also been observed in samples from mine atmospheres 
[2.2.7]. Its relative frequency function is 

~ ( D - D L ) 

f ( D ) = - e P D L < D < ° ° (2.2.29) 
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0 is a distribution parameter and D L , which may be zero, is the minimum 
diameter of the population. The mean of the distribution is n = |3 + D L and 
the variance is p2. The cumulative distribution function is 

( D - D L ) 

F(D) = l - e 13 (2.2.30) 

For r = 2 and r = 3, the relative frequency functions for the property A r are 

- ( D - D l ) 

r>2e 0 g 2 = ° 6 . (2.2.31) 
0 D L + 2J32DL + 2/33 

and 

- ( D - D L ) 

D 3 e P u c (2.2.32) 
g3 0Dl + 3p2D2

L + 6 |3 3 D l + 6j34 

The corresponding average diameters of the number distribution are 

i 
D 2 = [ D [ + 2/3DL + 2/?2]2 (2.2.33) 

and 

_ i 
D 3 = [ D [ + 3(JD[ + 6 | 3 2 D l + 6 | 3 3 ] 3 (2.2.34) 

For a sample of size n, the statistic providing a maximum likelihood estimate 
of the population mean is 

Di/n (2.2.35) 

i= 1 

The sample statistic estimating (3 is 

B = D - D l (2.2.36) 



PARTICLE SIZE DISTRIBUTIONS 31 

D l is usually a lower limit set arbitrarily by the investigator. If D L > 0, but its 
value is unknown, it can be estimated by the smallest diameter in the sample. The 
population mean can also be estimated f rom grouped data: 

D = ^ N J D I / NJ ( 2 . 2 . 3 7 ) 

1 i = l 

where is the midpoint of the i® interval. 
The cumulative distribution function, Eq. (2.2.30), can be put in the form 

,In [ 1 - F ( D j ) ] = j 3 - 1 D L - r 1 D j (2.2.38) 

where DJ is the upper limit of the j**1 size interval. A plot of In (1 - F) against 
DJ yields a straight line of slope - 1 /B that intersects the line In (1 - F) = 0 at 
D L - Graphical analysis can be applied to the frequency function (Eq. (2.2.29)) 
itself, if it is put in the form 

In f(D) = In 
I An 
n AD 

= - I N / 3 + / R 1 P L - / R 1 D (2.2.39) 

1 An 
Plotting In against D yields a straight line of slope — 1/B and intercept 

n A D 

- I N B + B _ 1 D L . 

2.3. ACTIVITY-SIZE DISTRIBUTIONS 

If the particles under investigation are chemically homogeneous and one or 
more of the elements includes radioactive isotopes, the number-size distribution 
can be converted to an activity-size distribution, as described above. This is also 
true if the particles are chemically homogeneous and their surfaces are contaminated 
with radioactive isotopes (e.g., decay products of thoron or radon) in a predictable 
manner. In general, however, activity-size distributions must be measured directly. 
Techniques available for such measurements include, elutriation, inertial separation, 
electrostatic precipitation, diffusion battery separation, autoradiography and 
scintigraphy. 
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Chapter 3 

METHODS OF LINEAR SIZE ANALYSIS 

3.1. COLLECTION OF SAMPLES FOR LINEAR SIZE ANALYSIS 

3.1.1. Thermal precipitation 

Airborne particles in a temperature gradient are acted on by a thermophoretic 
force that causes them to move toward cooler regions. For diameters 0.15 fim, 
the thermal force is given by [3.1.1 ] 

F T h = - ( P X / T ) D 2 - V T ' (3.1.1) 

where P, X and T are the pressure, mean free path and temperature, respectively, 
of the gas, D is the particle diameter, and VT is the temperature gradient. The 
corresponding thermal velocity is 

—PX • Ks • D ^ 
u = 5 VT (D <! 0.15 ixm) (3.1.2) 

3irrfT 

where rj is the coefficient of viscosity of air and K s is the particle's slip factor. 
Since Ks is approximately proportional to D"1 for particles having diameters 
< 0.15 jum, thermal velocity is essentially independent of size in that range. For 
larger particles, the thermal force is 

F T h = - 9 . 0 ^ i y D . f ^ | A K n , C m , C ^ VT (3.1.3) 

where HA and H p are the thermal conductivities of air and particle, respectively, 
Kn = 2X/D is the Knudsen number, and C m and Cj are constants related respectively 
to the thermal accommodation coefficient and reflection coefficient of molecules 
striking the particle surface. The exact form of the factor 

f Kn, C m , C T \ 
VHP ) 

is still a matter of controversy [3.1.2, 3.1.3, 3.1.4] and the different forms lead 
to different thermal velocities. Some results predicted by the different formulae 
are shown in Fig.3.1.1. Experimental velocities are generally somewhat lower 
than theoretical velocities. The curves also bring out the theoretical effect of 
particulate thermal conductivity on thermal velocity. 

33 
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tu cc , 3 * DERJAGUIN AND YALAMOV [3.1.3] 

HIDY AND BROCK [3.1.2] 

2 3 A. 

D IAMETER (Mm) 

F/G. 3.1.1. Thermal velocities as a function of particle size: comparison of theoretical 
values (T. T. Mercer). 

When a hot body in a dusty atmosphere is illuminated by a Tyndall beam, 
it is seen to be surrounded by a narrow, dark space, which appears so because 
thermophoretic forces have cleared it of light-scattering dust particles. This 
phenomenon was first reported by Tyndall [3.1.5] and subsequently studied 
systematically by Aitken [3.1.6], who applied it to the collection of particles by 
means of a "thermic filter", identical in principle to modern thermal precipitators. 
Watson [3.1.7] measured the thickness of the dark spaces around rods and plates 
(Fig.3.1.2a) and concluded that a thermal precipitator was essentially a hot body 
having collecting surfaces placed close enough to it to intercept the dust-free dark 
space (Fig.3.1:2b). Green and Watson [3.1.8], modifying an earlier design by 
Lomax and Whytlaw-Gray, developed the thermal precipitator that is now available 
commercially from Casella (Fig.3.1.3). 

The Green and Watson precipitator became the reference sampler for 
measuring dust concentrations in British mines, where it is normally operated with 
the inlet up to prevent sedimentation of particles on the collecting surfaces. 
Walton [3.1.9] has shown that the number of particles of a given size available 
for deposition per unit time is 

n a = CA(V + U_) (3.1.4) 
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FIG. 3.1.2. (a) Dust-free spaces around rods and plates, (bj Principle of thermal 
precipitation [3.1. 7]. 

DUST-LADEN AIR 

\ 
TO WATER ASPIRATOR 

FIG.3.1.3. Green and Watson thermal precipitator (T.T. Mercer). 
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TABLE 3.1.1. 

CHAPTER 2 

EFFICIENCIES OF GREEN AND WATSON PRECIPITATOR 

Particle 
diameter 
(/xm) 

Apparent 
efficiency 
C'/C 

Over-sampling 
ratio u g 
1 + — 

V 

Real efficiency 
u g 

E = C / C ( l + — ) 
V 

2.5 0.99 1.01 0.98 

5.0 0.92 1.03 0.89 

10.0 1.00 1.12 0.89 

15.0 0.93 1.26 0.74 

20.0 0.735 1.47 0.50 

25.0 0.635 . 1.73 0.37 

30.0 0.53 2.06 0.26 

where C is the concentration of particles in the air, A is the cross-sectional area 
of the duct between the collecting plates, V is the average velocity of air between 
the plates, and Ug is the terminal settling velocity of the particles. As Ug increases, 
more particles are made available for deposition; on the other hand, more particles 
are lost to the hot wire, and relatively fewer are collected because of the reduced 
time of transit through the precipitation zone. The number of particles collected 
per unit time is 

n c = Ena (3.1.5) 

where E is the fraction of particles entering the precipitation zone that is deposited 
on the collection plates. For a volumetric sampling flow rate, F, and a sampling 
time, t, particle concentration is calculated as 

C ' = ^ = E C A ( V + U g ) / Q = CE(1 (3.1.6) 
Qt 5 V 

The apparent efficiency, or sampling function of the instrument is 

Ua 
C /C = E(1 + y ) (3.1.7) 

The data in Table 3.1.1 are from Watson [3.1.10] for collection of unit density 
spheres by the Green and Watson precipitator. These results apply only when the 
sampling flow is vertically down. The particulate deposit in the Green and Watson 
precipitator has a length of about 0.175 cm, measured in the direction of flow. 
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Very small particles appear predominantly at the leading edge of the deposit, 
while particles in the range 0.5—10.0 /um have deposition patterns that are largely 
independent of size. 

Thermal precipitators have been designed to have oscillating [3.1.11 ] or 
rotating [3.1.12] collection surfaces, which minimize the effects of overlap and 
of size segregation. Precipitators operating at large flow rates [3.1.13, 3.1.14] can 
collect samples large enough for accurate chemical or gravimetric analysis. 
Instruments intended chiefly for determining size distributions usually have wires 
or ribbons as the hot body [3.1.11,3.1.15], while the large flow-rate samplers 
pass the dusty air between parallel hot and cold plates of large area [3.1.13, 
3.1.14], Table 3.1.2 summarizes the operating characteristics of the different 
precipitators. 

Preparation of collecting surfaces 

For optical or scanning electron microscopy, samples can be collected 
directly on clean glass cover slips. For transmission electron microscopy, insoluble 
particles can be collected on formvar-coated [3.1.16] or carbon-coated clean glass 
cover slips and the formvar or carbon coat subsequently floated from the slip onto 
water and transferred to an electron-microscope grid. A similar process can be 
used when the particles are soluble, but the formvar-carbon film must be floated 
onto an ethyl alcohol surface for transfer to an electron-microscope grid. Samples 
to be studied by transmission electron microscopy should be shadowed at 30—45°. 

Collection of particles directly on electron microsope grids is not recommended. 
There is a preferential deposition of particles on the grid wires that cannot be 
overcome by coating the grid substrate with carbon, metal or metal alloy. 
Zebel [3.1.17] found that on the average the grid openings received less than two-
thirds of their proper share of particles. He did not investigate size discrimination 
due to this effect, but sample bias is a real possibility. 

Problems encountered with thermal precipitators 

Leakage is often a problem with thermal precipitators, particularly those 
having moving collecting surfaces. Wire or ribbon heating elements are subject 
to bowing and misalignment, which may not have a serious effect on collection 
efficiency, but which may cause marked differences in deposition patterns. 

Low volumetric flow rates and relatively large deposition areas make it 
necessary to sample for a long time when particulate concentrations are low. 
Low flow rates also lead to relatively large transit times between the precipitator 
inlet and the deposition zone. When the instrument is arranged so that air flow 
is horizontal, sedimentation losses may be severe even for small particles. Low 
sampling rates and precipitator shape make in-line sampling very difficult and 
isokinetic sampling virtually impossible. 



TABLE 3.1.2. OPERATING CHARACTERISTICS OF THERMAL PRECIPITATORS OJ 
OO 

Temperature Flow rate Deposit 
Surface 
separation 
(cm) 

Difference 
(°C) 

Effective 
gradient 
(°C/cm) 

Length 
(cm) 

Width 
(cm) 

Transit 
time 
(s) Configuration 

Surface 
separation 
(cm) 

Difference 
(°C) 

Effective 
gradient 
(°C/cm) 

(cm3/min) (cm/s) 
Length 
(cm) 

Width 
(cm) 

Transit 
time 
(s) 

Ref. 

0.0254 cm wire between 
glass cover slips 

0.051 80 3150 6.5 2 .1-4 .2 0.175 1.0 0.078 [3.1.8] 

0.0318 cm wire between 
oscillating surfaces 

0.102 230 4530 15 1.5-2.2 0.175 1.6 0.11 [3.1.11] 

0.0254 cm wire half 
embedded opposite 
rotating surface 

0.0254 10 6 . 5 - 1 3 [3.1.12] 

0.005 X 0.15 cm 
ribbon between two 
glass cover slips 

0.026 56 5600 10 6 .5-7 .7 0.15 1.0 0.018 [3.1.15] 

Truncated cone in cylinder, 
2.54 X 8.25 cm long 

0.143 
0.016 

130-
130-

150 
150 

900-8100 
1040-9350 

255 
1600 

4 .1 -42 
25 .8-264 

~8.25 
~8.25 

- 1.12 
0.184 

[3.1.19] 

Parallel circular 
plates 7.62 cm dia., 
outward radial flow 

0.038 100 2640 300 5 .6 -46 ~3.8 
available 

0.34 [3.1.13] 

Similar to above, but with 
moving tape as cold surface 

0.0508 48 956 1000 14-114 ~3.8 
available 

- 0.136 [3.1.14] 

1-cm-dia. hot plate with 
0.16-cm centre inlet 
off-axes of rotating 
surface 

0.038 125 3290 12 ~0.5 
available 

0.15 [3.1.20] 
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As a device for collecting radioactive particles, the thermal precipitator is 
primarily a tool for the laboratory, where the aerosol can be controlled by the 
investigator. Field samples contain mostly inert particles which cannot generally 
be distinguished from radioactive particles except by autoradiographic techniques. 

Suggestions by Panel members 

The problem of in-line sampling can be minimized by introducing aerosol 
into a large container from which the thermal precipitator sample is collected. 

A deposit of ~ 3 X 10s particles/cm2 is adequate for optical microscopy. 
This is obtained with the Casella precipitator when the product of particulate air 
concentration and total volume sampled is ~ 10s. 

Heating of particles having adsorbed vapours (e.g. 1311) may cause some 
collected radioactivity to be lost. 

Chromium and carbon-platinum are good shadowing materials; gold tends 
to leave a grainy structure and gold-platinum is difficult to handle. 

3.1.2. Electrostatic precipitation 

Particles entering an electrostatic precipitator are carried into a unipolar ion 
field where they all acquire a charge of the same polarity and become subjected 
to a strong electrostatic force that precipitates them onto a suitable collection 
surface. The continuous production of the large numbers of ions that are needed 
to charge particles is usually achieved by means of a corona discharge, although 
it has also been achieved with the aid of radioactive sources. Most of the electro-
static precipitators used to sample for particle size measurement produce a corona 
discharge in a point-to-plane configuration as shown schematically in Fig.3.1.4a. 
Current-voltage characteristics for this configuration are shown in Fig.3.1,4b. At 
low voltages, there is only an insignificant current due to ions occurring naturally 
in air. As the voltage is increased, ions, close to the point where the electric field 
is highest, acquire sufficient energy to create other ions by collision with air 
molecules. When the rate of ionization exceeds the rate of recombination, the 
formation of ion "avalanches" begins, and at some critical voltage, a self-sustaining 
current develops. With further increases in voltage, the current increases rapidly 
with increasing voltage until a potential is reached at which arcing between 
electrodes occurs. 

The region of bipolar ions is confined to a very small volume close to the 
pioint, while the region between the point and the collecting electrode contains 
only ions of the same polarity as the point. It is customary to work with a negative 
potential on the point, ?since it provides much larger currents, at a given voltage, 
than does a positive potential. 
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TO HIGH VOLTAGE 

I I B A K E L I T E 

POINT POTENTIAL IN KILOVOLTS 

FIG.3.1.4. fa) Point-to-plane electrostatic precipitator. 
(b) Current-voltage characteristics (T.T. Mercer). 
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If the electrical image forces and the thermal energies of ions are ignored, 
a particle of diameter D in a homogeneous electric field E acquires a charge 
given by [3.1.21, 3.1.22] 

3e ED2 7rit 1 
n E ~ 2 ^ -TTmt(field c h a r g i n 8 ) ( 3 L 8 ) 

where n E is the number of electronic charges, e is the dielectric constant of the 
particle, e is the electronic charge, i is the ion current per unit area in the charging 
region, t is charging time and nE o o is the maximum number of electronic charges 
that the particle can acquire by this process. The error in n E , due to neglecting 
image forces, is about 10% when D = 6 jum and it increases as particle size decreases, 
causing the charge to be underestimated. Neglecting the random movement of 
ions due to their thermal energies introduces an additional error that is especially 
significant for sub-micron particles. Diffusion of unipolar ions to a particle surface 
leads to a number of electronic charges given by [3.1.23] 

n D = ( D k T / 2 e 2 ) l n [ l+ (7 rDVe 2 N 0 t / 2kT) ] (diffusion charging) (3.1.9) 

where V is the root-mean-square velocity of the ions, k is Boltzmann's constant, 
N 0 is the ion density at some distance f rom the particle, and T is the absolute 
temperature. This equation is valid only af ter the charging rate has become 
very slow. 

Charging in an electrostatic precipitator is a complex combination of the 
two processes described above. Small particles in an electric field have been 
found experimentally to acquire a charge greater than that predicted by either 
Eq.(3.1.8) or Eq.(3.1.9). In general, experimental results can be represented by 

n = aD b (3.1.10) 

where bo th a and b are constants that appear to depend on values of E and it 
(or N 0 t = it/juE, where n = ionic mobility). 

A charged particle in an electric field is acted on by a force equal to nEe. 
Its terminal velocity due to this force is 

U E = nEeB (3.1.11) 

B is the mechanical mobility of the particle, defined for spheres as 

B = Ks/3TT7?D (3.1.12) 
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UJ < 0 ,2 .4 .6 ,8 1,0 
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DIAMETER IN MICRONS 

FIG. 3.1.5. Electrical mobilities of particles charged according to n a/)1'4 (courtesy of 
Academic Press). 

where rj is the viscosity of air and Ks is the particle's slip factor. The particle's 
electric mobility, analogous to ion mobility, is its velocity per unit field strength: 

If the particle is large enough to charge according to Eq.(3.1.8), b = 2 and the 
mobility increases almost linearly with increasing size. For smaller particles, 
however, 1 < b < 2, and Hp goes through a minimum value as shown in Fig.3.1.5. 
Very small particles that acquire an electric charge and very large particles are 
precipitated most quickly in an electrostatic precipitator while particles in the 
neighborhood of 0.2 jim are most difficult to collect. The discrete nature of 
electric charges makes the charging process statistical in character. Some small 
particles may acquire only one or two charges, and a certain fraction of them 
passes through the precipitator uncharged. In the absence of an electric field, 
b = 1 and jlcp « Ks. 

Typical instruments 

The point-to-plane configuration has been widely used for electrostatic pre-
cipitators designed to collect samples for particle size analysis. It was first used by 
Baum [3.1.24], who designed an instrument in which the air entered in an annulus around 
the high-voltage electrode (a needle). Newer instruments, such as the Harvard [3.1.25] 
and Rochester precipitators [3.1.26] have designs that are schematically similar 
to that shown in Fig.3.1.4. The direction of air flow is normal to the point-to-plane 
axis and only a fraction of the incoming air passes over the electron-microscope 
grid that serves as the plane electrode. In an instrument designed recently by 
Liu and Verma [3.1.27], particles are charged as they pass through an annular 
region around a point electrode (Fig.3.1:6). A corona is produced by impressing 
1.4-kV voltage on the point, which has a negative 1-kV bias voltage. The alternating 
voltage tends to prevent precipitation of particles in the charging region, and they 

= neB « Db ' -K s (for spheres) (3.1.13) 
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FIG.3.1.6. The pulsed-charging, pulsed-precipitating electrostatic precipitator [3.1.27], 
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FIG. 3.1.7. The Lovelace electrostatic precipitator (T. T. Mercer). 



TABLE 3.1.3. CHARACTERISTICS OF ELECTROSTATIC PRECIPITATORS 

Type Voltage 
(kV) 

Current 
( M A ) 

Electrode 
separation 
(cm) 

Volumetric 
flow rate 
(cm3/min) 

Average linear 
velocity 
(cm/s) 

Effective 
area of 

. deposit 
(cm2) 

Geometric 
efficiency 

Transit 
time 
(s) 

Ref. 

Point-to-plane 
normal flow 10-15 a.c. 

7 neg. 
7 a.c. 

3.5 
3.8 
1.0 

0.75 

5000 
70 
380-5300 

7.3 
1.6. 
5 - 7 0 

0.044 
0.044 
0.044 

0.058 
0.25 
0.047 

0.87 
2.5 

[3.1.25] 
[3.1.26] 
[3.1.29] 

Pulsed 
precipitator 2.3 neg to 

charge; 
4.2 neg to 
precipitate 

2 0.77 2600 55.3 
(charge) 
10.9 
(precipitate) 

102 - 1.8 [3.1.27] 

3H ionization 
normal flow 2 neg. 0.0022 0.16 7 5.8 0.026 1.0 0.43 [3.1.28] 
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pass into the precipitation region between two plane parallel electrodes. The 
precipitation voltage is on one-third of the time for periods of 1.5 s. During the 
intervening 3-s periods, the precipitating region is flushed with fresh aerosol. This 
design tends to minimize the size-segregating effect caused by the size-dependence 
of particulate electric mobility. 

In the Lovelace precipitator [3.1.28] (Fig.3.1.7), a tritium source provides 
the necessary bipolar ionization, which is confined to a small volume between the 
source and a thin metal disc that separates the ionization space from the air flow 
channel. At the indicated voltages, unipolar ions flow to the grounded electron 
microscope through a 1 /16 in square hole in the separator disc. All incoming 
particles pass through the ion field formed in this way. 

Table 3.1.3 summarizes the characteristics of the various precipitators 
described above. The geometric efficiency is an estimate of the fraction of incoming 
particles that passes through the unipolar field between the point and the collecting 
electrode. Transit time is the time required for a particle to reach the precipitation 
zone after it enters the precipitator. 

Since these instruments are used only to determine particle size distributions, 
their real collection efficiencies are not as important as their relative efficiencies 
for different particle sizes. Relative efficiencies vary between 0.54 at 0.16 jum 
and 0.81 at 1.8 /xm for the pulsed precipitator [3.1.27], They have seldom been 
determined directly for the other precipitators. Instead, the use of electrostatic 
precipitators has been justified by the agreement between size distributions 
measured on thermal and electrostatic precipitator samples taken simultaneously 
from the same aerosol. Pertinent data from several comparisons are shown in 
Fig.3.1.8. 

Electron-microscope grids used as the plane electrode must have conductive 
films [3.1.25, 3.1.30]; otherwise, particles are preferentially deposited on 
grid wires. 

Problems encountered with electrostatic precipitators 

Like the thermal precipitator, this is primarily a laboratory instrument, since 
the large ratios of inactive-to-active particles make it unsuitable for field work. 

Size segregation in the Lovelace precipitator makes it necessary to examine 
electron micrographs of several positions along the deposit in order to get a 
representative sample. A similar effect probably occurs in the point-to-plane 
precipitators, but it does not appear to have been studied. In the latter instruments, 
the collected sample is also an unknown fraction of the total input aerosol. 

Arcing between the electrodes in the point-to-plane precipitators may destroy 
the grid substrate. 

The tritium sources in the Lovelace precipitator continuously evolve a certain 
amount of tritium, which can be a nuisance if equipment for analysis of low levels 
of tritium is in the vicinity. 
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FIG.3.1.8. Comparison of distribution statistics determined from electrostatic and thermal 
precipitator samples (courtesy of Academic Press). 

Experiences of Panel members 

Control of the corona current is more important than control of the 
high voltage. 

In humid atmospheres, soluble particles may change character after deposition. 
The formation of ozone and oxygen radicals in the corona may lead to 

chemical changes in deposited particles. 

3.1.3. Filter methods 

Membrane filters are the dried residues of gels produced from colloidal 
suspensions of cellulose esters. They are obtained as sheets perforated with pores 
of irregular size and shape running irregular courses through them. Pore size 
distributions are relatively narrow, clustering about a mean value that can be varied 
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over a rather wide range during manufacture. They are not significantly affected 
by temperature in the range —80°C to an upper limit as shown in Table 3.1.4. 
They are resistant to dilute acids and alkalies and to some organic solvents, 
although they dissolve readily in acetone, ethylene dichloride, chloroform and 
others. Several properties of membrane filters of different manufacture are 
given in Table 3.1.4. 

Pressure drop, AP, across a membrane filter is usually a linear function of the 
average face velocity, U, of air entering the filter. The ratio, AP/U, given in 
Table 3.1.4 is a value averaged over a fairly wide range of air velocities. Some 
examples of the variation of pressure drop with flow rate are given in Table 3.1.5. 
There is a significant difference between the values cited in Ref.[3.1.33] and 
those in Table 3.1.4. Smith and Suprenant [3.1.33] have reported values averaging 
4.1 ± 0.26 mmHg/cm-s - 1 for U between 2.5 and 50 cm/s. 

The efficiencies of membrane filters are usually very high. Gelman gives a 
value of 0.97 for its AN-3000 and values i> 0.99 for all other filters in that series 
when sampling 0.3 /xm DOP aerosols at 5 cm/s. Efficiencies for Millipore Type AA, 
when sampling 0.3 pim DOP aerosols, have been reported [3.1.33] as greater than 
99.98% for face velocities up to 50 cm/s: 

Av. linear velocity (cm/s): 2.5 5 10 14 25 50 
Efficiency: 99.998 99.998 99.998 99.99 99.985 99.98 

Efficiencies for Sartorius membrane filters, cited by the manufacturer, at 40 cm/s 
linear velocity are: 
Type Efficiency (%) Size range (/mi) 

11001, 11301 99.29 0.3—0.5 
11002, 11302 99.94 0 . 3 - 0 . 5 
11003, 11303 99.95 0 . 3 - 0 . 5 
11005, 11305 > 9 9 > 0 . 1 
11007, 11307 94 - 0 . 0 1 
11008, 11308 99.5 > 0 . 0 5 
11011, 11311 97 - 0 . 0 1 

Synpor No.4 has the following efficiencies for 0.55 /xm latex particles: 

Average linear velocity (cm/s): 5.0 15.0 35.0 55.0 
Efficiency: 0.79 0.91 0.99 0.94 

Impaction and diffusion are the primary mechanisms by which membrane 
filters collect particles [3.1.34], Because of their dielectric properties, membrane 
filters acquire high electrostatic charges, which may have a significant effect 
on the fraction of particles that penetrate a filter [3.1.35], but have a negligible 



TABLE 3.1.4. PROPERTIES OF MEMBRANE FILTERS3 
oo 

Type Filter Thickness Pore Weight Porosity AP/U Maximum Refractive 
designation (mm) size area fmmHg\ operating index 

(pm) (mg/cm2) \ cm/s / temp. 
(°C) 

Synpor No. 1 4 2.1-4 .2 - 120 
(cellulose 2 2.5 2 .1-4 .2 - 120 
ester) 3 1.5 2..1-4.2 - 120 

4 0.85 2 .1-4 .2 0.55 ± 0.016 120 
5 0.6 2 .1-4.2 - 120 
6 0.4 2 .1-4 .2 2.63 ± 0.32 120 
7 0.3 2 .1-4 .2 - 120 
8 0.23 2 .1-4 .2 - 120 
9 0.17 2 .1-4 .2 - 120 

10 0.12 2 .1-4 .2 - 120 

Millipore SC 0.13 8.0 5.2 0.74 0.74 125 1.515 
(cellulose SM 0.13 5.0 2.8 0.84 1.17 125 1.495 
ester) SS 0.15 3.0 3.0 0.83 2.04 125 1.495 

RA 0.15 1.2 4.2 0.82 2.73 125 1.512 
AA 0.15 0.8 4.7 0.82 3.72 125 1.510 
DA 0.15 0.65 4.8 0.81 4.09 125 1.510 
HA 0.15 0.45 4.9 0.79 9.12 125 1.510 
PH 0.15 0.30 5.3 0.77 10.95 125 1.510 
GS 0.135 0.22 5.5 0.75 16.42 125 1.510 
VC 0.13 0.10 5.6 0.74 83.58 125 1.500 
VM 0.13 0.05 5.7 0.72 131.75 125 1.500 
VF 0.13 0.01 5.8 0.70 190.87 125 1.500 



Type Filter 
designation 

Thickness 
(mm) 

Pore 
size 
(f/m) 

Weight 
area 
(mg/cm2) 

Porosity AP/U 
mmHg' 
cm/s 

Maximum 
operating 
temp. 
(°C) 

Refractive 
index 

Millipore 
(cellulose 
ester — nylon) 

Millipore 
(polyvinyl 
chloride) 

Millipore 
(cellulose 
acetate) 

Millipore 
(Teflon) 

Gelman 
Metricel 

(cellulose 
tri-acetate) 

WS 
WH 

BS 
BD 

EA 
EH 
EG 

LC 
LS 

GA-1 
3 
4 
6 
7 

0.13 
0.13 

0.135 
0.135 

0.130 
0.130 
0.130 

0.125 
0.125 

0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 

3.0 
0.45 

2.0 

0.6 

1.0 

0.5 
0.2 

10.0 
5.0 

5 
1.2 
0.8 

0.45 
0.3 
0.2 

0.1 

4.9 
5.7 

4.7 
5.7 

5.2 
5.4 
5.7 

8.0 

8.0 

0.45 
0.43 

0.79 
0.73 

0.74 
0.73 
0.71 

0.68 
0.60 

5.81 
9.12 

4.11 
10.29 

3.75 
8.23 

16.47 

4.60 
6.88 

2.10 
2.33 
3.11 
6.36 

10.0 

10.77 
28.0 

125 
125 

65 
65 

75 
75 
75 

260 
260 

150 
150 
150 
150 
150 
150 
150 

1.528 
1.528 

1.47 
1.47 
1.47 

£ M H SB o 
o CO 
o 
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TABLE 3.1.4. (Cont.) tvi 
O 

Type Filter 
designation 

Thickness 
(mm) 

Pore 
size 
(m) 

Weight 
area 
(mg/cm2) 

Porosity AP/U 
/ mm/Hgj 
\cm/s J 

Maximum 
operating 
temp. 
(°C) 

Refractive 
index 

Gelman Green-4N 0.140 0.8 3.11 125 
Metricel Green-6N 0.140 0.45 - - 6.36 125 — 

(cellulose Black-4N 0.140 0.8 - - 3.11 125 — 

esters) Black-6N 0.140 0.45 - - 6.36 125 -

Gelman Alpha-6 0.120 0.45 - — 6.36 175 _ 
Metricel 

(regenerated Alpha-8 0.120 0.2 - - 10.77 175 — 

cellulose) 

Gelman VM-1 0.140 5 — — 1.05 68 — 

Metricel VM-4 0.140 0.8 - - 3.11 68 • — 

(vinyl) VM-6 0.140 0.45 - - 6.36 68 -

Gelman AN-3000 0.140 3 — — 1.83 125 — 

Acropor AN-1200 0.140 1.2 - - 2.10 125 — 

(acrylo- AN-800 0.140 0.8 - - 3.23 125 
nitrile AN-450 0.140 0.45 - - 7.00 125 — 

polyvinyl- AN-200 0.140 0.2 - - 16.80 125 — 

chloride) 

Filters are available in the following diameters: 
Synpor: 24, 35, 50, 60, 65 and 100 mm. 
Millipore: 13, 24 -25 , 37, 47, 90, 142 and 293 mm. 
Gelman: 13, 20, 25, 47, 50, 102, 127, 142, 265 and 293 mm. 

a Manufacturer's data. 
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TABLE 3.1.5. PRESSURE DROP-FLOW RATE CHARACTERISTICS OF 
SOME MEMBRANE FILTERS 

Filter 
AP 
(mmHg) 

U 
(cm/s) 

AP/U 
/mmHg\ 

\ c m / s / 

Synpor No. 4 6 11.5 0.52 
13 23.0 0.57 
19 34.5 0.55 
25.5 46.0 0.55 
31 57.5 0.54 
38 69.0 0.55 

Av: 0.55 ± 0.015 

Synpor No. 6 10.5 4.6 2.28 
22 9.2 2.39 
36 13.8 2.61 
52 18.4 2.83 
70.5 23.0 3.06 

Av: 2.63 ± 0.32 

Millipore AA 98 35 2.80 
143 55 2.60 
196 71 2.76 
286 106 2.70 
390 141 2.77 
575 210 2.74 

Av: 2.73 ± 0.07 

110 40 2.75 [3.1.36] 
105 30 3 .50 a 

a Measurement at an altitude of 1500 m by J. Kruger, a Panel member. 

effect on collection efficiency [3.1.36]. The high collection efficiencies of 
membrane filters are often achieved in a relatively thin layer near the front surface 
of the filter, as shown in Fig.3.1.9. When this is true, the filter has a significant 
advantage for sampling alpha-emitting aerosols, since most of the alpha particles 
emerge from the filter with sufficient residual energy to be detected. Table 3.1.6 
gives some data on alpha particle absorption by several different filters. 

Samples collected on membrane filters can be examined under the optical 
microscope if the index of refraction is not too close to 1.50. Filters can be 
prepared for microscopy in several ways. They can be dissolved in acetone and the 
particles allowed to settle onto a glass slide. Immersion oil of appropriate 
index of refraction can be added to the filter on a glass cover slip. An index of 
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FIG. 3.1.9. Depth of penetration into membrane filters by aerosols tagged with thoron decay 
products (courtesy of Academic Press). (A) Millipore Type VC, room aerosol; (B) Millipore 
Type AA, room aerosol [3.1.37]; (C) AF-150, 0.55 m Si02 particles [3.1.38\ 

refraction of 1.507 has been recommended [3.1.41], although the appropriate 
value depends somewhat on the filter manufacturer [3.1.42], Under proper 
conditions, there is little evidence of filter structure. Small particles having a 
refractive index in the range 1.43—1.54 are likely to be overlooked when counting 
or sizing [3.1.42] unless phase-contrast optics are used. The filter can also be 
prepared by carbon coating the sample side, placing it coated-side down on a 
glass cover slip, and exposing it to hot acetone vapours. The filter is left trans-
parent and sealed to the cover slip, but may be slipped off for autoradiography. 
Sisefsky (a member of the Panel) prepares filters by soaking them in a mixture 
of organic solvents and more volatile non-solvents of membrane filters. As the 
mixture evaporates, the liquid in the filters will be increasingly enriched in solvents, 
so that the filter coalesces into a transparent film. 

Membrane filter samples can also be prepared for examination in the electron 
microscope. In the original Kalmus technique [3.1.43], a small segment of filter 
was placed on a grid covered with formvar and the filter material slowly dissolved 
by acetone. Others applied the same technique using ethyl acetate as the solvent 
[3.1.44, 3.1.45]. Larner [3.1.46] first carbon-coats the filter sample, places it 
coated-side down on a grid, and exposes it to hot acetone vapour, as shown in 
Fig.3.1.10, allowing the dissolved filter to drain off. 

\ 
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A GLASS FLASK 
B BOILING ACETONE 
C METAL HOLDER FOR E.M.GRID. 
D CONDENSED ACETONE 
E ACETONE VAPOUR 
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G EM. GRID 
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J CLAMP TO HOLD E.M.GRID IN POSITION 
K LOOSE FITTING TOP 
L SPRING TO SUPPORT TOP 

FIG.3.1.10. Larner's method [3.1.46] for exposing filter sample to hot acetone vapour 
(J. Krugerj. 

Membrane filters offer a number of advantages besides their high efficiencies. 
They are easy to handle, non-hygroscopic, light in weight, and there is good quality 
control of both weight and thickness. Their limited chemical constituents provide 
low backgrounds for chemical or neutron activation analyses. They are adaptable 
to automatic sampling by moving ribbons of filter material. Precipitation of 
particles on the filter surface enables measurement of the energy spectra of alpha 
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TABLE 3.1.6. ABSORPTION OF ALPHA PARTICLES IN FILTERS 

Filter Type Thickness 
(mm) 

Area density 
(mm/cm2) 

Porosity Alpha 
activity 

Fraction 
absorbed 

Ref. 

AF-150 Membrane 0.15 5.0 0.80 Th C-C' — [3 .1.38] 

SP-pink Cellulose-asbestos 
fibres 

0.40 16.2 0.74 Th C-C' 0.33 [3. .1.37] 

Millipore VC • Membrane 0.13 5.6 0.74 Th C-C' [3. .1.37] 

Millipore AA Membrane 0.15 4.9 0.79 ThC-C' [3- 1.37] 

Whatman GF/A Glass fibre 0.45 5.0 0.95 239Pu =^0 [3, .1.39] 

Whatman 41 Cellulose fibre 0.18 9.1 0.65 
ThC-C' 

Ra A-C' 
0.40 [3. 1.40] 

Whatman Ap/A Polystyrene fibre 0.75 - - Ra A-C' - 0 [3. 1.40] 

Microsorban Polystyrene fibre 1.88 - - Ra A-C' 0.43 [3. 1.40] 

Gelman E Glass fibre 0.625 - - Ra A-C' 0.09 [3. 1.40] 

HV-70 Cellulose-asbestos 
fibre 

0.225 - 0.77 Ra A-C' 0.18 [3. 1.40] 

HV-70 Cellulo se-asb est o s 0.500 - 0.79 Ra A-C' 0.28 [3- 1.40] 
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TABLE 3.1.7. PROPERTIES OF NUCLEPORE FILTERS 

Pore Number Thickness Porosity AP/U 
diameter per cm2 (Mm) /mmHg\ 
(Mm) \cm/s 1 

' 0.2 (2 .55-3 .45) ' 10® 12 0.094 

0.4 (0 .85-1 .15)- 108 12 0.126 

0,6 (2 .55-3 .45)- i o 7 - 12 0.085 

0.8 (2 .55-3 .45)- 107 12 0.151 1.87 

1.0 (1 .70-2 .30)- 107 12 0.158 1.12 

3.0 (1 .70-2 .30)- 106 12 0.141 

5.0 (3 .40-4.60)- 10s 11 0.079 0.28 

8.0 (0 .85-1.15)- 10s 11 0.050 0.22 

particles and permits application of autoradiography techniques without pre-
liminary preparation of samples. Pore size does not seriously affect the superficial 
precipitation of particles in membrane filters. 

Their disadvantages include fragility, high electrostatic charge (which may 
be removed by exposing them to ionizing radiation), cost and relatively high 
pressure drop. In addition, they are subject to clogging with certain types of 
particles and may form an explosive substance if treated with nitric acid. 

Nuclepore filters are polycarbonate films perforated at random by cylindrical 
holes formed by controlled etching of fission-fragment tracks. The holes are 
nearly monodisperse and their axes are virtually perpendicular to the surface of 
the filter. Properties of nuclepore filters are shown in Table 3.1.7. Their area 
density is 1 mg/cm2, their ash content is 0.7%, their maximum operating temperature 
is 140°C, and their indices of refraction are 1.584 and 1.614. They may be used 
directly for either scanning electron microscopy or for optical microscopy. The 
surface can be replicated for transmission electron microscopy (particles in pores 
are not revealed by this process). 

Their advantages include the monodispersity of their pores and the accuracy 
with which they are known, their smooth surface, and their very low background 
for chemical or activation analysis. They have certain size selective characteristics 
that may be useful. Disadvantages include cost and the marked effect of particle 
size on efficiency. 

Fibrous filters are used for microscopy only when there is a solid reason 
for not using other filters. Filters of polystyrene fibres, available commercially 
as Microsorban, can be dissolved in toluene and other solvents arid the particles 
redeposited on a membrane filter. Particles do not have to be on a transparent 
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surface, since they can be studied microscopically in reflected light (opaque-
illumination); however, transparent surfaces usually reveal more detail and give 
better resolution, especially for transparent particles, coloured or not. Glass-fibre 
filters are better than paper because they can be made transparent. If infused 
with celluloid, the fibres cannot be seen and coloured or opaque particles, or 
particles with optical density differing from that of celluloid, become highly visible. 

3.2. DEFINITIONS OF LINEAR PARTICLE SIZE 

Particles encountered in practice are generally irregular in shape and the 
diameter assigned to one is an arbitrary quantity, whose significance depends on 
the manner in which it is measured. Diameters related to particle geometry are 
usually statistical in nature in that a reliable organization of particle size data 
requires either that a measurement be repeated on each particle at a number of 
different orientations or that a number of similar particles be measured in 
random orientation. 

3.2.1. Statistical geometric diameters 

Three well-known statistical geometric diameters are shown in Fig.3.2.1, 
applied to a profile of a particle of irregular shape as viewed in an optical or 
transmission electron microscope. Martin's diameter (Dm ) [3.2.1 ] is the length 
of a chord, parallel to a given reference line, that divides the profile into two 
equal areas; Feret's diameter (Dp) [3.2.2] is the length of the projection of the 
profile onto a fixed reference line; and the projected area diameter (Dp) is the 
diameter of a circle having an area equal to that of the profile. 
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For non-circular profiles, both Martin's and Feret's diameters can have a 
variety of magnitudes depending on the orientation of the particle with respect 
to the reference line. If a profile is convex and measurements are made at all 
possible orientations, Feret's diameter acquires a two-dimensional geometric 
significance, its average value being [3.2.3] 

where P is the profile's perimeter. For a symmetrical profile such as an ellipse 
or a parallelogram, Martin's diameter is related to the profile area, A: 

In practice, a single measurement is made on each profile under the tacit 
assumption that a particular profile will recur often enough in a sample, at random 
orientation, so that the measurements will yield a satisfactory average diameter. 
Davies [3.2.4] has shown that this assumption is unnecessary if all profiles in a 
sample are similar in shape, differing only in size. 

The surface area of an irregularly shaped, convex solid is equal to four times 
its projected area averaged over all possible orientations [3.2.5, 3.2.6], Thus, the 
root-mean-square projected area diameter is a three-dimensional statistical diameter 
related to the surface area, S: 

where A is the average profile area. Davies [3.2.4] also showed that this relationship 
is valid for measurements made on single profiles of particles of different size, if 
they are similar in shape and oriented at random with respect to the direction of 
observation. It is important to note that significant errors occur, even when the 
profiles represent random projected areas of the same particle, if the arithmetic 
mean diameter is used in place of the root-mean-square diameter. 

When samples are examined in an optical microscope, projected area diameters 
are measured by sorting profiles into different size intervals defined by a graded 
series of circles on a Porton eyepiece graticule [3.2.7, 3.2.8]. 

Similar measurements can be made on optical or electron photomicrographs 
using the Endter-Gebauer particle size analyser [3.2.9a], available commercially 
from Zeiss. 

3.2.2. Non-statistical diameters 

D F = P/tt (3.2.1) 

(3.2.2) 

S = 4 A = 7RDP (3.2.3) 

If it is assumed that particles deposited on a substrate are viewed normally 
to their plane of greatest stability, a geometric diameter can be defined on the 
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FIG.3.2.2. Scanning electron micrograph of ThOj particles (P. Kotrappa). 

basis of one or two measurements made on the particle profile [3.2.9]. Sisefsky's 
(a member of the Panel) equivalent volume diameter is 

Ds = (£w2)3" (3.2.4) 
i 

where C is the length and w is the width of the profile. The particle's thickness, 
which should be its smallest dimension, is assumed to be equal to w. The volume 
is given by 

V = - D s
3 = 7 £ w 2 (3.2.5) 

6 6 

Non-statistical diameters can also be assigned to particles of non-spherical 
shape, such as cubes and cylinders. The geometric diameter of a fibre may be 
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used to estimate its terminal settling velocity, which is almost independent of the 
fibre length [3.2.10]. Equivalent surface and volume diameters can also be 
defined for the fibres, if both their length and diameter are measured. 

3.2.3. Particle morphology 

Particles that appear to be discrete units when viewed in an optical or trans-
mission electron microscope may appear in the scanning electron microscope as 
aggregates of smaller units (Fig.3.2.2). Information of this sort is especially useful 
when attempting to correlate particle size data based on different methods of 
measurement. 

3.3. SHAPE FACTORS 

3.3.1. Geometric shape factors relating measured diameters to some 
geometric particulate property 

It is frequently inconvenient, and sometimes impossible, to measure directly 
some particulate property of interest. Distributions of geometric diameters may 
be used to estimate the particulate property, if appropriate shape factors are 
known. For particulate properties that are related to a particle diameter raised 
to an appropriate power, r, the shape factor is defined as 

where A r is the amount of the property associated with a particle of diameter, D. 
The shape factor is valid only for a specific value of r, a specific method for 
measuring D, and, perhaps, a specific method of sample preparation. It is a 
statistical quantity that should not be applied to single measurements of diameter. 
It is especially convenient if its value, on the average, is not a function of the 
diameter to which it refers. 

Volume shape factors can be determined experimentally if they are assumed 
to be independent of particle diameter so that 

where V is the average particle volume for a given sample and D 3 is the average 
cubed diameter for particles in the same sample. Vis related to the number, N, 
of particles per unit mass of sample, which can be measured experimentally, by 

«r — A r /D r (3.3.1) 

a 3 = V/D3 (3.3.2) 

V = 1/pN (3.3.3) 



TABLE 3.3.1. VOLUME SHAPE FACTORS OF VARIOUS SUBSTANCES ON o 

Volume shape factors based on: 
Substance Projected Martin's Feret's Orientation Range of Ref. 

area diameter diameter diameter diameters 

Quartz 0.36a 0.36 0.16 Stable 5 - 1 0 /urn [3.3.8] 
Quartz 0.21 a 0.21 0.13 Stable ~ 20 Mm [3.3.8] 
Quartz 0.3 l b 

- 0.16 ? 0.09-0.21 cm [3.3.7] 
Quartz 0.21 - ? 4 - 1 0 Mm [3.3.9] 
Quartz 0.20 - - Stable 2 .4-5 .6 jum [3.3.10] 
Quartz 0.29 - - Random 1.5-6.4 /im [3.3.11] 
Quartz 0.29 - - Random 2.4-5 .6 jum [3.3.10] 
Quartz 0.34 - - ~ Random 0.6-1 .8 //m [3.3.12] 
Quartz 0.24 - - Stable? 4.5 nm [3.3.8] 

Quartzite 0.32 - Stable ~ 1.2 cm [3.3.13] 

Silica 0.26 - - ? 2—10 Aim [3.3.4] 
Silica (vitreous) 0.21 - - Stable? 3.7 Aim [3.3.8] 
Silica 0.27 b 

- 0.14 7 1 .1-72 Mm [3.3.1] 
Silica (tridymite) 0.22 - -

? 4.3 Mm [3.3.8] 

Diamond 0.32 - - Random 3.2-5 .7 Mm [3.3.10] 
Diamond 0.29 - - Stable 3.2-5.7 Mm [3.3.10] 

Coal 0.29 - - 7 2—10 Mm [3.3.4] 
Coal (Av. of 5) 0.29 - - Stable 3 .8-6 .4 cm [3.3.13] 
Coal 0.23 - - Stable ~ 0.2 cm [3.3.13] 
Coal 0.21 - - Stable 3 - 7 6 Mm [3.3.3] 
Coal 0.25 - - ? 4—10 Mm [3.3.9] 
Coal 0.35 - - Random 3.7-8.8 Mm [3.3.10] 
Coal 0.34 - - Stable 3 .7-8.8 Mm [3.3.10] 
Coal 0.38 • - - Random 0.6-4 .3 Mm [3.3.12] 



Volume shape factors based on: 
Substance Projected Martin's Feret's Orientation Range of Ref. 

area diameter diameter diameter diameters 

Anthracite 0.30 — — Stable 1.2 cm [3.3.13] 
Anthracite 0.19 - - Random 2.1-8.1 Mm [3.3.10] 
Anthracite 0.11 - - • Stable 2 .1-8 .1 (Jtm [3.3.10] 

Granite 0.27a 
- 0.14 ? 1.1-72/ im [3.3.1] 

Granite 0.30 - - Stable ~ 1.2 cm [3.3.13] 

Calcite 0.27a 
- 0.14 7 1 .1 -72 Mm [3.3.1] 

Limestone 0.32 - - Stable ~ 1.2 cm [3.3.13] 
Limestone 0.16 - - Stable ~ 0.2 cm [3.3.13] 
Mica 0 .10(0.05-0.38) - - ? 2-10jum [3.3.4] 
Mica 0.003 - - Stable ~ 0.2 cm [3.3.13] 
Sand - - 0.42 Stable 0 .05-0 .38 cm [3.3.14] 

s ffl H sc o 
d ai 
O 
Ti 
r 
z w > 
SO 
ce i—< N W > 

> r >< 
en 

Assuming Dp — Dm. 

Estimated from DF value, assuming DF /DP = 1.25. 
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where p is the bulk density of the particle. If the diameters follow a log-normal 
distribution of median diameter, Dg, and geometric standard deviation, ag , 

Hatch and Choate [3.3.1 ] used this method to determine a 3 , related to Feret 's 
diameter, for silica, granite and quartz. They found it to be independent of 
particle size in the range 1.1—72 pm. Kotrappa [3.3.2] used the same method 
to determine a 3 , related to projected area diameter, for particles of quartz, coal, 
uranium dioxide and thorium dioxides in the respirable size range and found it 
to be unaffected by size. 

Robins [3.3.3] developed a method with which to estimate particle volume 
from microscope measurements and applied it to the determination of oc3 as a 
function of projected area diameter for coal particles in stable orientation over a 
size range of 3 to 76 pm. He did not find that size affected the value of a3 . 

Schrag and Corn [3.3.4] used the Coulter counter to measure the distributions 
of particulate volumes for samples of coal, silica, fly ash and mica. They also 
measured the distributions of projected area diameters for the same samples. 
Estimation of volume shape factors from their data show that a 3 for coal, silica 
and fly ash particles in the size range 2 - 1 0 pm is unaffected by size. Size has 
a significant effect on a 3 for mica particles. 

Experimental shape factors for a variety of particles of irregular shape and 
theoretical shape factors for several particles of regular shape are listed in 
Tables 3.3.1 and 3.3.2, respectively. 

Surface shape factors of particles that are not simple convex solids depend 
on the method of surface measurement as well as the type of geometric diameter 
used. If surface area is measured by light extinction, it will be approximately 
equal to the surface of an envelope about the particle. If the surface shape factor 
is related to the projected area diameter on particles oriented at random, then 

If permeability or gas adsorption methods are used to measure surface, a 2 may 
be much larger, whichever diameter is measured. Light scattering data on airborne 
particles [3.3.1] and permeability data on particles in the size range 0.05—0.38 cm 
show no effect on a 2 due to size. 

Empirical surface shape factors for a variety of substances are shown in 
Table 3.3.3. 

D 3 = D 3 e9ln* oel2 (3.3.4) 

S 
(3.3.5) 
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Volume shape factors related to projected 
area diameters3 for 

regular shape of axial ratio equal to: 
Particle 
shape 

Isometric 
particles 2 5 10 

Sphere 

Cube octahedron 

Octahedron 

Cube 

Tetrahedron 

Parallelepiped (rect. 

Oblate spheroid 

Prolate spheroid 

Cylinder 

0.52 

0.46 (0.61) 

0.41 (0.63) 

0.38 (0.70) 

0.29 (0.29) 

0.35 (0.49) 0.27 (0.31) 0.21 (0.22) 

0 .46(0 .26) 0.26 (0.11) . 0 .14(0 .05) 

0.47 (0.37) 0.33 (0.23) 0.24 (0.17) 

0.40 (0.39) 0 .30(0.24) 0.23 (0.17) 

a Values in parentheses refer to stable orientation; others refer to rms diameters for 
random orientation. 

3.3.2. Aerodynamic shape factors 

A particle moving through a fluid at a Reynolds number <! 0.3 encounters 
a fluid resistance given by • 

where U is its velocity relative to the fluid, D is a measured diameter, KR is a 
resistance shape factor related to that diameter, and rj is the fluid's viscosity. If 
U is the particle's terminal settling velocity, FR is balanced by the force of gravity, 
a 3 p D 3 g , which is responsible for the particle's motion and, if the slip effect is 
negligible, then 

where p0 represents unit density (cgs units) and Dst is its Stokes diameter. DA 
is the aerodynamic diameter of the particle. In practice, the ratio 

F R = 3IRR?D-KR-U ( 3 . 3 . 6 ) 

U — 
ot3pD2g _ P p D ^ g _ pDst § 
3TT77Kr 18T? 18r? 

( 3 . 3 . 7 ) 

( 3 . 3 . 8 ) 
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Substance Diameter Method of surface Approximate a 2 Ref. 
measured measurement size range 

Quartz Dps Light extinction 2 - 1 0 Mm 2.2 [3.3.10] 

Quartz Dps N2 adsorption 0 . 2 - 1 0 Mm 2 . 9 - 3 . 8 [3.3.9] 

Quartz Dps N2 adsorption 0 .6 -1 .8 Mm 5.2 [3.3.8] 

Quartz Dpr N2 adsorption 0 .6 -1 .8 Mm 5.2 [3.3.12] 

Quartz D F Air permeability 0 .05-0 .38 cm 2 .2 -3 .1 [3.3.14] 

Silica (vitreous) Dps Air permeability 1 .2-4 .3 Mm 4.7 [3.3.8] 

Silica (tridymite) Dp s Air permeability 0 . 7 - 5 . 2 Mm 4.8 [3.3.8] 

Diamond DpS Light extinction 2 - 1 0 Mm 1.8 [3.3.10] 

Coal Dps Light extinction 2 - 1 0 Mm 1.9 [3.3.10] 

Coal Dpr N2 adsorption 0 . 6 - 4 . 3 Mm 15.6 [3.3.2] 

Anthracite Dp s Light extinction 2 - 1 0 Mm 2.4 [3.3.10] 
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TABLE 3.3.4. AERODYNAMIC SHAPE FACTORS FOR PARTICLES 
OF REGULAR SHAPE 

Particle shape 
Aspect 
ratio 

<*3 

K R K r X D p 

Sphere 0.52 1.0 1 . 0 0 0.97 

Cube octahedron 0.47 0.99 1.03 0.95 

Octahedron 0.42 0.98 1.06 0.90 

Tetrahedron 0.30 0.96 1.17 0.76 

Parallelepiped 0.25 0.27 1.07 1.30 0.72 

Parallelepiped 4.0 0.24 1.12 1.40 0.68 

Oblate spheroid 2 0.46 1 . 0 0 1.05 0.94 

Oblate spheroid 5 0.26 0.98 1.24 0.70 

Oblate spheroid 10 0.15 0.97 1.50 0.54 

Prolate spheroid 2 0.46 1.01 1.05 0.94 

Prolate spheriod 5 0.30 1.09 1.27 0.76 

Prolate spheroid 10 0.19 1.23 1.60 0.60 

a D A /D p = (Dst/D) \fpfpo 

(or DST/D), which can be measured experimentally, is usually treated as a separate 
shape factor. If a 3 has been measured separately, K r , which enters into equations 
involving forces that are not related to particle volume or mass, can be determined. 

Measurements of DA/D (or DST/D), f rom which « 3 /KR can be determined, 
have been made only for projected area diameters and fibre diameters. If D is the 
equivalent volume diameter, a 3 = 7r/6, and KR = (D/D s t)2 . This was originally 
called the particle's coefficient of resistance [3.3.5] but was later termed the 
"dynamic shape fac to r" by Fuchs [3.3.6] and represented by the symbol x- It 
has not been determined directly for particles of irregular shape, but can be 
derived f rom values of a 3 and KR related to projected area diameters. 

Table 3.3.4 gives values of a 3 and KR, both related to projected area diameters 
for particles of regular shape in random orientation, the dynamic shape factor, x, 
and the shape factors, DA/D, and DST/D. The values for spheroids are theoretical; 
others are based on experimental data. In all cases, the slip effect has been assumed 
to be negligible. Similar values for a variety of particles of irregular shape are 
given in Table 3.3.5. Only Kotrappa 's data [3.3.2] include a correction for 
slip factor. 
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T A B L E 3 . 3 . 5 . A E R O D Y N A M I C S H A P E F A C T O R S F O R P A R T I C L E S 
O F I R R E G U L A R S H A P E 

Range of Dp <*3 

Substance ( p m ) KR KR X Dst /Dp Ref. 

Coal 0 .6 -4 .3 0.26 1.50 1.88 0.70 [3.3.2] 

5 - 1 5 0.29 - - 0.74 [3.3.15] 

2 .5-12 .5 0.27 - - 0.72 [3.3.16] 

2 .7 -25 .6 0.27 - - 0.72 [3.3.17] 

> 4 0.28 0.9 1.15 0.73 [3.3.9] 

Glass 2 - 1 0 0.24 - - 0.68 [3.3.16] 

Quartz 0 .7 -1 .9 0.24 1.43 1.84 0.68 [3.3.12] 

> 4 0.23 0.91 1.23 0.66 [3.3.9] 

2 - 8 0.19 - - 0.60 [3.3.15] 

China clay 2 - 8 0.20 - - 0.62 [3.3.15] 

Rock 3 . 5 - 1 2 0.21 - - 0.63 [3.3.17] 

u o 2 0 .2 -0 .6 0.40 0.85 1.11 0.87 [3.3.2] 

0 .6 -1 .7 0.27 1.23 1.60 0.72 [3.3.2] 

0 .2 -1 .7 0.36 0.95 1.24 0.83 [3.3.2] 

ThQ2 0.2-0 .7 0.31 0.75 1.19 0.77 [3.3.2] 

0 . 7 - 3 . 4 0.21 1.14 1.70 0.63 [3.3.2] 

0 . 2 - 3 . 4 0.26 0.93 1.42 0.70 [3.3.2] 
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Chapter 4 

GRAVITATIONAL AND 
INERTIAL SEPARATION OF PARTICLES 

4.1. SOME BASIC PRINCIPLES 

4.1.1. Fluid resistance to relative particle motion 

A particle in relative mot ion with respect to a fluid is subjected to retarding 
frictional and inertial forces associated respectively with viscosity and density of 
the fluid. The general equation for fluid resistance is 

where pf is the density of the fluid, U is the relative velocity between particle and 
fluid, A is the cross-section of the particle normal to the direction of flow, and CR, 
called the drag coefficient, is a funct ion of the Reynolds number for f low about 
the particle: 

D is the particle diameter and 17 is the coefficient of viscosity for air. As Re 
approaches zero, CR approaches 24/Re and the fluid resistance becomes 

which is Stokes' law for movement through a fluid that is virtually inertialess. 
When the fluid is a gas that has an appreciable mean free path, FR must be divided 
by a slip factor, K s , to allow for the discontinuous nature of the fluid near the 
particle surface. 

The drag coefficient, CR, has been measured as a funct ion of Reynolds number, 
the data spanning almost four orders of magnitude for CR and almost seven for Re. 
Table 4.1.1 compares these experimental results with drag coefficients predicted by 
Stokes' law (Eq. 4.1.3), by Klyachko's formula [4.1.1] 

F R = C R - p f U 2 A (4.1.1) 

Re = p f ' D ' U / t j (4.1.2) 

F R = 3TTTJDU (4.1.3) 

(4.1.4) 

71 
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TABLE 4.1.1. DRAG COEFFICIENT AS FUNCTION OF REYNOLDS 
NUMBER 

Reynolds Exptl. Drag coefficient according to 
number [4.1.3] Stokes Rel. Klyachko Rel. Hanel Rel. 

CR error error error 
(%) (%) (%) 

0.3 80 80.0 ~ 0 86.0 7.5 83.7 4.7 

0.5 49.5 48.0 3.0 53.0 7.1 51.5 4.0 

0.7 36.5 34.3 6.0 38.8 6.3 37.6 3.0 

1.0 26.5 24.0 9.4 28.0 5.7 27.1 2.3 

2.0 • 14.4 12.0 16.7 15.2 5.6 14.8 2.9 

3.0 10.4 8.0 30.0 10.8 3.8 10.6 1.9 

5.0 6.9 4.8 43.8 7.1 2.9 7.3 5.8 

10.0 4.1 2.4 70.8 4.3 4.9 4.6 12.2 

100.0 1.07 0.24 346. 1.10 2.8 1.8 68.2 

500.0 0.55 0.05 1000. 0.55 ~ 0 1.3 132. 

and by Hanel's formula [4.1.2] 

24 
C R = — ( 1 + 0 . 1 3 R e 0 8 5 ) ( 4 . 1 . 5 ) 

Ke 

Stokes' law provides a highly accurate estimate of fluid resistance for Re < 0.3 
and a good estimate for Re < 0.5. For 0.6 < Re < 3.0, a more accurate estimate 
is obtained if the Stokes' law value for FR is multiplied by the factor 
( 1 + 0 . 1 3 Re 0 85); for larger values of Re, the appropriate factor is (1 + (Re2 / 3 /6)) . 

Slip correction factor 

Stokes' law was derived assuming that the relative velocity between sphere 
and fluid must vanish at the surface of the sphere. This requires that a thin layer 
of fluid adhere to the sphere, moving with it. In reality, molecules rebounding 
from a sphere retain a net velocity in the direction of flow, creating a "slip" effect 
that reduces the fluid resistance by the factor 

Ks = 1 + Kn (A + B e~ c / K n ) (4.1.6) 
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Kn (= molecular mean free path/sphere radius) is the Knudsen number and A, B 
and C are constants. Davies [4.1.4] concluded that for air the best values for these 
constants are, respectively, 1.27, 0.400 and 1.10, and expressed the slip correction 
factor as 

K s = 1 + (2/PD) (6.32 + 2.01 e - ° 1095 PD) (4.1.7) 

where P is air pressure in cmHg and D is the diameter in micrometres. In this 
form, Ks is limited to temperatures close to 20°C. Slip was first treated theoretically 
by Cunningham [4.1.5] so that Ks is usually referred to as Cunningham's correction 
factor. 

4.1.2. Motion of a particle subject to a constant force 

i 
When Stokes' law applies, the motion of a spherical particle of mass, m, and 

diameter, D, subject to a constant applied force, F, is described by 

m — = F - 3 7 T 7 ? D U / K S ( 4 . 1 . 8 ) 
dt 

where U is the relative velocity between particle and fluid. F and U are both 
vector quantities, but can be treated here as scalars since both forces act along 
the same line. If application of the force begins at t = 0 and U = 0, then the 
relative velocity at any subsequent time is 

U = F B ( 1 - E ^ 7 " ) ( 4 . 1 . 9 ) 

where 

B = Ks/3jrr?D 

is called the mechanical mobility of the particle and r = mB is the particle's 
relaxation time. At very large times, the exponential term becomes negligible 
and U approaches a terminal velocity. 

U t = FB (4.1.10) 

In particular, the terminal settling velocity due to gravity is 

U G = F G B = m B g ( l - p f / p p ) (4.1.11) 

where Pf and p p are the densities of fluid and particle, respectively. For air, the 
ratio pf/pn can almost always be neglected. 
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In time r , the particle reaches a fraction, 1 — 1/e, of its terminal velocity. 
Since the relaxation time of a sphere of diameter D micrometres is 

T= 3.0 X 1 0 ~ 6 p p D 2 K s seconds (4.1.12) 

in air at 20° C, it is apparent that even quite large particles rapidly approach their 
terminal velocities. When Stokes' law applies, the product of a particle's initial 
momentum and its mobility is called its stopping distance 

S0 = mU 0 B = r U 0 (4.1.13) 

If the initial conditions are such that Stokes' law does not apply, Klyachko's 
relationship for the drag coefficient, Eq. (4.1.4), leads to 

P p 
S 0 = — -D 

Pf 
R e t t a n - ( ^ t (4.1.14) 

At low Reynolds numbers, experimental data indicate that the resistance 
force exerted on a particle by a fluid is proportional to its relative velocity for 
particles of both spherical and non-spherical shape. Under these circumstances, 
B « U even for non-spherical particles, and formulae that are valid for spheres at 
low Reynolds numbers can be applied to particles of other shapes. 

4.2. PRINCIPLES OF INSTRUMENT OPERATION 

4.2.1. Horizontal elutriation 

Walton [4.2.1 ] has advanced the following theorems, valid for laminar flow, 
which are of special interest in elutriation: 

(a) A change in air movement (due, for example, to the introduction of a 
sampling flow) within a cloud of sedimenting inertialess particles whose 
concentration is initially uniform will not give rise to a change in 
particle concentration at any point within the cloud; and 

(b) The number of particles passing per unit time through any given area 
within a cloud of sedimenting inertialess particles is equal to the number 
that would fall through if the air were stationary plus the product of the 
particle concentration and the flux of air through the area. 

By introducing the concept of particle "tubes of flow", Walton was able to 
derive an important corollary to Theorem (a): 



SEPARATION OF PARTICLES 7 5 

If air entering a duct has a uniform concentration C0 of particles of a given 
settling velocity, then the concentration of such particles in any volume element 
within the duct is either C0 or zero. Walton showed that if the flow pattern 
within a duct is such that the duct can be divided into similar flow tubes satisfying 
the conditions given above, then the penetration of particles through the duct is 

P = 1 - U G ^ (4.2.1) 
F 

where F is the total flow rate through the duct, A is the horizontal projection of 
its total floor area and UQ is the terminal settling velocity of the particles. 

Equation (4.2.1) contains the tacit assumption that the air velocity at a given 
point in a cross-section of the elementary tube does not depend on the transverse 
position of the point. This requires that duct widths be much greater than their 
height. With that limitation, penetration through a duct of constant height H0 , of 
length L, having straight sides and a transverse cross-section that is rectangular, 
but not necessarily of constant width, is 

U G L ( W + W 0 ) 
P = 1 - — ( 4 . 2 . 2 ) 

2 F 

where W and W0 are the entrance and exit widths, respectively, and 
UQ < 2F/L(W + W0). For larger values of UQ, P = 0, and the particles are 
deposited over a length in an area 

A = [ ( W - W 0 ) / 2 L ] ^ + E D W 0 = F / U G - ( 4 . 2 . 3 ) 

For a duct of constant cross-section, W = W0, and 

F V H 0 

where V is the average linear air velocity in the duct. The deposition length is 
inversely proportional to UQ- If W > W0, then except at large values of LUQ/F, 

L W 
£D * (2FL/UGW)1 /2 - — * (4.2.4b) 

w 

and the deposition length is almost inversely proportional to UQ 2 . 

4.2.2. Centrifugation 

The centrifugation of aerosols is similar in principle to elutriation, with the 
force of gravity being replaced by a centrifugal force. Figure 4.2.1 represents a 
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duct of constant rectangular cross-section bent into an annulus of outer radius R 0 , 
width H0 and depth W, and rotated at an angular velocity w about an axis at'O. 
Both R 0 and W are very much larger than H 0 . Air enters uniformly over the duct 
cross-section at I, flowing through the duct at a volumetric flow rate F to disappear 
uniformly over the duct cross-section at E. At a distance R from the axis of 
rotation, particles of mass m and mobility B are subjected to a centrifugal force 
m w 2 R directed outward from the axis. For the particle size range likely to be 
encountered, their radial velocity at R will be 

U(R) = mBw J R (4.2.5) 

when coR > V, the average air velocity in the duct. Assuming a simple parabolic 
velocity profile across the duct width, particles having a given value of mB will 
deposit over a length of the outer wall given by 

«D = 
V H 0 

U(Ri) 
1 - Ho. 

2Rj 
(4.2.6a) 

V H 0 

mBco2Ri 2Ri 
(4.2.6b) 

where Rj = R 0 - H0 and terms in H 0 /Ri higher than the third power have been 
neglected. Equation (4.2.6a) differs from Eq. (4.2.4) because U(R) is not a 
constant as is UQ • 

This simple extension of elutriation theory to centrifugation is difficult to 
realize in practice, because proper introduction of air and aerosol into the duct 
poses a severe problem. 
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(a) 

w 

(b) • 3 

- 2 

h-2 
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FIG.4.2.2. Impaction system [4.2.3]. (a) Schematic diagram, (bj Non-dimensional coordinate 
system. 

4.2.3. Impaction of particles from air impinging normally on a plate 

Assume a stream of particle-laden air emerges from a rectangular orifice of 
width W and impinges normally on a plane surface at a distance S from the orifice. 
The stream will split into two symmetrical branches flowing in opposite directions. 
The particle trajectories will diverge from the air streamlines and, if the particles 
have sufficient inertia, may intersect the plane surface. If the jet orifice is assumed 
to be of very great length, calculating particle trajectories becomes a two-dimensional 
problem as shown in Fig. 4.2.2. 

The equations of motion for a particle approaching the X-axis are 

dU x 
m — * = (V x - U x ) /B 

dt 

(4.2.7) 

dUy 
m - ^ = ( V y - U y ) / B 

where V is the velocity of the air and U is the velocity of the particle. These 
equations are put in dimensionless form by measuring velocities in units of U0 , 
the velocity of the undisturbed air stream and of particles at some distance from the 
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FIG.4.2.3. Impaction collection efficiency as a function of y/st at different values of S/W 
(for rectangular jets) (T.T.Mercer.) 

Ideal fluid theory [4.2.4] 
Viscous fluid theory [4.2.5] 
Experimental data [4.2.3] 
Experimental data [4.2.2]. 

Y-axis, and time in units of W/2U0 , the time required to traverse a distance equal 
to half the orifice width, when moving at the velocity U0: 

dU x ~ ~ 
St • = V x - U x dt x x 

dUy ~ ~ 
St • —^T = Vy - Uy 

dt y y 

(4.2.8) 

The tildes indicate dimensionless variables and the dimensionless parameter St is 
the Stokes' number given by: 

St = 2mBU0/W (4.2.9) 

i.e., it is the ratio of the particle's stopping distance to the half-width of the orifice. 
Equation (4.2.8) must be solved for the boundary conditions Ux = V x = U0 and 
U y = V y = 0 at some appropriate position upstream of the Y-axis and for fixed 
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s/w 
FIG.4.2.4. Rectangular jets: Comparison of theoretical and experimental results for \ f s t 
at E= 0.5 as a function of S/W (T. T. Mercer). 

Theory for ideal flow [4.2.4] 
Theory for viscous flow [4.2.5]. 

values of S/W and Re = U0 W jv , which establish conditions of dynamical similarity. 
Analytical solutions have been obtained for simplified flow fields and ideal flow 
(equivalent to very large Reynolds numbers), but the ratio S/W was either ignored 
[4.2.2] or its inclusion gave unsatisfactory results when its value exceeded unity 
[4.2.3], Davies and Aylward [4.2.4] obtained numerical solutions for several 
values of S/W and ideal flow. Marple and Liu [4.2.5] solved the equations 
numerically for viscous flow at several values of S/W and Reynolds number. These 
latter results are compared with experimental data below. 

Solutions to Eqs (4.2.8) yield the trajectories of particles emerging from the 
orifice, only some of which intersect the Y-axis. A critical trajectory, whose 
Y-coordinate on leaving the orifice is ± Yc , is found such that only trajectories 
beginning at Y-coordinates defined by - Yc < Y < Yc intersect the Y-axis. For 
each set of dynamically similar conditions, each value of St yields an efficiency 
E = Yc- Figure 4.2.3 shows some of the theoretical curves and experimental data 
for efficiency as a function of > / s t . Figure 4.2.4 compares available data 
relating v / s t at an efficiency of 0.5 to S/W with the theoretical curves of Davies 
and Aylward and of Marple and Liu. 
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FIG.4.2.5(a). Round jet impactors: efficiency as a function of \/St (T.T. Mercerj. 
Viscous fluid theory [4.2.5] 
Experimental [4.2.6] 

- Experimental [4.2.2]. 
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FIG. 4.2.5(b). Round jets: comparison of theoretical and experimental results for y/St at 
E = 0.5 as a function of S/W (T. T. Mercer). 

Fit to experimental data [4.2.6] 
Theoretical [4.2.5], 



SEPARATION OF PARTICLES 81 

Equations (4.2.8) also apply to round jets, if Y represents the dimensionless 
radial distance from the jet axis. Analytical solutions to these equations have 
been found for certain approximate flow fields and arbitrary boundary conditions 
[4.2.2, 4.2.6], but they did not deal adequately with the effect of S/W. Marple 
and Liu [4.2.5] also solved these equations numerically for viscous flow at several 
values of S/W and Re. Again, the calculations provided Yc , the Y-coordinate at 
the jet orifice for the critical trajectories, from which the e f f ic iency E = Y^, 
could be calculated. Their curves of efficiency as a function of y /S t showed much 
better agreement with experimental data than did those for rectangular jets 
(Fig. 4.2.5(a)). There is also much less spread in the experimental data relating 
y / s t at E = 0.5 to S/W (Fig. 4.2.5(b)). 

4.2.4. Equivalent size measured 

Given the basic assumption that at low Reynolds numbers drag resistance 
is proportional to the relative velocity between particle and air, regardless of shape, 
Eqs (4.1.11), (4.2.4a, b) and (4.2.5) show that the only particulate property 
involved in the processes of elutriation, centrifugation and impaction is the 
relaxation time, r = mB. Instruments operating according to these processes can 
be calibrated with spherical particles having known values of mB. Subsequent 
application of the instruments to sample particles of unknown shape and density 
yield size distributions in terms of "equivalent" diameters derived from the quantity 
mB. The two most commonly used are the aerodynamic diameter, DA, and the 
Stokes' diameter, Ds t , defined by the equation: 

mB = P 0 DaK A / 1 8 T ? = p D | t K s t /18i7 (4.2.10) 
(any particle) (sphereof density, p0 = 1 g/cm2) (sphere of density, p) 

KA and Kst are slip correction factors and TJ is the viscosity of air. Although 
Eq. (4.2.10) applies equally to elutriation, centrifugation and impaction, it is 
customary to define the aerodynamic (Stokes') diameter of an irregularly shaped 
particle as the diameter of a sphere of unit density (of the same bulk density) 
that has a terminal settling velocity equal to that of the particle under consideration. 

4.3. SPECIFIC INSTRUMENTATION 

There are two distinct types of elutriators and centrifuges: those in which 
the incoming aerosol fills the whole cross-section of the duct at its inlet; and 
those in which the incoming aerosol is confined to a thin layer separated from the 
collection surface by a much thicker layer of particle-free air. In instruments of the 
first type, particles having a given aerodynamic diameter are continuously deposited 
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on the collection surface over a length that is characteristic of that diameter. The 
deposit on an element of length at a distance 2 from the inlet will include particles 
of all available aerodynamic diameters smaller than that characteristic of In 
instruments of the second type, all particles of the same aerodynamic diameter are 
deposited in a narrow band across the collection surface. An analogous distinction 
can be made for impaction devices. 

4.3.1. Horizontal elutriators — cumulative type 

Stein et al. [4.3.1 ] used a cumulative elutriator to determine the ratio 
between aerodynamic diameter and projected area diameter for particulate air 
pollutants. A schematic diagram of their instrument and a typical deposition 
pattern for particles of one Stokes' diameter are shown in Fig. 4.3.1. The 
instrument operates at about 100 cm3 /min and has a maximum deposition length 
corresponding to an aerodynamic diameter of about one micrometre. 

Elutriators of this type can be used to measure activity distributions in 
relation to aerodynamic diameters if the surface concentration of activity is 
determined as a function of cumulative area from the elutriator entrance [4.3.2]. 
Let dC, the concentration associated with particles having settling velocities in the 
increment U to U + dU, be given by 

dC = C0 f(U) dU (4.3.1) 

where C0 is the total concentration, and 

U(max) 

J f(U) dU = 1 (4.3.2) 

U(min) 

At a distance from the elutriator inlet equivalent to a floor area A, the change in 
activity per unit area due to the cut-off of activity associated with particles having 
settling velocity, U = F/A, is given by 

dCA = d C - U - t = C0 f (U)dU 'U- t (4.3.3) 

Using the relationship dU = - FdA/A2 , this can be rearranged, giving 

-A 3 dCA 

F 2 C 0 t dA f(U) = r — - - r r (4.3.4) 
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FIG.4.3.1. Horizontal elutriator [4.3.1]. (a) Schematic diagram, (bj Deposition pattern for 

D A = 2.05 m-
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FIG.4.3.2(a). Schematic diagram of the Timbrell aerosol spectrometer (from V. Timbrell in 
Ref. [4.3.4] by courtesy of Charles C. Thomas, Publishers, Springfield, III., USA (1972)). 

The experimental data provide a curve of CA as a function of A. For any value 
of A, dCA/dA is the slope of the curve at A, and the corresponding settling velocity 
is U = F/A. C 0 t , the total activity entering the elutriator, is the sum of the activity 
deposited in the elutriator and the activity passing through it and caught on a 
backup filter. Ignoring the effect of slip factor, U = p0 D ^ g/18r?, so that 

f ( D A ) = f(U) 
dU 

dD A 
^ • D A - f ( U ) 

9t) 
(4.3.5) 

is the relative amount of activity per unit aerodynamic diameter in the size range 
D a to D a + dD A . 
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FIG.4.3.2(b). Calibration curve at F= 100 cm3/min for the Timbrell aerosol spectrometer 
(from V. Timbrell in Ref. [4.3.4] by courtesy of Charles C. Thomas, Publishers, Springfield, 
III., US A (1972)). 

The discussion above refers to elutriators having cross-sections that are 
rectangular, although not necessarily of constant size. Cumulative-type elutriators 
of constant rectangular cross-section are used as respirable mass samplers 
(Section 9.2.1). A cumulative type of elutriator having circular cross-section has 
been described by Thomas and Knuth [4.3.3], who used it to measure the settling 
velocities of monodisperse particles. Particles penetrating the elutriator were 
captured on a filter blocking the exit. The distance through which the particles 
had fallen during transit through the elutriator was deduced from the pattern of 
particles collected on the filter. Knowing this distance, the air flow rate and 
velocity profile, they were able to calculate the settling velocity and Stokes' 
diameter of the monodisperse particles. 

4.3.2. Horizontal elutriators — discrete type 

. Figure 4.3.2a is a diagram of the Timbrell aerosol spectrometer [4.3.4], 
a horizontal elutriator having a rectangular cross-section of constant height but 
increasing width, in which the aerosol is initially confined to a thin layer midway 
between the horizontal walls of the sedimentation chamber. Particles of a given 
aerodynamic diameter are deposited in a narrow band across the elutriator floor. 
The distance from the inlet to the centre of the deposit is almost inversely 
proportional to their aerodynamic diameter (Eq. (4.2.4)), as shown graphically 
in Fig. 4.3.2(b). The length of the deposit, which limits the accuracy with which 
diameters can be determined, depends on the ratio between the effective thickness 
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FIG.4.3.3. Relationship between fibre geometric and aerodynamic diameters (from V. Timbrell 
in Ref. [4.3.4] by courtesy of Charles C. Thomas, Publishers, Springfield, III, USA (1972)). 

of the aerosol layer at the entrance and the height of the chamber. The resolution 
of the instrument for particles of aerodynamic diameter D A is 

where A D a is the difference in aerodynamic diameters associated with deposition 
lengths corresponding to the leading and trailing edges of the deposit, AH is the 
effective thickness of the aerosol layer, H is the height of the elutriation chamber, 
AF is the aerosol flow rate and F is the total flow rate. Representative sampling 
conditions are.F = 100 cm 3 /min and AF = 1 cm 3 /min, for which A D A / D a ~ 0.10. 

Timbrell [4.3.4] has used the instrument to study the aerodynamic properties 
of fibres and other non-spherical particles, the aerodynamic size distributions of a 
variety of hazardous aerosols, and the random clumping of particles during 
deposition, His work on fibres has brought out that the aerodynamic diameter of 
a fibre depends mostly on its real diameter, being largely unaffected by fibre length 
when the ratio length:diameter > 15 (Fig. 4.3.3). 

Advantages. The instrument permits accurate measurement of the aero-
dynamic diameters of particles of irregular shape. 

Disadvantages. As shown by the deposition pattern of Fig. 4.3.2(b), applica-
tion of the instrument, when operated at a total flow rate of 100 cm 3 /min, is 
limited to particles having aerodynamic diameters in the range of about 1.5—20 /im. 
The very low aerosol flow rates, usually < 1.0 cm 3 /min, require long sampling 
times to achieve a sample dense enough for examination. 

(4.3.6) 



SEPARATION OF PARTICLES 87 

INLET 

FIG.4.3.4. Cutaway view of the Goetz aerosol spectrometer [4.3.11]. 

The instrument is manufactured by Fleming Instruments, Ltd, Stevenage, 
Herts., United Kingdom. 

4.3.3. Aerosol centrifuges — cumulative type: the Goetz "aerosol spectrometer" 

A cutaway view of this instrument [4.3.5] is shown in Fig. 4.3.4. An 
aluminium cone, grooved with two independent helical channels and covered with 
a close-fitting conical shell, is rotated at speeds up to 24 000 rev/min. The impeller 
action of the helical channels draws air through the inlet tube and into the channels 
through.ports at the top. After traversing the length of the channel, the air is 
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TABLE 4.3.1. SOME OPERATING CONDITIONS OF GOETZ CENTRIFUGE 

Rotational 
speed 
(103 rev/min) 

Jet 
diameter 
(mm) 

Flow rate3 

(litres/min) 

Deposition 
equation11 

Ref. 

10 1.0 1.38 est. D a = 4.47/fi®'65 [4.3.6] 

12 1.0 1.65 D a = 6.77/f ip8 8 [4.3.7] 

20 0.5 1.38 est. D a = 14 .53/e^ 5 2 [4.3.6] 

22 1.0 4.29 D a = 7.92/Cp0 4 [4.3.8] 

0.5 1.05 D a = 8.87/Cj,'44 [4.3.8] 

' 24 1.0 3.30 D a = 10.34/fip1 2 [4.3.7] 

0.5 1.65 D a = 14.2/Sp 7 2 [4.3.7] 

a Through one channel. 
b D A = aerodynamic diameter in micrometres for 2D > 8 cm. 

discharged through a jet orifice, the diameter of which controls the rate of air flow 
through the channel. Particles moving through the channels are subjected to a 
constantly increasing centrifugal acceleration that causes them to deposit on the 
channel floor, which is formed by a thin, removable foil covering the inner surface 
of the outer cone. As in the cumulative-type elutriator, particles of all sizes begin 
depositing at the inlet and continue to do so over a channel length that is a 
function of the operating characteristics of the instrument and the aerodynamic 
diameter of the particle. Table 4.3.1 shows sampling flow rates and relationships 
between aerodynamic diameter and deposition length for several combinations of 
jet diameters and rotational speeds. 

Activity-size distributions can be calculated most simply if it is assumed that 
particles of a given aerodynamic diameter are uniformly deposited on the 
collection foil from the channel inlet to their cut-off length, . The incremental 
change in activity per unit area at ftp is [4.3.9] 

d C A = f ( D A ) - d D A - | ^ (4.3.7) 

where C0 is the total activity concentration in air, Ft is the total volume of air 
sampled, and W is the channel width. The frequency function for activity in terms 
of aerodynamic diameter is then 

W £ d dCA dCD 
f ( D A ) = ^ I S d B I ( 4 3 - 8 ) 
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where (ICA/CICD is the slope of the experimental curve of CA as a funct ion of 
and d£[>/dDA is the reciprocal of the slope of the calibration curve of D a as a 
funct ion of £d> both determined at the same value of 8. 

When the collecting foil is laid out flat, the channel floors describe 
Archimedean spirals as shown in Fig. 4.3.5. The length of the spiral segment 
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FIG.4.3.6. Inlet losses (aj and deposition patterns (b) in the Goetz centrifuge [4.3.8]. 

intercepted by arcs of radius R and R 0 is approximately [4.3.9] 

fi = ? [ E 1 2 ( R 2 _ R 2 ) = ( R 2 _ R 2 o ) ( 4 3 9 ) 

a 

where R and R 0 are measured from the vertex of the angle formed at the inter-
section of the extrapolated sides of the foil. With this relationship, simultaneous 
measurements of R and activity per unit area at a number of deposition sites 
provide the necessary experimental curve of C^ as a function of Cp. Accessory 
equipment is available which facilitates the measurement of R [4.3.10]. The 
measurement can also be simplified by the use of gridded foils [4.3.11 ]. 
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Fig.4.3.7. Diagram of the conifuge [4.3.15]. Ms = aerosol input; M's = equivalent discharge 
of clean air; shaded areas rotate. 

Advantages. This aerosol centrifuge operates at much larger sampling rates 
than does an elutriator of cumulative type. Its double channel permits simultaneous 
collection of two samples at different flow rates. The high rotational speed 
permits collection of particles in the submicrometre range. 

Disadvantages. There are severe inlet losses at sampling flow rates of 
~ 1.0 litre/min (Fig. 4.3.6(a)). Particles of a given size are not uniformly 
deposited over the length CQ , even along the centre of the collection foil, but 
show deposition patterns such as those of Fig. 4.3.6(b). Flow rate through the 
instrument, which must be reproducible for a given set of operating conditions, is 
quite sensitive to conditions external to the instrument [4.3.11]. 

4.3.4. Aerosol centrifuges — discrete type: conifuges 

The first successful aerosol centrifuge of this type was designed by Sawyer 
and Walton [4.3.12] to collect particles in the aerodynamic size range of about 
0.5—30 jim. (They called it a "conifuge", a name derived not from its shape, but 
f rom the Greek "konis", meaning dust. The name is used here as a generic term 
for all discrete-type aerosol centrifuges. Thus, the spiral and annular duct 
centrifuges, in which the air flow has no component parallel to the axis of rotation, 
are included with the conical or cylindrical duct centrifuges which have such a 
component.) The instrument consists of a metal cone, mounted directly on the 
rotor, and a conical metal cover that can be fastened rigidly to the cone (Fig. 4.3.7). 
When the unit is rotated, air is drawn into the opening at the top, pumped through 
the annular space between the two cones, and exhausted through jet orifices 
(which control the volumetric flow rate) at the bottom. Since the chamber around 
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TABLE 4.3.2. REPRESENTATIVE OPERATING CONDITIONS FOR 
CONICAL AND CYLINDRICAL DUCT CENTRIFUGES 

Source Rev/min Flow rate (cm3/min) 
Aerosol Total 

Cone Size range 
half-angle (/nm) 

4.3.12 3000 25 700 30° 0 . 5 - 3 0 

4.3.13 8000 300 3240 45° 0 . 0 5 - 1 0 

4.3.14 3000 60 540 4.3.14 
45° 0 . 0 5 - 4 . 0 

5000 112 1024 

4.3.15 1500 500 8300 20° 0 . 5 - 1 2 

3000 1200 10000 0 .25 -6 .3 

6000 1000 9700 0 . 0 8 - 3 . 0 

4.3.16 6000 - - 90° -

the unit is sealed, the cleaned air discharged at the base is recirculated, except for 
a relatively small amount that is removed at a controlled rate by suction. An 
equal flow of sample air enters through the inlet tube and spreads in a thin layer 
over the inner cone. Particles entering in this air experience a centrifugal force that 
moves them through the much thicker layer of clean air toward the outer cone. 
As the air moves down the annulus, its linear velocity decreases and the centrifugal 
force acting on the particle increases, compressing the particle size spectrum so 
that a wide range of sizes can be collected under a given set of operating conditions. 
Particles of a given size deposit in a narrow band around the inner surface of the 
outer cone, the position of the band being characteristic of the aerodynamic 
diameter of the particles. The outer cone is provided with an appropriate collection 
surface to permit direct observation or analysis of the particles. 

Several modifications of the original conifuge have been developed [4.3.13, 
4.3.14, 4.3.15, 4.3.16], usually for the purpose of extending the sampling range 
to smaller particle sizes. Operating details of several conifuges are given in 
Table 4.3.2. 

The conifuges listed in Table 4.3.2 include a variety of inlet systems. 
Tillery [4.3.14] replaced the recirculating clean air system with a controlled air 
input, the air seal between the rotating and stationary parts being provided by an 
inverted cup immersed in a trough filled with oil. Stober and Flachsbart [4.3.15] 
truncated the rotating inner cone and introduced the sample from-a stationary 
ring slit at its upper perimeter. The necessary clean air sheath was provided by 
room air that entered the annular airway between the rotating cones after having 
been cleared of particles by centrifugal action during its passage through a system 
of capillaries rotating with the cones. Berner and Reichelt [4.3.16] replaced the 
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FIG.4.3.8. The spinning spiral centrifuge [4.3.17]. 

rotating cones with cylinders. Sample air enters through a stationary inlet tube 
centred over the inner cylinder, flows radially to the rim of the cylinder and down 
its surface. 

Stober and Flachsbart [4.3.17] developed a flat spiral centrifuge (Fig. 4.3.8) 
in which the spiral is formed by six semicircles of increasing radius that are 
alternately eccentric and concentric with respect to the centre of the rotor. 
Filtered air is blown into the system at 1, flows through the laminator section 2, 
and emerges to form a thick layer of clean air in laminar flow between the aerosol 
inlet and the outer spiral wall. The sample air is sucked into the centre of the inlet 
section 3 and emerges from it as a thin layer of aerosol in laminar flow between 
the inner wall and the clean air layer. As the air flows along the spiral, the particles 
are subjected to a centrifugal force that increases in a stepwise fashion with 
alternate semicircles and are deposited on a strip of metal foil lining the surface 
of the outer wall. Particles of a given size are deposited in a narrow, crescent-shaped 
band at a distance from the inlet that is a function of the aerodynamic diameter of 



. 94 CHAPTER 4 

0.06 0.08 0.1 0.2 0.3 0.5 0.7 1.0 

D (10"cm) 

3 4 5 6 

FIG.4.3.9. Calibration curves for spinning spiral centrifuge [4.3.17]. 

the particle and the operating conditions of the centrifuge. Stober and Flachsbart 
have calibrated the instrument at several rotational speeds and flow rates. 
Figure 4.3.9 shows calibration curves for three flow rates at 3000 rev/min, the 
rotational speed yielding the best results, and with a sample flow equal to 4% 
of the total flow. The separation between curves for a given flow rate is a measure 
of resolution, which ranged between 4 and 19%. At a relative sample flow rate of 
about 1%, Stober and Flachsbart were able to resolve more than 20 deposits 
representing aggregates of different numbers of monodisperse spherical particles 
of 0.71 fim diameter. 

Stober [4.3.18] has used the spiral centrifuge to determine the dynamic shape 
factors of a variety of non-spherical aerosol particles, including chain and cluster 
aggregates of monodisperse spheres and asbestos fibres. He has also demonstrated 
its application for the determination of number and mass distributions of aerosols 
[4.3.19]. 

Kotrappa and Light [4.3.20] developed a small, modified version of the 
Stober spiral centrifuge, designated LAPS (Lovelace Aerosol Particle Spectrometer), 
in which the cross-section of the channel expands by a factor of about 3 between 
the aerosol inlet and the end of the spiral. The collecting foil is 45 cm in length 
and particles escaping deposition are caught on a filter set normal to the air flow 
at the exit. Particles collected on the filter are also separated on the basis of 
aerodynamic diameter. Representative calibration curves are shown in Fig. 4.3.10. 

Moss et al. [4.3.21 ] described a modified version of the Stober spiral 
centrifuge in which the depth of the duct was increased by about 50% to inhibit 
the development of secondary flows. The contours of the duct walls were 
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CALIBRATION OF L O V E L A C E A E R O S O L 
P A R T I C L E SEPARATOR 
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FIG.4.3.10. Calibration curves for the LAPS centrifuge [4.3.20] (courtesy of O. Raabe, 
Lovelace Foundation). 

Archimedean spirals. They obtained a resolution of about 5% at a sample flow 
rate of 0.44 litre/min and a total flow rate of 15.4 litres/min. The instrument was 
used to determine the densities of spherical particles of fly ash, iron oxide and 
methylene blue-uranine. 

Table 4.3.3 lists representative operating conditions for these centrifuges. 
Annular duct centrifuges have been described by Hochrainer [4.3.22] and 

Tillery [4.3.23]. Figure 4.3.11 includes diagrams of both instruments. In the 
Hochrainer instrument, air enters at the axis of rotat ion and flows radially to the 
annulus through two oppositely directed channels. Division of the incoming air 
between the two channels depends on their cross-sectional areas. Air entering the 
annulus through the larger channel is cleared of all but very fine particles before 
it reaches the point at which sample air enters the annulus and thereafter serves 
as the clean air layer. Hochrainer estimated the clean air-to-sample air ratio t o 
be 16:1 for inlet channel areas in the ratio of 10:1. 

In the Tillery centrifuge, sample air enters through a narrow slit in the inner 
wall of the annulus, while the clean air layer is provided by a controlled flow of 
filtered air that enters the deposition region through a laminator. The sample air 
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T A B L E 4 . 3 . 3 . O P E R A T I N G C O N D I T I O N S O F S P I R A L A N D A N N U L A R 

D U C T C E N T R I F U G E S 

Source Rev/min Flow rate (litres/min) Total deposition Resolution Aerodynamic 
Aerosol Total length AD/d diameter range 

(cm) ( H 

4.3.17 1500 0.2 10 180 0 . 0 8 8 - 5 . 4 
3000 0.2 5 0 .04 -0 .10 0 .088-3 .5 
3000 0.4 10 0 .04-0 .10 0 .118-3 .1 
3000 0.76 19 0 .04 -0 .10 0 . 0 8 8 - 5 . 4 
6000 - 5 - 0 .176-3 .5 

4.3.20 1500 0 .2 -0 .5 5 46.2 ~ 0.08 3= 1.30 
3000 0 .2 -0 .5 5 0 .03-0 .07 0 . 6 3 - 3 . 0 
4500 0 .2 -0 .5 5 0 .04-0 .10 0 .35 -3 .6 
4500 0 . 2 - 1 . 0 15 - ss 0.70 
6000 0 .2 -0 .5 5 - > 0 . 2 7 

4.3.21 1000 0.44 15.4 179 ~ 0.05 
3000 0.44 15.4 - 0 . 0 5 

4.3.22 10000 0.027 0.459 ~ 7.8 — 0.05 0 .2 -1 .1 

4.3.23 2000 0.05 1 40 0.05 0 . 2 5 - 4 
2000 0.25 5 0.05 0 . 6 - 8 
4000 0.5 5 0.09 0 . 2 5 - 4 
4000 0.05 1 - 0 . 0 5 0 . 0 7 - 2 
4000 0.01 0.25 - 0 . 0 5 0 .04 -0 .8 
6000 0.05 1 0.05 0 .05 -1 .2 

J I I I 

S C A L E 
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Aerosol 
inlet 

FIG.4.3.11. Annular duct centrifuges, (a) Hochrainer's: 1 - aerosol entrance; 2 - channel 
for guiding air ("clean "air); 3 - channel for aerosol; 4 - annular channel; 5 - outlet nozzle 
[4.3.22] (courtesy of M. Tillery, Los Alamos Scientific Laboratory.); (b) Cross-sectional view 
ofTillery's centrifuge [4.3.23]; (c) Top view of deposition channel. 



T A B L E 4 . 3 . 4 . O P E R A T I N G C H A R A C T E R I S T I C S O F R E C T A N G U L A R J E T I M P A C T O R S \o 00 

Type Stage Jet dimensions (cm) Separation, S 
(cm jet-plate) 

Effective 
S/W 

Stage constants Loading 
capacity 
(mg) 

Type Stage 
Length Width 

Separation, S 
(cm jet-plate) 

Effective 
S/W ECAD MMAD 

Loading 
capacity 
(mg) 

at 17.5 litres/min 

Casella3 1 1.9 0.65 av. 0.35 av. 0.27 12.3 — . 1.5 
Mark II [4.3.25] 2 1.4 0.145 0.11 av. 0.38 3.9 6.1 0.16 

3 1.4 0.075 0.036 0.48 1.5 2.7 0.028 
4 1.4 0.027 0.014 0.52 0.46 1.2 0.0037 

at 13.4 litres/min 

Unico [4.3.24] 1 2.0 0.36 0.35 0.49 11.1 - 7.2 
2 2.0 0.15 0.16 0.53 4.6 5.6 2.1 
3 2.0 0.064 0.078 0.61 2.0 3.2 0.38 
4 2.0 0.025 0.066 1.32 1.1 1.8 0.06 

at 141 litres/min 

Lundgren [4.2.8] 1 5.08 0.82 0.82 1.0 13.0 - 79.2 
2 5.08 0.26 0.26 1.0 4.0 - 51.8 
3 5.08 0.088 0.088 1.0 1.3 - 16.1 
4 .5.08 0.029 0.029 1.0 0.4 - 5.2 

o 
X > 
"B 
W 

3 Stage MMD's are valid for a log-normal input aerosol of MMD = 5.0 pm and a g = 2.0 [4.3.26], 
Stage constants can be converted to other jet widths and flow rates according to: 

EC AD = ECAD0 A / ' ^ (all impactors) 

The subscript o identifies values tabulated above. 

W2 

MMAD D o J j - ^ (Casella) MMAD = D 0 

0 .645 
(Unico) 
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itself is an aliquot of a much larger volume of aerosol that flows past the inner 
surface of the annulus as shown in Fig. 4.3.11(c). 

Advantages. All of the discrete-type centrifuges have the common advantage 
of providing very accurate measurement of aerodynamic diameter in the sub-
micrometre range. In this class, the deposits in spiral and annular duct centrifuges 
have a more favourable geometry than do those in conical or cylindrical duct 
centrifuges. 

Disadvantages. Most of these instruments are expensive to build and require 
accessory equipment that makes.them more suitable for use in the laboratory 
than in the field. Deposition geometry, even in the spiral and annular duct centri-
fuges, is inconvenient for analysis of radioactivity. Inlet losses are not generally 
known, so that size distributions of aerosols covering larger size ranges cannot be 
determined accurately. Internal secondary flow patterns make interpretation 
difficult. 

4.3 .5 . Multi-stage devices; impaction and cyclone devices 

These instruments include several stages of impaction, usually arranged in 
series to form a "cascade impactor", although parallel arrangements of the 
impaction stages have also been used. The principle by which these instruments 
segregate particles on the basis of size can be seen from consideration of the 
Stokes' number corresponding to a collection efficiency of 0.50 when the linear 
velocity UQ is expressed in terms of the volumetric flow rate F through the jet 
(Eq. (4.2.9)): 

St (E = 0.5) = 2 : • mB (E = 0.5) . ' 
LW2 • 

(rectangular jets of length L and width W) (4.3.10a) 

= 8 - 4 - . m B ( E = 0.5) 
7T W (round jets of diameter W) (4.3.10b) 

If conditions of dynamic similarity are maintained, the term on the left is constant, 
and changes in W at fixed F (and fixed L for rectangular jets) are offset by changes 
in the relaxation time, mB(E = 0.5), of particles for which the collection 
efficiency is 0.50. If several impaction stages of decreasing jet orifice size W are 
arranged in series, particles collected at successive stages become progressively 
smaller. The last impaction stage is usually followed by a high-efficiency filter 
to collect all particles that escape impaction. If the stages are operated in parallel, 
then changes in mB(E = 0.5) can be made by changing F, or W, or both. Each 
stage is then backed with a separate, high-efficiency filter. 
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TOP SECTION VIEW 

(b) 

SIDE SECTION VIEW 
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FIG.4.3.12. Diagrams of rectangular jet impactors. (a) Casella Mark II (May) [4.3.25]. 
(bj Lundgren [4.2.8], (c) Unico [4.3.24]! 
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Because they can be adapted to a wide range of sampling conditions, a number 
of impactors, employing both rectangular and round jets, have been described. 
A representative, but by no means complete, selection of each type is discussed 
below. 

4.3.5.1. Rectangular jet impactors 

The original cascade impactor described by May [4.2.9] had four rectangular 
jets in series, the first two deflecting the air mostly in one direction, the last two 
deflecting it symmetrically. Laskin [4.2.7] was responsible for the addition of the 
final filter stage, a modification that was subsequently adopted for virtually all 
impactors. May's impactor, with the last two jets narrowed, was made available 
commercially by Casella. A new version, the Casella Mark II, designed to eliminate 
some of the leakage problems associated with the earlier model, is now available. 
Operating details for it are given in Table 4.3.4 and a diagram is included in 
Fig. 4.3.12. 

Table 4.3.4 and Fig. 4.3.12 also include operating details and diagrams of the 
Unico and Lundgren impactors, both of which are available commercially. The 
Unico impactor was designed at the AEC's Health and Safety Laboratory to be 
used for field work. It has four rectangular jets in which the air flow is deflected 
in one direction. The glass microscope slides, each of which serves as the collecting 
plate for two jets, can be advanced in 1/16-in increments over a half-inch traverse, 
increasing the loading capacity of the instrument by a factor of nine. The Lundgren 
impactor was developed for the study of urban particulate matter over 24-h periods. 
Air emerging from its rectangular jets impacts symmetrically on the surfaces of 
cylinders that rotate under the jets, causing particulate deposits to be spread out in 
a way that prevents overloading and provides a record of particulate characteristics 
as a function of time. 

The stage constants given in Table 4.3.4 are the "effective cut-off aerodynamic 
diameter" (EC AD) and the "mass median aerodynamic diameter" (MM AD). EC AD 
for a given impaction stage is the aerodynamic diameter at which 50% of the 
particles entering the stage are retained on the collection surface. Those for the 
Casella and Lundgren impactors are based on Fig. 4.3.13(a) and 4.3.13(b), 
respectively. The penetration curves for the Casella were actually determined 
for an earlier model (Mark I) in which the ratio S/W was unity for both stages 
3 and 4, compared with values of ~ 0.5 for both stages in the new model. Thus, 
the ECAD's for these stages may be high by 2 0 - 3 0 % when used with the Mark II 
model [4.3.26]. Experimental ECAD's are not available for the Unico. Those 
shown in Table 4.3.4 were calculated on the assumption that at a given velocity U0 

the collection efficiency curve for a jet of width W, deflecting in one direction, 
would be the same as that of a symmetrical jet of width 2W when operated at 
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FIG.4.3.13. Collection efficiency curves for rectangular jet impactors. (a) Casella Mark II 
(penetration curve) [4.2.25]. (b) Lundgren [4.2.8]. 

the same linear velocity [4.3.27]. The MMAD's for the Unico were calculated 
from the equation 

MMAD = 100.78 (W/F)0 6 4 5 (4.3.11) 

for p = 1 g/cm3 . MMAD is in jum for W in cm and F in litres/min. This equation 
is a rearrangement of the original empirical calibration equation [4.3.24] corrected 
for shape factor as recommended by Kotrappa [4.3.28] for U 3 0 8 . A nomograph, 
based on the uncorrected calibration equation and provided with the instrument, 
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FIG.4.3.14. Calibration nomograph of stage constants for Unico impactor [4.3.24]. 

TABLE 4.3.5. AEROSOL DISTRIBUTION STATISTICS 
Sampling flow-rate dependence 

Sampling 
flow rate 
(litres/mill) 

MMD„ 

7.8 

13.4 

16.7 

1.50 

0.72 

0.60 

1.90 

2.42 

2.32 

is reproduced in Fig. 4.3.14. It can be used to get an estimate of stage MMDp's 
(mass median projected area diameters) for a given sampling rate and particle 
density. 

J. Kruger of this panel has provided some additional calibration information 
for the Unico impactor. He used it to sample a sodium chloride aerosol, tagged 
with 24Na. The aerosol size distribution, based on samples collected with a point-
to-plane electrostatic precipitator and analysed.by means of electron microscopy, 
had a count median diameter of 0.38 fim and a geometric standard deviation, 
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TABLE 4.3.6. AEROSOL DISTRIBUTION STATISTICS 
Deposit density dependence 

MM Dp sg Total mass of NaCl 
(Mm) collected (approx.) 

(mg) 

Short sample 0.72 2.42 0.5 

Medium sample 0.90 2.20 1.0 

Heavy sample 1.1 1.84 1.5 

TABLE 4.3.7. AEROSOL DISTRIBUTION STATISTICS 
Material dependence 

Aerosol Stage CMD sg Experimental Nomograph 
MMDp MM Dp. 

Carbon 2 3.02 1.81 8.7 7.8 

CMD = 1.2 Mm 3 1.58 1.76 4.1 4.1 

s g = 1 . 4 1 4 0.84 1.75 2.1 2.1 

p = 2.25 g/cm3 

Copper 2 3.43 1.92 12.8 3.3 

CMD = 1.7 Mm 3 3.02 1.69 6.8 2.7 

sg = 1.80 4 1.33 1.62 2.5 0.85 

p = 8.92 g/cm3 

TABLE 4.3.8. IMPACTOR PERFORMANCE TEST 

Stage . AMAD MMD (p = 1 g/cm) : MMAD 
(Mm) from nomograph Table 4.3.2 

2 
3 

4 

4.3 

2.4 

1.2 

8.0 

4:3 
2.3 

4.1 

2.4 

1.3 
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FIG.4.3.15. Wall losses in rectangular jet impactors [4.2.8]. (a) Casella; (bj Lundgren; 
(c) Unico; (dj Andersen (round jet). o - j 
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sg , of 1.45. The calculated MMDp of the aerosol was 0.62 nm. Table 4.3.5 lists 
his estimates of the aerosol distribution parameters when his experimental 
impactor data were analysed using stage MMDp's according to the nomograph 
(Fig. 4.3.14). 

Using the same aerosol, Kruger studied the effect of deposit density on the 
size distribution statistics. His results for just visible, readily visible, and heavy 
deposits are given in Table 4.3.6 for a sampling rate of 13.4 litres/min. 

Using aerosols of carbon and copper powders, Kruger determined the stage 
MMDp's of the Unico impactor by microscope analysis. He got the results given 
in Table 4.3.7. The aerosol size distributions were determined from thermal 
precipitator samples sized with the optical microscope. The densities used to get 
the nomograph MMDp's were those applying to solid particles and were probably 
not valid for the copper particles, the larger of which appeared to be agglomerates 
of smaller particles. 

Kruger also made measurements on aerosols made up of monodisperse 
polystyrene particles having diameters of 0.9 fim, 1.3 nm, 2.0 fiih, 3.0 jum, 
4.0 /xm and 5.0 jum. He tagged the particles with ThB and determined the 
fraction of each size deposited at each stage when the impactor was operated at 
20 litres/min. AMAD's (= MMAD's, in this case) for each stage are given in 
Table 4.3.8. 

The loading capacities shown in Table 4.3.4 are the product of the total 
cross-sectional area of the jet at a given stage and the average between its 
effective cut-off diameter and that of the previous stage. They are approximately 
equal to the mass of unit density material contained in a deposit when it covers 
the jet area with a layer one particle deep. The tabulated values allow for nine 
traces in the Unico impactor and for the full collection surface in the Lundgren 
impactor. 

Lundgren [4.2.8] measured wall losses for the three impactors included in 
Table 4.3.4. He used monodisperse aerosols and determined the various locations 
within each impactor at which losses occurred. His results are shown in Fig. 4.3.15. 
Lippmann [4.3.24] measured total wall losses of 19—29%, for the Unico. 

The Reynolds numbers for flow through a jet can affect the efficiency with 
which particles of a given size are collected. The effect is not significant, however, 
if Re > 100 [4.3.29], a condition that is satisfied by each of the impactors 
described above when operated within their recommended flow limits. ' 

Advantages. These instruments permit direct measurement of activity as a 
function of aerodynamic diameter. They are simple to operate, relatively 
inexpensive, and can be designed to satisfy a wide variety of sampling conditions. 

Disadvantages. There are no published data on the collection efficiencies for 
the various stages of the Unico impactor, no experimental ECAD's are available 
for it, and data concerning stage MMD's are limited. There is a secondary deposit 
on each collecting surface. The efficiency curves supplied with the Casella Mark II 
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were measured for the Mark I, in which the S/W ratios of the last two stages were 
significantly greater than are those of the Mark II. Both the jet widths and jet-
collector separations for the third and fourth stages of the Casella may differ 
significantly from the dimensions stated by the manufacturer. 

Leakage can be a problem with both the Unico and Casella instruments. 
Both require modification for in-line sampling and are of limited value in field use 
due to small amounts of material that can be collected. 

4.3.5.2. Round jet impactors 

Figure 4.3.16 contains diagrams of four round jet impactors. Their operating 
details are listed in Table 4.3.9. The Andersen sampler [4.3.30] was designed to 
collect airborne microorganisms, but it has been adapted to sampling airborne 
particles in general. It is used as a personal sampler in a miniaturized and modified 
form and as a high-volume sampler in an enlarged, modified form. The small 
impactor has four 20-hole stages, the first three having orifice dimensions and, at 

FIG.4.3.16. Diagrams of four round jet impactors. (a) Andersen [4.3.30\ 

See next two pages for parts (b), (c) and (d) of this figure. 
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Solenoid-operated cover 

(b) Battelle [ 4 . 3 . 3 1 ] . 
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( d ) 

• » 

(c) Monsanto [4.3.31 ]. (dj Lovelace [4.3.33]: 
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TABLE 4.3.9. OPERATING CHARACTERISTICS OF ROUND JET IMPACTORS 

Type Stage Jet 
diameter, W 
(cm) 

s / w Stage constants 
ECAD MMAD 

Loading 
capacities 
(mg) 

at 28.3 litres/min (1 ft3/min) 

Andersen 1 0.118 2.1 7.2 - 3.2 
(400 holes 2 0.091 2.7 4.9 - 1.6 
per stage) 3 0.071 3.5 3.5 4.4 0.67 

4 0.053 4.7 2.0 3.0 0.24 
5 0.034 7.3 0.97 1.5 0.05 
6 0.025 9.8 0.6 0.9 0.015 

at 12.5 litres/min 

Battelle 1 1.364 0.375 16.0 - 2.3 
2 0.859 0.375 7.9 - 0.69 
3 0.541 0.375 3.9 - 0.14 
4 0.341 0.375 1.9 - 0.026 
5 0.216 0.375 0.92 - 0.0052 
6 0.141 0.375 0.42 - 0.0010 

at 2.7 litres/min 

Monsanto 1 0.249 3.0 3.5 — 0.017a 

2 0.1775 3.0 2.0 - 0.0069 
3 0.1396 3.0 1.4 - 0.0026 
4 0.0946 3.0 0.76 - 0.00076 
5 0.0731 3.0 0.49 - 0.00026 

at 100 cm3/min 

Lovelace 1 0.081 1.0 2.8 - 1.44 X 10 
2 0.066 1.2 2.0 - 0.82 
3 0.053 2.3 1.4 - 0.38 
4 0.043 2.4 1.0 - 0.17 
5 0.033 2.0 0.67 - 0.071 
6 0.025 2.0 0.41 - 0.027 
7 0.015 2.0 0.16 - 0.005 

a Loading capacities refer to solid particles; collecting cups retain 2 5 - 5 0 mg of mist without 
re-entrainment [4.3.33]. 

1.4 litres/min, ECAD's corresponding to those of stages 2, 3 and 4 of the standard 
impactor. At the same flow rate the ECAD of the fourth stage is 0.3 nm. The 
large impactor has four impaction stages, each made up of an aluminium jet plate, 
perforated with 296 holes, a spacer gasket, and a glass-fibre filter that serves as a 
collection surface. The latter is perforated in a pattern to match the holes in the 
aluminium jet plate of the following stage. At 570 litres/min the four stages have 
the same ECAD's as stages 1, 3, 4 and 5 of the standard impactor. The multiple-
orifice stages have the advantages that smaller particles are collected when a given 
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volume of air is sampled through a number of small holes at a given linear 
velocity than are collected when the same volume of air is sampled at the 
same linear velocity through one hole. The loading capacities are relatively 
better also. 

The design of the Battelle impactor was based on the results of a detailed 
investigation of collection efficiency at several S/W ratios and of the effect of 
stage dimensions on wall losses [4.2.12], The Monsanto impactor was designed 
primarily for the collection of acid mists in the off-gases of chemical plants 
[4.3.31]. The collection surfaces in all stages are cups designed to retain 
impacted liquids. Selection of jet dimensions was based on the work of Ranz 
and Wong [4.2.2]. It was intended to be operated behind a glass cyclone that 
allowed only particles < 7 /urn to reach the impactor. The Lovelace impactor 
[4.3.32, 4.3.33] was designed to sample radioactive aerosols of high specific 
activity in exposure chambers too small to permit sampling large volumes of air. 
Because wall losses are small in the Andersen sampler, although the air flow 
makes four 90° changes in direction between stages, the Lovelace impactor was 
designed to avoid abrupt changes in the cross-sectional area of the air passages. 

Wall losses for the Andersen sampler, which were also measured by Lundgren 
[4.2.8], are included in Fig. 4.3.15. For the Battelle impactor, losses are less 
than 1.5% of the material collected on stages 4, 5 and 6; less than 4% of the 
material collected on stage 3; and less than 15% of the material collected on stage 2. 
O'Connor [4.3.34] reported some wall loss data for the Monsanto impactor. 
Losses at the fourth stage ranged from 0.8% to 3.9% for particles between 0.5 pm 
and 1.5 Mm diameter when sampled at 2.6 litres/min. He also reported losses for 
stages 1, 2 and 3 but the measurements were made at flow rates of about 
6 litres/min and may not be valid for the range of flow rates indicated in Table 4.3.4. 
Total wall losses in the Lovelace impactor are given by 

600 
L = 2 .0+ — p e r cent (4.3.12) 

where V is the total sample volume in cm3 . This expression applies to aerosols 
having AMAD's in the range 0 . 7 - 3 . 0 jum and sg 's ~ 2. 

Advantages. They have the general advantages ascribed above to rectangular 
jet impactors. In addition, round jets have certain advantages over rectangular 
jets: they are easier to construct; their collection efficiency curves have steeper 
slopes, giving them better cut-off characteristics; the orifice-collector plate 
separation has less effect on collection efficiency; and leakage is seldom a problem. 

Disadvantages. Impactors having single-jet stages have low loading capacities 
and are useful primarily as laboratory instruments. 

Preparation of collection surfaces. Samples are usually collected on glass 
slides, cover slips, or stainless-steel discs (which avoid possible electrostatic effects). 
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It is essential that the collecting surface be treated to prevent rebound of impacting 
particles. The most successful treatment consists of coating the surface with a 
thin layer of viscous liquid. Coatings suggested by the panel included vaseline 
dissolved in benzene, which can be easily applied and leaves a thin residue of 
vaseline after evaporation of the benzene; vacuum grease wiped to a thin layer; 
silicone spray (Dow Antifoam A) applied to one collecting surface and pressed 
to a thin layer between it and another collecting surface; BASF (a very sticky 
substance used in the manufacture of adhesive tape) dissolved in an organic 
solvent; and Achronal-4L double-coated adhesive tape. 

The use of a coating interferes with the simple gravimetric analysis of deposits. 
Glass-fibre filter papers have been used as collection surfaces in an effort to avoid 
this problem. Hu [4.3.35] reported that there was less rebound from a glass-fibre 
filter than from a grease-coated plate. On the other hand, Rao [4.3.36], using 
the same type of filter for a collection surface, found a significant distortion of 
the collection efficiency curve, which reached a maximum efficiency of 0.75 at 
y / s t = 0.5 and remained at that value through ^ /S t = 0.80. When an ARB poly-
ethylene sticky film was used, collection efficiency did not rise above 0.5 in the 
same range of y s t . (With silicone coated slides, collection efficiency was unity 
above ->/St = 0.55.) 

As a deposit builds up on a collecting surface, incoming particles may rebound 
from deposited particles or, if the deposit becomes sufficiently heavy, parts of it 
may be re-entrained and carried deeper into the impactor. The loading capacity 
defined above is a rough measure of the amount of deposit that can be built up 
before rebound or re-entrainment becomes a problem. Dense deposits may have 
quite a different effect, apparently depending on the type of aerosol and jet. 
When stages of a Lovelace impactor were deliberately overloaded with sodium 
chloride-uranine particles, the deposits resembled stalagmites growing almost into 
the jet orifice. The overloaded stages showed an increased collection efficiency. 

The cascade centripeter. The problem of overloading stages in the cascade 
impactor, which severely limited its use in field work, prompted the development 
of the "cascade centripeter" [4.3.37]. The instrument includes three impaction 
stages and a back-up filter and operates at 30 litres/min. Figure 4.3.17(a) shows a 
schematic diagram of one centripeter stage. The pattern of air flowing into the 
orifice causes particles to deflect toward the centre of the orifice as they pass 
through it, the larger particles tending to occupy a smaller area of the orifice. 
This favours the collection of large particles as the air stream diverges to flow 
around the cone. The pressure difference between the front and back of the cone 
causes a flow of air through the filter, but it is less than 3% of the total when a 
high efficiency, glass-fibre filter paper is used [4.3.38]. Panel members suggest 
the use of more than one filter with the smaller orifices as a means of reducing flow. 

Table 4.3.10 lists the operating details of the cascade centripeter including 
suggested ECAD's for the different stages. Wall losses are shown in Fig. 4.3.18 for 
several particle sizes. 



SEPARATION OF PARTICLES 
309 

FIG.4.3.17. Diagrams of the cascade centripeter [4.3.37]. (a) Single stage with flow lines, 
(b) Assembled instrument. 
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TABLE 4.3 .10. OPERATING DETAILS O F T H E CASCADE C E N T R I P E T E R [4.3.37] 

Stage Jet Air velocity3 Pressure loss Nozzle ECADb 

diameter Diameter Filter 
(cm) (cm/s) (cmH20 ga.) (cm) paper (iim) 

1 1.02 615 0.25 0.51 1 AGF/A 12.5 

2 0.51 2470 5.59 0.25 1 AGF/A 4.0 
+ 1 Millipore AA 

3. 0.25 9850 70.36 0.13 1 AGF/A 1.5 
+ 2 Millipore AA 

4 (5.5 cm diameter Whatman AGF/A filter paper) 

3 At total flow rate =30 litres/min. 
b Recommended mean values of regular-shaped particles [4.3.39], 

Advantages. The instrument is very useful as a field sampling device because 
of its virtually unlimited loading capacity. 

Disadvantages. Sizing characteristics are poor and use of ECAD's will not 
generally give satisfactory results. Wall losses are severe due, perhaps, to an 
electrostatic effect associated with the plastic cone material. 

Panel member experiences. The total wall losses amount to about 35%, which 
is compatible with data in Fig. 4.3.18. Kotrappa has reduced wall losses signifi-
cantly by using metal cones that are very much shorter than those in the original 
instrument. 

4.3.5.3. The multicyclone 

Lippmann and Kydonieus [4.3.40] use six 10-mm nylon cyclones arranged 
symmetrically about a single filtration unit, all enclosed in a housing that has a 
single aerosol inlet tube. Each cyclone is backed with a filter and all the samplers 
operate in parallel (Fig. 4.3.19). The cyclones are run at different flow rates in 
the range 0.9 to 5.0 litres/min. Collection efficiency curves for the different flow 
rates are shown in Fig. 4.3.20. The flow rates and ECAD's for the six cyclones 
as operated in the instrument are as shown in.Table 4.3.11. The activity 
concentration, measured by the back-up filter to a given cyclone, relative to the 
total concentration measured by the single filter is the fraction of available activity 
on particles smaller than the ECAD of that filter. The data are then treated as 
described below for cascade impactors. 

Possible electrostatic effects due to the use of a plastic cyclone are minimized 
by discharging the incoming aerosol in a bipolar ion field produced by 210Po alpha 
radiation. 
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FIG.4.3.18. Wall losses in cascade centripeter [4.3.39]. 

4.3.5.4. Treatment of data for multi-stage impactors and cyclones 

The data obtained from a cascade impactor sample consist of a series of 
fractions representing the relative amount of activity collected at each impaction 
stage. When using ECAD's to interpret impactor data, it is assumed that all 
particles collected at a given stage, regardless of shape or density, have aerodynamic 
diameters larger than the ECAD for that stage. The cumulative relative activity 
collected on a given stage and all preceding stages is plotted against the ECAD 
for the given stage, using logarithmic-probability coordinates. The data points 
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FIG.4.3.19. Diagram of the multicyclone [4.3.41] (courtesy of M. Lippmannj. 

can often be fit reasonably well to a straight line, from which an AMAD and a 
geometric standard deviation can be calculated. An example of some data for the 
Casella Mark II are shown in Table 4.3.12. The cumulative activity (third column) 
has been plotted as "fraction greater than" against ECAD in Fig. 4.3.21. 

When MMAD's are used, it is assumed that half of the relative mass on a given 
stage plus all of the relative mass on preceding stages is associated with particles 
larger than the MMAD for the given stage. This cumulative relative mass (f if th 
column, Table 4.3.12) has also been plotted as "fraction greater than" against 
MMAD in Fig. 4.3.21. 
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AERODYNAMIC DIAMETER l^m) 

FIG.4.3.20. Collection efficiency curves for the multicy clone when sampling charge-
equilibrated aerosol [4.3.41 ]. 

TABLE 4.3.11. EFFECTIVE CUT-OFF AERODYNAMIC DIAMETER (ECAD) 
OF THE LIPPMANN MULTICYCLONE 

Stage Cyclone ECAD 
flow rate 
(litres/min) (jum) 

1 5.00 1.85 

2 3.50 2.41 

3 2.50 3.12 

4 1.75 4.03 

5 1.25 5.21 

6 0.90 6.72 

The solid line in Fig. 4.3.21 is the correct log-normal size distribution from 
which the relative activities on the different stages (second column, Table 4.3.12) 
were derived. The ECAD's fail to lie on the correct line because the collection 
efficiency curves of the various stages are not step functions, so that incoming 
particulate mass is distributed among an impactor's stages as shown in Fig. 4.3.22. 
The dashed lines in that figure .are the ECAD's for the different stages. For each 
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FIG.4.3.21. Comparison of different methods for interpreting cascade impactor data 
(T. T. Mercer). 

A E R O D Y N A M I C D I A M E T E R IN M I C R O M E T E R S 

FIG.4.3.22. Distribution of sample mass in an impactor [4.3.27]. 



SEPARATION OF PARTICLES 121 

stage, the upper shaded area measures the activity assumed to be collected when 
actually it is not, and the lower shaded area measures the activity assumed to 
escape when actually it is collected. The accuracy of the ECAD method depends 
on how nearly equal these two areas are. Their ratio is a function of the size 
distribution of the input aerosol, the shape of the collection efficiency curve, the 
number of preceding stages, and the relative magnitudes of successive ECAD's. 
The same factors that cause the ECAD's to be in error affect the accuracy of the 
MMAD method. The stage MMAD's are derived from measurements made on a 
particular test aerosol and depend on the size distribution of that aerosol. The 
errors associated with input aerosols having log-normal size distributions have 
been determined for the Casella impactor and graphs of correction factors for 
both ECAD's and MMAD's as functions of the size parameters of the input 
aerosol are available [4.3.26, 4.3.42], If data plotted against the tabulated stage 
constants approximate a straight line, the AM AD and sg for that line can be used 
to get correction factors with which to obtain a better fit to the data. 

Picknett [4.3.43] described a new method of data analysis in which a mixture 
of monodisperse particles is used to represent the size distribution of the input 
aerosol. For an instrument having N impaction stages, a mixture of N + 1 different 
particle diameters can be used, subject to the restriction 

d, > DJ > d2 > D 2 > . . . > D n > d N + i 

where the d's are diameters of the monodisperse particles and Dj is the diameter 
for which the collection efficiency of the i t h stage is equal to the ratio between 
the activity collected on the i t h stage and the activity entering the i t h stage. The 
Dj are calculated from experimental data, the dj are selected arbitrarily, given 
the above restriction, and N + 1 simultaneous equations are set up: 

(1) f i E n + f 2 E 1 2 + • • • f N + l E i . N + l = A i 

(2) f , E 2 1 ( l - E „ ) + f 2 E 2 2 ( l - E 1 2 ) + . . . f N + l E 2 , N + l ( l - E i ; N + l ) = A 2 

N-1 N-1 N-1 

( N ) f , E N i J] ( l - E i , i ) + f 2 E N 2 n ( l - E i , 2 ) + . . . f N + l E N , N + l I ] ( l - E i ) N + i ) = A N 

i=l i= 1 i= 1 

(N+l) fi + f 2 + - • .fN+1 = 1 

The fj 's are the relative activities associated with the dj's, Ey is the efficiency with 
which the i t h impaction stage collects particles of diameter dj, and Aj is the 
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TABLE 4.3.12. TREATMENT OF IMPACTION DATA 
(a) Stage constants method 

Stage 
number, j 

Relative activity 
on j m stage, f j 

Cumulative 
activity, 
2 j f i 

ECAD b 2J>1 MMAD 
M 

1 0.055 0.055 12.3 0.0275 -

2 0.335 0.39 3.9 0.2225 6.1 

3 0.40 0.79 1.5 0.59 2.7 

4 0.185 0.975 0.46 0.8825 1.2 

5 (filter) 0.025 1.00 - 0.9875 -

(b) Picknett's method 

Stage 
number, j 

Collection 
efficiency 

Collection efficiency for monodisperse particles of 
aerodynamic diameters in fxm: 

f j / 2 5 f. Dj 15 5.0 2.6 1.0 0.4 

1 0.055 7.0 0.76 0 0 0 0 

2 0.355 3.6 1.0 0.84 0.12 0 0 

3 0.656 1.6 1.0 1.0 1.0 0.18 0 

4 0.88 0.6 1.0 1.0 1.0 1.0 0.2 

5 (filter) 

Equations for finding relative activity of 15, 5.0, 2.6, 1.0 and 0.4 pim diameter particles that 
would reproduce observed sampling data: 

0.76 f j =0 .055 
0'(1—0.76) f! + 0 . 8 4 ( 1 - 0 ) f 2 + 0 . 1 2 ( 1 - 0 ) f 3 = 0.335 
1 "(1-0 .84) f 2 + 1 ' ( 1 - 0 . 1 2 ) f 3 + 0 . 1 8 ( 1 - 0 ) U = 0.40 

1 "(1-0 .18) f 4 + 0 . 2 ( 1 - 0 ) f 5 =0 .185 
f , + f 2 + f 3 + f 4 + fs = 1 

(15) (5) (2.6) (1.0) (0.4) = aerodynamic diameters in nm associated with 
f-values immediately above. 

j dj f j i f j V f i Fj 
(Aim) i = 1 

1 15 0.0724 0.0362 0 0.0362 

2 5.0 0.3475 0.1738 0.0724 0.2462 

3 2.6 0.2698 0.1349 0.4199 0.5548 

4 1.0 0.1987 0.1935 0.6625 0.8560 

5 0.4 0.11 0.055 0.8900 0.9450 

/ 
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( a ) 

1, 3 Filtered air inlets 
2 Aerosol inlet 
4 Flow straighteners 
5 Jet 
6 Impaction plate 
7 Exhaust to vacuum 
8 Spacer ring 
9 Plug. 

0 0.5 1.0 1.5 
RING DIAMETER (mm) 

FIG.4.3.23. The Hochrainer-Zebel spectral impactor [4.3.44], 
(a) Cross-section of the instrument; (b) Calibration curve for 31 cm3/s inner clean air flow, 
3 cm3/s aerosol flow, 55 crr^js air flow. 
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relative activity deposited in the i t h stage. The equations are solved for the fj 's 
and points on the cumulative distribution curve are calculated on the assumption 
that the relative activity associated with particles larger than dj is 

Fj is then plotted as "fract ion greater t h a n " against dj. 
Picknett 's method was applied to the data of Table 4.3.12, and the calculations 

are included in that table. Collection efficiencies were calculated for each stage 
and corresponding values of D were found f rom Fig. 4.3.13(a). The five particle 
sizes chosen were d j = 15 pm, d 2 = 5.0 pm, d 3 = 2.6 pm, d 4 = 1.0 pm and 
d s = 0 . 4 pm. The collection efficiencies tabulated for each of these particles at 
each stage were also taken f rom Fig. 4.3.13(a). The five equations can be solved 
quickly without the aid of a computer . The results have been included in Fig. 4.3.21. 

Since the dj's were to some extent arbitrary, another set of values, subject to 
the restrictions on the first set, could be chosen and a new set of data points 
calculated. It is not clear how valid this process is, since it implies that f rom N + 1 
experimental data one can derive the relative activities in many more than N + 1 
size intervals. It appears, however, that the method will give better results than 
the use of ECAD's or MMAD's, provided the efficiency curves of the various stages 
are accurately known. 

In all of the examples given above, a cumulative relative activity, F, was 
plot ted as "fract ion greater t han" against an appropriate diameter such as an ECAD. 
It is equally valid to plot 1—F as "fract ion smaller t han" against the same diameter. 

The ECAD method of data interpretation can be applied directly to multi-
cyclone data, on the assumption that the relative activity collected by a given 
cyclone is associated with particles having diameters > or = the corresponding ECAD. 
Picknett 's method, with some modifications, can also be applied to multicyclone 
data. If Aj is the relative amount of activity collected by the i t h cyclone, Dj is the 
diameter for which the collection efficiency of that cyclone equals Ai; it is taken 
f rom Fig. 4.3.20. The monodisperse particle diameters, dj, are under a restriction 
similar to that applied to impactor data if the cyclone data are arranged in order 
of increasing flow rates. The equations to be solved have the form 

Enfi + E i 2 f 2 + . . . Ejjf j + . . . E i N + i f N + i = Ai 

for i between 1 and N. Ejj is the efficiency with which the i t h cyclone collects 
particles of diameter dj, f j is the relative activity associated with particles of 

j-1 

i=l 
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N + l 
diameter dj, and 2 f j = 1. Once the fj 's are calculated, further treatment of data 

1 
follows that for impactor data. If all the cyclone data are included (N = 6) in one 
set of equations, a computer may be necessary to carry out the computations. 
If the same data are used in groups of two or three, the calculations can be 
handled without a computer. Certain combinations of dj are not compatible with 
a given set of Ai, a fact that is made apparent by one or more negative values 
among the fj 's. When this occurs, a new set of dj's is recommended. 

4.3.6. Single-stage impactor — discrete type 

Zebel and Hochrainer [4.3.44] developed the impaction spectrometer shown 
in cross-section in Fig. 4.3.23(a). Aerosol entering inlet 2 flows through an 
annular space around the central tube 1, which carries a flow of clean air. A second 
flow of clean air enters at inlet 3, is made laminar in section 4, and emerges to 
form a clean air sheath about the aerosol. Thus, a funnel-shaped volume of aerosol, 
contained between two clean air volumes, enters the jet section 5. The flow 
impinges normally on a glass cover slip kept at a fixed distance from the jet orifice 
by the spacer ring 8. Particles are deposited in rings at a radial distance from the 
jet axis that depends on their aerodynamic diameters. Their calibration curve of 
aerodynamic diameter as a function of ring diameter for an inner clean air flow 
of 31 cm3/s, an aerosol flow of 3 cm3/s, and an outer clean air flow of 55 cm3/s 
is shown in Fig. 4.3.23(b). The empirical equation 

( D - 0 . 1 8 ) ( D A - 0 . 1 2 ) = 0.43 (4.3.13) 

where D is the ring diameter in mm and D A is the aerodynamic diameter in /im, 
represents the experimental data very closely. Zebel and Hochrainer derived a 
theoretical calibration curve, also shown in Fig. 4.3.23(b), which shows qualitative 
agreement with the empirical calibration. 
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Chapter 5 

ELECTROSTATIC SIZING DEVICES 

5.1. PRINCIPLES OF OPERATION 

Consider an electrically charged particulate (i.e. any liquid or solid particle 
or both, irrespective of its phase, ranging in size from several microns to individually 
identifiable molecules), which is suspended in a gas and has a charge q. The appli-
cation of an electric field 2 results in a force = q fi on this particulate. The 
particulate moves with the terminal velocity Vg due to Ii, the drag force 
being equal to . As the relaxation time for spherical particulates with diameters 
d < 20 nm is less than 10"3 s it does not need to be taken into consideration 
[5.1.1]. The velocity vg may be superimposed, geometrically, on velocities 
arising from other forces. Since by definition of the mobility B, vE = • B, 
measurement of vg, q and E yields, with v £ and 2 being parallel, 

I v | 

B is determined by the size and shape of the particulate and the nature of the 
suspending gas. Formulae have been derived for spheres and ellipsoids and B versus d 
has been tabulated for oil droplets in air at 23°C and760mmHg [5.1.2, 5.1.3]. 
The values of B for aggregates of spheres have been determined experimentally 
[5.1.4, 5.1.5], However, if q is not known, only q • B can be derived from 
measurements. This quantity is called the electrical mobility, Be , which is equal 
to q ' B [5.1.6]. If the charged particulate moves with the gas in a laminar flow 
through a condenser in which an electric field is applied perpendicular to the 
streamlines, the particulate will move across the streamlines and may finally 
deposit on the field-generating condenser plates. The location of its deposition 
depends on: 

(a) the electrical mobility of the particulate, 
(b) the field 2 (geometry of the condenser), and 
(c) the velocity distribution of the flow field. 

Parallel plates and cylindrical condensers have been used for deposition. Both 
can give either cumulative or discrete samples depending on the kind of inlet 
system used. 
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5.1.1. Cumulative sampling 

If the aerosol uniformly fills the whole condenser at the entrance, all the 
particulates with Be > Bg will be removed from the airborne state and deposited 
on the condenser plate. The value of Bg, the cut-off electrical mobility, depends 
on the geometry and the operating conditions, especially the flow rate and the 
electric field applied. From the particulates with B e < Bg, a fraction that increases 
with decreasing Be will pass the condenser. The condenser acts as a Be-selective 
filter. Observation of either the depositing or the escaping particulates yields 
approximately one bit of information per particulate about its Be value [5.1.7], 
By changing the operating conditions (mostly the electric field) the Bg value can 
be altered and repetition of this operation enables one to obtain the distribution 
of the Be values over the particulates of the aerosol. If Be is a monotonous function 
of B and the charge-mobility relation is known, a size distribution in terms of 
Stokes' equivalent diameters can be derived. 

5.1.2. Discrete sampling 

If the aerosol enters the condenser in the form of a thin sheet over, or 
surrounded by, clean air streams, scanning of the deposition locations yields 
directly the discrete distribution of Be over the particulates of the aerosol. 
Again, if the charge distribution over the different mobilities B is known, the 
distribution of B, and hence the size distribution in terms of Stokes' equivalent 
diameters, can be derived. 

For both the cumulative sampling and the discrete sampling, a knowledge 
of the charge distribution (i.e. the conditional probability that a particulate carries 
a charge q if its mobility is known to be B) is necessary though insufficient for 
finally arriving at the size distribution because the q versus B relation may be 
complicated, depending on additional parameters, especially the charging condi-
tions. The relation is of a stochastic kind, and the meain q versus B relation may 
not be a single-value function [5.1.8, 5.1.9], 

5.2. TYPES OF DATA AND "SIZE" MEASURED 

Parameters P of the fraction of aerosol retained or escaping that are 
measured as a function of the operating conditions (i.e. the cut-off mobilites) 
are number, mass, activity and charge transported by the particulates per unit 
volume. The result of these procedures is k parameter value fractions Pi/Po 
with i 6 [ 1 ,k] associated with fractions of aerosol particulates defined by Be > Bg , 
for cumulative sampling, and Bg ; + 1 > Be > Bg j for discrete sampling. These 
data can be converted into histograms approximating the respective distributions. 
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FIG.5.3.2. The mean number of elementary charges np as a function of particle size Dp as 
occurring in the Whitby analyser [5.1.9], 

The instruments are usually calibrated by known test particulates, e.g. mono-
dispersed latex particles and monodispersed droplets from La Mer generators. 
Therefore they measure the particle size in terms of electrical mobility equivalent 
diameters, i.e. the diameter of a spherical test particle of a given kind which carries 
a mean charge acquired under the same charging and operating condition and 
having the same Be as the particulate in question. 

5.3. SPECIFIC INSTRUMENTS 

5.3.1. The Model 3000 Whitby aerosol analyser 

The Model 3000 Whitby aerosol analyser is, to the knowledge of the author, 
the only commercially available instrument [5.1.9, 5.3.1]. A schematic diagram 
of the instrument is given in Fig.5.3.1. The instrument comprises a cylindrical 
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FIG.5.3.3. The mean electrical mobility Be as a function of particle size Dp as occurring 
in the Whitby analyser [5 . i .9 ] . 

condenser and superimposes the aerosol on a clean air stream. The aerosol parti-
culates are given negative charges by a sonic jet diffusion charger. The charge-size 
relation for spherical particulates and the electrical mobility versus size relation 
have been determined by Whitby et al. [5.1.9] and are given in Figs 5.3.2 and 5.3.3. 

In the cylindrical condenser all particulates with Be > Bj. are collected on the 
central positively charged rod. All particulates escaping are collected on a current-
collecting filter where they are stripped of their charge. This is drained off through 
an electrometer that measures the current which is the parameter required. Since 
any increase in the voltage of the central rod results in a decrease of B<1, size scanning 
can be facilitated by increasing the voltage in steps and recording the corresponding 
current. This can be done manually or automatically with Whitby's instrument. 

As an example of the kind of data obtained, Fig. 5.3.4 gives the particle size 
spectrum of the two types of cigarette smoke, namely that from burning 
cigarette ends and that from non-burning ends ( "end-of f ' and "through"). Each 
point is calculated from two current-voltage pairs. The peak of the end-off distri-
bution below 0.01 fim is typical for aerosols produced by chemical reactions in 
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FIG.5.3.4. Typical result of the Whitby analyser: number concentration of the cigarette smoke 
"end-off" and "through" versus size O p [5 . i .9] . 

flames. The decrease to smaller sizes may be an artefact due .to difficulties in 
charging small particulates. As seen from Figs 5.3.2 and 5.3.3 the method is 
applicable only to particulates larger than ~ 0.01 /urn and smaller than ~ 0.5 /xm. 
Extensions of the range should be made with great caution. Monodispersed aero-
sols have to be used to calibrate the instrument; concentrations and sizes of the 
test aerosols must be obtained by independent methods. 
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0.1-20kV 

FIG.S.S.6. Schematic of the Mohnen -Stierstadt instrument [5.5.5]. 

1. radioactive-tagged air 
2. distributer 
3. particle-free air 
4. flow rectifier 
5. ring slit, 2.5 mm wide 
6. central electrode (10 rings, 30 mm tj>) 
7. outer electrode, 130 mm Q 
8. exit to filter, special insulator 

5.3.2. The Megaw-Wells parallel-plate instrument 

The instrument developed by Megaw and Wells [5.3.2] is easy to build and 
has therefore been used by other research institutes as a prototype mobility and 
charge analyser as well as a model for constructing their own instruments 
[5.3.3, 5.3.4]. Some design details are given in Fig.5.3.5. The aerosol enters 
in the middle between the parallel condenser plates through a nozzle in the 
form of a slit which is also parallel to the plates. The pattern formed by the 
deposited particulates with identical Be is a line on one of the plates. The aerosol 
deposit can be analysed in many different ways — by microscopy, electron 
microscopy, chemical analysis or, if radioactive, by activity measurement. 

5.3.3. The Mohnen-Stierstadt cylindrical instrument [5.3.5] 

This instrument (Fig.5.3.6) has also been used by various research institutes 
as a prototype for their own versions [5.3.6, 5.3.7, 5.3.8, 5.3.9]. The instrument 
was built in 1963 and is similar to but simpler than the Whitby analyser. The 
aerosol is superimposed on a clean air stream in a cylindrical condenser. The 
particulates are deposited according to their Be values on the central electrode 
and the electrode surface is analysed. If radioactive or radioactive-tagged particu-
lates are precipitated, analysis can be done simply by activity measurement. To 
illustrate the type of data obtained, the calibration curve and the mean activity 
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FIG.5.3.7. Length versus particle size calibration for a Mohnen-type instrument [5. J . 7]. 
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FIG.5.3.8. Typical results of a Mohnen-type instrument with radioactive-tagged aerosols 
(mean values) [5.3.7~\. 
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versus l e n g t h cu rve o b t a i n e d w i t h t h e i n s t r u m e n t u s e d b y P e t r a u s c h a n d S c h u m a n n 
[ 5 . 3 . 6 ] are given in Figs 5 . 3 . 7 a n d 5 . 3 . 8 , r e spec t ive ly , f o r r ad ioac t ive - t agged 
( t h o r i u m B ) a t m o s p h e r i c ae roso l s a t H e i d e l b e r g . 

T o inc rease t h e a r ea c o n c e n t r a t i o n o n t h e c e n t r a l e l e c t r o d e , a c u m u l a t i v e 
s a m p l i n g ve r s ion o f t h e i n s t r u m e n t w i t h a wi re as co l l ec t i ng r o d h a s also b e e n 
u s e d [ 5 . 3 . 9 ] , 

5 .4 . E V A L U A T I O N 

T h e c o m m e r c i a l i n s t r u m e n t is r a t h e r e x p e n s i v e , b u t i t p e r m i t s a u t o m a t i c 

o p e r a t i o n o n l ine w i t h a s u i t a b l e d a t a a c q u i s i t i o n s y s t e m a n d i t covers a size 

r ange of a p p r o x i m a t e l y 0 . 0 1 t o 0 . 3 /xm. T h e h o m e - m a d e i n s t r u m e n t s a re easy 

t o b u i l d a n d o p e r a t e , a n d a re i n e x p e n s i v e . T h e i r rea l s h o r t c o m i n g s a re in t h e 

cha rg ing processes , w h i c h m a y m a k e it d i f f i c u l t t o i n t e r p r e t d a t a o b t a i n e d w i t h 

u n k n o w n aeroso l s . 
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Chapter 6 

DIFFUSION BATTERIES 

6.1. PRINCIPLES OF OPERATION 

Each particulate, P (i.e. a liquid or solid particle or both irrespective of its 
state), suspended in a gas exhibits Brownian motion resulting from its mechanical 
interactions with the gas molecules. The molecules hit the surface of P and are 
either adsorbed and immediately evaporated or are spatially reflected1 . In both 
cases a momentum transfer through the surface of P results, which is not balanced 
over all directions for short time intervals, causing a force (and a torque) of 
stochastically varying amount and direction. Under equilibrium conditions, i.e. 
in the absence of mean mass and energy (heat) transfers across the surface of P, 
the mean square displacement of P, Ax2

 s is given by the Einstein-Smoluchowski 
theory 

Ax2 = 2 Di A t (6.1.1) 

in which the diffusion coefficient, the Stokes-Einstein diffusivity, 

Di = kTB (6.1.2) 

At is the time interval, k is the Boltzmann constant, T is the absolute tempera-
ture and B of P is the (mechanical) mobility. The diffusion depends via B on 
the properties of P, particularly on its dimensions that are conventionally des-
cribed by a size parameter called a diameter. If P, due to its Brownian motion, 
contacts a surface, it sticks to the surface and is thus removed from the airborne 
state since, upon physical contact, adhesive forces dominate. Large forces, usually 
not available, would be needed to redisperse P once it is attached to the surface 
[ 6.1.1,6.1.2 ] . This means that the boundary condition at every surface is zero 
concentration of P's. An aerosol flowing through a system will lose P's by attach-
ment to the surfaces. This effect, very often unwanted, is used in diffusion 
batteries, DB, to gain information about the P's of the aerosol. 

1 The fraction of molecules reflected is described by an accomodation coefficient; special 
coefficients have to be used for different processes [6.1.1, 6.1.2]. 
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For a DB to be an effective system it is necessary to have a large surface-to-
volume ratio (large specific surface), since the collection probability of any P is 
proportional to the surface area available. 

To make theoretical predictions about the collection properties of a specific 
DB under stationary conditions, it is necessary: 

(a) To know (from calculations) the flow pattern, including boundary layers, 
in the DB, and 

(b) Assuming the particulate concentration to be zero at all surfaces and uniform 
and constant over the entrance cross-section, i.e. assuming a well-mixed aerosol 
and the absence of inlet biases, to solve the flow-diffusion equation to give the 
concentration distributions within the DB for P's with identical diameter. 

From a knowledge of (a) and (b) one can calculate the flow of P's of identical 
diameters (monodispersed aerosols) to each surface element and through each area 
element in the flow field, especially through each area element of the exit of the 
DB. These flows of monodispersed P's determine the deposition probabilities as 
a function of the location of the surface element, e.g. the distance from the entrance 
for a channel, as well as the penetration probabilities of DB's. The deposition and 
the penetration probabilities depend on: 

(1) the properties of the aerosol (especially the mobility of the P's which, in turn, 
depends on the size and shape) and the properties of the gas, especially the 
viscosity; 

(2) the properties of the DB, particularly the geometry and thermodynamic 
conditions; 

(3) the operating parameters, i.e. the flow characteristic mostly given as the 
overall aerosol flow rate through the DB assuming laminar flow with fully 
developed parabolic velocity profile. 

Hence, two types of samples can be taken by DB's. 

A: the penetration as a function of the operating conditions, or 
B: the deposition in the DB as a function of the geometry, e.g. the distance 

from the entrance. 

In both cases, the number concentrations, the total particulate masses, 
the masses of chemical species, the activities or other properties can be measured. 

6.2. EQUIVALENT SIZE MEASURED 

To understand the kind of size parameter a DB measures, we consider an 
aerosol of identical P's passing through the instrument. Measurement of the 
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number concentration of the aerosol on entering and leaving the DB gives the 
measured penetration probability. If the penetration probability as a function of 
the diameter D of the spherical P's of monodispersed aerosols is known, the 
measured penetration can be interpreted as follows: The P's of the aerosol have 
the same diffusivity as:the spheres with diameter D. These diameters are called 
diffusion-equivalent diameters, D d . Measurement of the area concentration versus 
deposition length within a DB also yields D d as well as providing a check for 
monodispersity since the area concentration versus deposition length curve must 
follow theory under the given assumptions. Steady state, thermal equilibrium and 
absence of any particulate gas phase reactions are necessary conditions for the 
application of the theory. 

To estahlish the necessary penetration probability versus Dd curve one can 
use either an empirial calibration with monodispersed aerosols or theoretical 
calculations, but two difficulties are encountered: 

(1) Monodispersed aerosols of sufficient narrow size distribution are usually 
not available for the whole size interval needed to calibrate the DB's; and 

(2) Theoretical calculations are available only for a few simple geometric forms 
of the DB and for laminar flow. 

All the foregoing considerations apply only to an aerosol of identical 
particulates. If, however, a polydispersed aerosol passes a DB, which in practice 
is the only interesting case if the DB's are to be used as sizing instruments, 
interpretation becomes complex. 

Let us assume that only one value of a penetration probability under given 
conditions has been measured, then the only possible conclusion would be that 
the aerosol penetrates like a monodispersed aerosol of spherical P's with diameter 
Dd corresponding to the penetration probability. Dd will be a complicated unknown 
function of the size and shape distribution of the P's of the aerosol in question. So 
Dd has little meaning for a general description of the aerosol. However, if one 
wants to predict the behaviour of an aerosol under physical conditions similar to 
those in the DB, Dd may prove to be a useful parameter. 

Let us now assume that a series of penetration probabilities has been measured 
either by systematically changing the flow rate through the DB or by systematically 
changing the length of the DB. The length is easily changed either by using identi-
cal DB's in series or non-identical DB's in parallel, a technique particularly suited 
to certain types of compact DB's. 

Since the only P parameter directly involved is the diffusivity, Di, we could 
derive the frequency distributions of the diffusivity instead of another size para-
meter. If (n + 1) penetration probabilities under different conditions are measured, 
we can only expect to approximate the diffusivity distribution by a histogram of 
n steps. 
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FIG.6.2.1. Diffusivity Di plotted against diameter D [6.2.5], 

The conversion from penetration probabilities to a diffusivity distribution 
and-finally to a size distribution corresponds mathematically to a numerical 
solution of an integral equation (Fredholm type) which is unstable. Successful 
numerical methods for its solution have been suggested and tested very recently 
by Maigne et al. [6.2.1]. Another method has been proposed by Breslin et al. 
[6.2.2]. Assuming a log-normal size distribution, Fuchs et al. [6.2.3] derived its 
parameters from penetration measurements. The earlier computation methods, 
including those of Fuchs, are compared in a paper by Metnieks [6.2.4]. 

Once the diffusivity distribution is obtained, the problem is solved since the 
conversion of the diffusivities to an equivalent size is simple. Thomas [6.2.5] 
calculated the Di versus D curve of Fig.6.2.1 by using the following values for 
constants: T = 23°C, the mean free path X = 6.81 X 10"6 cm, the viscosity 
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of the air 77= 1.83 X 10"4 poise, A = 1.25, B = 0.49, G = 1.10, k = Boltzmann 
constant, and 

6.3. THE SPECIFIC INSTRUMENTS 

6.3.1. The parallel-plate diffusion battery 

A certain number of identical plates are mounted parallel so as to form n 
identical rectangular ducts of equal widths B, equal heights 2H and equal lengths 
L. The total volumetric flow rate through all the ducts is F'. By assuming the 
flow rates to be the same through each duct, i.e. F = F'/n, only one single duct 
need be considered. Usually H <SC B with L and H ~ 0.5 mm, B ~ 10 cm and 
L ~ 50 cm. 

The penetration probability Wp for laminar flow depends on the dimension-
less group: 

2 D i L B 
HD = (6.3.1) p F H 

The formulae in the literature are slightly different; Nolan et al. [6.3.1] give: 

Wp = 0 . 9 0 9 9 exp( -1 .885 jup) + 0.0531 e x p ( - 2 1 . 4 3 jup) for M p > 0 . 0 1 

W p = 1 - 1.175 M p
/ 3 + 0.1 Atp + 0 . 0 1 7 5 n l J 3 for m p < 0 . 0 1 

in the notation of Fuchs [6.1.2] . For large values of / ip , Mercer et al. [6.3.2] 
and Mercer [6.3.3] found 

kT f X X 
D i = -U + A — + B — exp 

3m]D I D D 
(6.2,1) 

(6.3.2) 

Wp = 0.9104 exp ( - 1 . 8 8 5 Mp) + 0.0531 exp ( - 2 1 . 4 3 n p ) 

+ 0.0153 exp ( - 6 2 . 3 2 Atp) + 0.0068 e x p ( - 1 2 4 . 5 / z p ) (6.3.3) 
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This equation was verified by extensive calculations by Tan and Thomas 
[6.3.4] who calculated 20 terms of the expansion for Wp with an accuracy of 
better than six decimal places. 

In practical applications, great care must be taken to meet all the conditions, 
especially that the flow splits evenly over all the ducts and that the geometric 
dimensions of the ducts are and stay the same as those used for the calculations. 
The latter criterion is difficult to satisfy for larger DB's. To avoid sedimentation 
losses the plates should be mounted vertically. 

As pointed out by Mercer, the transition length for fully developed parabolic 
flow is very small compared with the length of usual DB's. 

6.3.2. The bundle-of-tubes diffusion battery 

Identical cylindrical tubes of radius R and length L are mounted parallel 
in such a way that each of the n tubes carries a volumetric flow rate 

F = F ' /n 

where F' is the overall volumetric flow rate. Great care must be taken to fulfil 
this condition and the tubes should be straight with constant dimensions. The 
flow must be laminar. 

TABLE 6.3.1. PROPERTIES OF COLLIMATED-HOLE STRUCTURES 

The number of holes per disc is 335 000 at approximately 2.0 cm2 

giving an open area of ca.32% 

Plate Thickness, L Mean hole Standard L/2R 
dia., 2 R deviation 

Otm) (pin) (%) 

1 457 16.1 7.8 28.4 

2 508 15.1 7.7 33.6 

3 521 15.1 8.8 33.6 

4 533 15.3 8.2 34.8 
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The penetration probability Wc depends again on a dimensionless group 

Mc = 27rDiL/F (6.3.4) 

and again slightly different formulae are given in the literature. Gormley et al. 
gave in the notation of Mercer [6.3.3]: 

Wc = 0.819 exp ( - 1 . 8 2 8 A(c) + 0.0975 exp ( - 1 1 . 1 5 n c ) 

+ 0.032 exp ( - 2 8 . 4 8 n c ) + 0.0157 e x p ( - 5 3 . 8 /ic ) f o r ; u c > 0 . 0 6 3 

and 

W c = 1 - 1.615 Mc / 3 +0.6 mc + 0 . 0 7 0 Mc/3 for / z c < 0.063 (6.3.5) 

Thomas [6.2.5] derived an equation which he claims to have an accuracy of 
better than 0.1% for all n c values: 

Wc = 0.819 exp(—1.828 n c ) + 0.097 e x p ( - l 1.15 juc) 

+ 0.032 exp ( - 2 8 . 4 8 n c ) + 0.027 exp ( - 6 1 . 5 n c ) 

+ 0.025 exp ( - 3 7 5 / n c ) (6.3.5') 

Certainly the transition length for fully developed parabolic flow is also very small 
compared with the usual length L.. 

6.3.3. The diffusion battery with collimated-hole structures (CHS)2 

Stainless-steel plates with a very large number of small, approximately 
equally sized, parallel holes, i.e. channels, became commercially available. These 
devices, which have a large specific surface, seem to be well suited for constructing 
multistage DB's for small P's whose chemical composition allows ease of cleaning 
of the CHS. 

The holes are not truly cylindrical but somewhat irregular, so theory must 
be checked each time. Calibration has to be done empirically. Nevertheless, 
when the mean diameters of the holes were used in the calculations, theory agreed 
well with the experimental results and the CHS proved useful. Table 6.3.1 gives 
some of the properties of four plates. 

2 The Panel would like to thank Dr. Sinclair, HASL, N.Y., for bringing CHS (Collimated 
Hole Structures, Brunswick Corporation, 111., USA) to their attention. 
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OB length (mm) 

FIG. 6.3.1. Measured penetration curves through a four-stage DB with collimated-hole structures 
compared with theory [6.3.5]. 

Temperature: 295 K 
Solid lines: theoretical calculations 
Experimental results for test aerosols with a mass median diameter a 

o 0.51 nm 
• 0.51 pm 
& 0.42 pm 
• 0.33 ptm 

Figure 6.3.1 shows the good agreement between theory and experiment 
for larger P's for diffusion batteries with collimated-hole structures. 

6.3.4. Special geometries 

(a) Concentric parallel circular plates allowing for radial flow, as indicated 
in Fig.6.3.2, can be considered as a diffusion filter. The simple geometry permits 
a theoretical solution. 
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FIG. 6.3.2. Radial flow diffusion battery [6.3.2]. 

The dimensionless group is: 

M r = 
4tt Di (Rp - r2) 

3h F 
(6.3.6) 

where R0 is the outer plate radius 
r is the inner plate radius 
2h is the plate distance 
F is the volumetric flow rate 

and for not too small /uR values, the penetration probability becomes: 

WR = 0.9104 exp ( - 2 . 8 2 7 8 / j r ) + 0.0531 exp ( - 3 2 . 1 4 7 p R ) 

+ 0.0153 exp ( - 9 3 . 4 7 5 p R ) + 0.0068 exp ( -186 .805 juR) (6.3.7) 

(b) Impactors as diffusion filters. If very small P's are sampled, sampling 
devices and inlet ports may act as diffusion filters, as has been shown by Mercer 
and Stowe [6.3.6] in sampling radon decay products in an impactor stage. 
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6.3.5. Columns 

Any column composed of a large number of elements such as glass bead 
beds, sand beds or lead shot acts as a diffusion filter, but the parameters are 
difficult to predict. Some data on penetration of aerosols through such devices 
were obtained by Thomas et al. [ 6.3.7,6.3.8]. These devices can be used effec-
tively as size selective filters to remove P's smaller than 0.1 ium in diameter. 

6.4. INTERPRETATION OF DIFFUSION-BATTERY MEASUREMENTS 

The first way to derive a size distribution was by the exhaustion method 
of Pollak and Metneiks [6.4.1 ] . They neglected all but the first term of Eq.(6.3.2) 
and assumed a multidispersed aerosol with an unknown number of components. 
Each component (j) is described by a concentration z ( j ) , a relative concentration 

p(j) = Z 0 ) / £ Z < k > 

and one diffusivity value The penetration probability W has been evaluated 
for a series of flow rates F, especially for low flow rates. 

Each W value corresponds to an apparent (average) Di value so a Di versus F 
function results, which is a constant for monodispersed aerosols. Extrapolating for 
F = 0 yields the Di^1 Value of the fraction of largest size (smallest Di). 

Now it is assumed that the P's with 
Did) determined the measured W ( l ) 

value for the smallest flow rate. Calculating W^c a 1 1) for D i ^ and F1-1) enables 
one to derive the relative concentration 

m w 0 ) 

"^KcaTT) (6-4.1) 

Knowing D i ^ , the W ^ values for all F values can be calculated. By subtracting 
the calculated products p(l) ^ (1 ) from the measured W values for each F, a new W 
versus F curve can be derived and converted to a new Di versus F curve. This is 
again extrapolated for F = 0 to yield D i ^ and hence W^031-2}, and finally 

m W(2) 
p ( 2 ) = ^ s o r 

is derived, assuming again that.the remaining largest fraction determines W ' 2 \ \ 
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FIG.6.4.1. Numerical example of DB data analysis by a dynamic method [6.4.1]. 

This procedure is continued until the final Di versus F curve becomes a 
horizontal line indicating that no smaller P's exist. 

The main assumptions are: 

1. That W is constructed linearly for a given F' 

Wp(F ' ) = ^ p ( k ) W ( k ) ( F ' , Di<k)) (6.4.3) 
k 

2. That the fraction with the smallest Di determines the W for the smallest, 
yet, unused flow rate. 

The hypothetical numerical example given by Pollak and Metnieks [6.4.1] 
in Fig.6.4.1. shows that some care has to be taken in selecting the flow rates. 

An entirely different approach was used by Fuchs et al. [6.2.3] to evaluate 
DB results in terms of a size distribution. He assumed the size distribution of the 
aerosol in question to be log normal. Then he calculated the W versus i* curve 
integrating Eq.(6.3.2) for different parameters of the distribution. 
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FIG.6.4.2. Penetration curves of polydisperse aerosols through a parallel-walled channel. 
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FIG. 6.4.3. Illustration of the stripping method [6.2.2]. 

(a). Experimental penetration curve. 
(bj Theoretical curve for 0.06 fim-
(cj Difference curve (a-bj. ' 
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FIG.6.4.4. Comparison of a size distribution derived from DB measurements with one 
from electron microscope analysis [6.2.1], 

By assuming a set of eleven geometric mean sizes and five values of the geo-
metric standard deviation for each size, he obtained 55 W versus log yt curves 
(see Fig.6.4.2) for comparing with experimental penetration curves. However, 
since the curves for different geometric standard deviations do not differ much, 
the derived results can only be considered as a rough approximation. A graphical 
method with some similarities to the procedure of Pollak and Metrieks has been 
described by Breslin et al. [6.2.2]. They derived experimentally a curve for W 
versus DB length and compared this with a family of calculated curves for dif-
ferent sizes. The closest fit to the larger DB lengths gives the size and relative 
frequency of the fraction of largest sizes. 

Subtraction of the curve for the fraction of largest sizes from the measured curve 
gives a new curve for the W versus DB length. The graphic procedure is repeated 
until the curve for the W versus DB length becomes too steep for further evaluation. 
The method is illustrated in Fig.6.4.3. 

The most elaborate method by Maigne et al. [6.2.1] constructs the inversion 
of the integral equation by an algorithm using preset restrictions of the distribution 
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to avoid instabilities. The result of such a procedure is given in Fig.6.4.4, which 
compares the cumulative size distribution of a uranine aerosol as derived from DB 
measurements with the one derived from electron microscopy. The results are in 
excellent agreement. 

6.5. EVALUATION 

There are no commercially available diffusion batteries and home-made instru-
ments require considerable skill and design ability. The cost of the b.undle-of-tubes 
DB's is determined by the high-precision tubing the cost of the parallel-plate DB's 
by the machining of the plates and the cost of the DB's with collimated-hole 
structures (CHS), by the CHS plates and the mounting of them. . 

Advantages: Diffusion batteries enable certain aerosol properties, e.g. aerosol 
activities, to be measured as a function of the diffusion-equivalent 
diameters. 

Disadvantages: Diffusion batteries still have to be designed, built and calibrated 
individually. Theoretical calculations are only available for a few 
simple geometric forms. Evaluation has to be done with great 
care to avoid misinterpretation of the data. 
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Chapter 7 

OPTICAL SIZING TECHNIQUES 

Size parameters of particulates, P, irrespective of whether they are in the solid 
or liquid state, are derived from an optically produced signal and not from any 
image that could be obtained by light (or electron) microscopy. 

7.1. PRINCIPLES OF OPERATION 

Light is scattered in all directions if any airborn P passes a light beam. 
Collection of the light scattered in a predetermined solid angle on a light sensor 
(photocathode of a multiplier) produces an electrical signal which depends on the 
following parameters: 

(a) The intensity, wavelength and geometry of the illuminating beam; 
(b) The location at which P passes the beam; 
(c) The solid angle of light collection and the other properties of the 

light collecting and converting system; 
(d) The properties of P, especially the size, shape and index of refraction. 

By keeping a, b and c constant, the signal will only depend on the properties 
of P. If, in addition, all P's have a similar shape, e.g. all P's are spheres (droplets) 
and have the same index of refraction, the only remaining parameter determining 
the signal is the size. In this case one can hope to arrive at a relative size distribu-
tion when analysing a large number of signals produced by different P's. 

The size parameters measured can be interpreted in terms of geometric 
sizes (diameters) if, and only if, one knows the relation of the diameter to a 
parameter of the electrical signal (e.g. peak height or peak area); in other words, 
if one knows the calibration curve of the instrument in question. Such relations 
have been calculated [7.1.1] and measured [7.1.2] even for coal particles [7.1.3] 
and cubes [7.1.4]. 

Though a particle counter was described as early as 1947 by 
Gucker et al. [7.1.5], the technique did not come into wide use until electronic 
signal processing became available at modest costs in the early sixties. A review 
paper by Whitby et al. in 1967 [7.1.6] lists as many as five commercially 
available instruments. 

153 
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Now some sophisticated methods have been developed: 

(a) The use of lasers or other high-intensity light sources and photon 
counting for detection [7.1.7, 7.1,8, 7.1.9, 7.1.10, 7.1.11] 
extends the application to smaller-size P's. 

(b) The measurement of light scattered in different solid angles for the same 
P yields more reliable information on the size even for an irregular-
shaped P [7.1.12], 

(c) The acquisition of the angular distribution of the scattered light for 
individual P's [7.1.13, 7.1.14] permits one to determine diameters 
of spheres with an accuracy of even better than that obtained by 
electron microscopy. 

Some of these methods together with some commercial instruments are 
discussed below. 

All the methods have in common the production of an electrical signal in 
the form of a pulse, depending on the properties of P, and the ability to analyse 
a large number of pulses by multi-channel analysis. Since pulse rates of several 
hundreds per second can be handled easily, sampling times of only a few minutes 
are sufficient to analyse enough P's for establishing a reliable pulse parameter 
distribution function, e.g. a pulse height or pulse area distribution function. Its 
conversion to a size distribution is a matter of interpretation based on calibrations. 

FIG. 7.2.1. Smoothed scattering efficiency as a functionof the size parameter a and real 
index of refraction m (smoothed means that the secondary wiggles of the function are suppressed) 
[7.2.2], The grid lines designate constant values of Q.ca. 
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7.2. EQUIVALENT SIZE MEASURES 

7.2.1. The light scattered by a single particle 

The total light scattered by a sphere of geometric diameter D and index of 
refraction m can be calculated together with the angular distribution by the 
Mie theory [7.2.1, 7.2.2, 7.2.3] when the sphere is illuminated by a parallel beam 
of light of wavelength X. 

With the following parameters: 

size parameter <x = irD/X 
scattering angle, 9 
normalized size parameter p = 2 a ( m - l ) 
and diffraction parameter u = a sin 6 

the smoothed efficiency for scattering, Q s c a , which is the ratio of the total 
scattered light energy to the light energy falling on the cross-section of the sphere 
7 t D 2 / 4 , is shown in F i g . 7 . 2 . 1 as a function of m and a. From the figure it is 
obvious that only when m is known can the measured Q s c a value be interpreted 
in terms of a , but even then the Q s c a versus a relation may be multi-valued. 

The angular distribution of scattered light is still more complicated. To 
get a well-defined intensity, only the one polarized component of the scattered 
light ij will be considered whose E vector is parallel to the E vector of the 
incident light and perpendicular to the scattering plane. 

2 

Collecting cone 

X 

Y 

Laser beam 

FIG. 7.2.3. Geometry of imaginary optical system [7.2.5]. 
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A contour map of i, as a function of p and u for m = 1.33 is given in 
Fig.7.2.2 which, together with Fig.7.2.1, illustrates the complexity of light 
scattering functions for the simple shape of a sphere. The signal parameter 
depends on an instrument's specific integration process over such complicated 
functions. From this it is evident that it is very difficult to interpret light 
scattering data in terms of geometric dimensions. 

7.2.2. Scattering diameters 

To overcome the difficulties described above, one can observe the response 
of an instrument to a test aerosol of known particulate size passing through it. 
The instrument must have an illuminating system and a system to collect the light 
scattered by particulates passing individually through a sensing volume. The 
aerosol should preferably be mono-dispersed with spherical particulates of known 
index of refraction. 

By applying test aerosols of different-sized particles a pulse-height-to-size 
conversion function can be established, thereby calibrating the instrument. 
When an unknown aerosol passes through the instrument, the pulse height can be 
interpreted in.terms of "equivalent sizes", i.e. the size of a sphere of predetermined 
refractive index which gives the same pulse height as that measured. This size 
parameter is called the light-scattering equivalent diameter. The light-scattering 
equivalent diameters of the same P measured with different types of instruments 
(e.g. with different solid angles of light collection) may not be comparable. 
Therefore, reporting such equivalent sizes is useless unless the instrument's 
characteristics are also given. 

Recently, response curves were published [7.2.5] for non-absorbing P's with 
a refractive, index of 1.491. Illumination by a laser beam (parallel light) 
was assumed and the half-angles a and b of the collecting cone were varied. The 
geometry of the optical system is given in Fig.7.2.3. and the results in Fig.7.2.4. 

7.3. THE SPECIFIC INSTRUMENTS 

A subjective selection of instruments is given from those on the market or 
referred to in the literature. Besides several commercially available instruments, 
some individually built and recently published instruments are also described to 
show the trend in technical development. 

7.3.1. The Bausch and Lomb counter 40—1 

A schematic view of the counter is given in Fig.7.3.1. It is a forward-
scattering instrument with an illuminating cone half-angle of 13.75°, a light trap 
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FIG. 7.2.4. The relative response Q of imaginary optical particle counters as a function of the 
, size parameter x = a= (TTD/X) for particles with M = 1.491 and for instruments with different 

collecting apertures given by different angles a and b, as defined in Fig. 7.2.3 according to 
Ref. [7.2.5). The number given below the a and b value in each diagram gives the "absolute" 
Q value for 25 Q units, when Q is given by 

1 b ' 
Q= ~ / i(m, a, 8) (sind)dd 
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where i is the light-scattering distribution with respect to angle and size. 
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PHOTOMULTIPUER CATHODE LAMP SQUARE SLIT SAMPLE AIR FLOW 

PARABOLIC MIRROR LIGHT TRAP 

FIG. 7.3.1. Schematic diagram of the Bausch and Lomb 40-1 counter optical system [7.3.1]. 
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FIG. 7.3.2. The Bausch and Lomb counter 40-1 calibration [7.1.2], Counter output: pulse 
height in volts. The form of the curve corresponds to curve 35 in Fig. 7.2.4. 
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FIG. 7.3.3. Bausch and Lomb counter 40-1, comparison with theory [7.1.2J. Theory [7.1.1], 
assuming X = 500 nm. The relative response is the pulse height ratio using the height of 
0.790 p.m diameter P's as standard. 

half-angle of 23.75° , a collecting aperture half-angle of 53.75°, a sensing volume 
of 0.5 mm3 and a sampling rate of 170 cm3 /min. 

A calibration with mono-dispersed spherical non-absorbing P's is given in 
Fig.7.3.2 and a comparison with theory is given in Fig.7.3.3. 

Theory and experiment are in excellent agreement. However, when non-
spherical absorbing P's are investigated instead of spherical non-absorbing P's, the 
response is smaller up to an order of magnitude, as can be seen in Fig.7.3.4. The 
absorbing P's were coal P's which were passed through a mobility analyser so 
adjusted that only P's with a narrow range of mobilities could pass. The P's 
were mono-dispersed with respect to their mobility and not to their size, shape 
or optical properties [7.1.4]. 
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FIG. 7.3.4. Bausch and Lomb counter 40-1. Response to mono-dispersed DOP particles and 
to mono-dispersed coal particles. The coal particles are mono-dispersed with respect to their 
mobility but not to their optical properties [7.1.3}. 

7.3.2. The Royco 215 and the Royco 245 counters 

The Royco 215 is a forward-scattering instrument with an illuminating cone 
half-angle of 5°, a light trap half-angle of 8°, a collecting aperture half-angle of 
25° and a sensing volume of 0.245 m m 3 ; the Royco 245 is also a forward-
scattering instrument with the following data: 5°, 16°, 25° and 4 mm 3 . 

The sampling rates of the two instruments are 280 cm3 /min and 28 litres/min 
respectively. 

The smaller the scattering angle the greater the sensitivity for smaller P's, 
though the calibration curve becomes ambiguous around 1 jum even for spheres, 
as indicated in Fig.7.3.5. This fact corresponds qualitatively to curve 13 of 
Fig.7.2.4. 
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FIG.7.3.5. Royco 245 counter calibration with mono-dispersed DOPspheres [7.1.2], 

7.3.3. The Royco PC 220 counter 

The Royco PC 220 counter is a right-angle scattering instrument, whose 
illuminating cone and collecting aperture half-angles are equal and 23.75°. It has 
a sensing volume of 2.6 mm 3 and a sampling rate of 28 litres/min. Its response 
characteristic to non-absorbing P's is given in Fig.7.3.6. Since the response is 
sensitive to the refractive index, the pulses caused by absorbing P's can be expected 
to deviate considerably from those produced by non-absorbing P's of the same 
size. The qualitative response corresponds to all the curves from 35 and above in 
Fig.7.2.4. 

7.3.4. The Jacobi particle counter 

This instrument, developed by Jacobi et al. [7.3.2], uses a He-Ne-laser as a 
light source (0.5 mW; X = 632.8 nm). Practically all the light scattered in the 
whole solid angle is collected. The calibration curve shows similarities to that for 
the Royco PC 245 counter. This is to be expected from the curves in Fig.7,2.4 
in which curves 13 and 19 are very similar indicating that the light scattered 
forward determines the total scattering. 
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FIG. 7.3.7. The Gravatt light-collecting system [7.1.12]. 
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FIG.7.3.8. Block diagram of the Gravatt instrument [7.1.12], 

FIG. 7.3.9. Theoretical response curve of Gravatt-type instruments for different angles a and 0. 
The ratios of the intensities at the angles a and Pare plotted against diameters [7.1.12]. The 
Gravatt instrument operates at a = 10° and /3 = 5 

7.3.5. The Gravatt particle counter 

The instrument, developed at the US National Bureau of Standards, pro-
cesses two signals from each P [7.1.12], The light scattered in the forward direction 
at 5° and 10° is collected separately by a special light collection system (Fig.7.3.7). 
A block diagram of the instrument is given in Fig.7.3.8. The ratio of the light 
intensities scattered at the respective angles a and |3 is given in Fig.7.3.9. The 



OPTICAL SIZING TECHNIQUES 165 

FIG. 7.3.10. Block diagram of the Gucker instrument [7.1.14], 

advantage of the instrument is the expected small dependence of the signal on 
the refractive index of the P's. 

The size resolution is not very good, though only a few data have been 
published so far. 

7.3.6. The Gucker instrument 

The research team at Indiana University, USA, led by the late F.T. Gucker, 
developed an instrument capable of scanning the angular distribution of the 
scattered light of individual P's while they passed through a laser beam [7.1.14], 
A block diagram of the Gucker instrument is given in Fig.7.3.10. The most 
important part is an ellipsoidal mirror with its axis of rotation lying on the 
aerosol inlet. The P's pass the laser beam at focus F1 and the scattered light 
cone is divided by the edge of the first and larger plane mirror into an inner cone 
and an outer hollow cone. The inner cone is collected via the second plane 
mirror and the fibre optic on the photomultiplier PM1 giving the reference signal. 
The outer hollow cone, which would collect on the photomultiplier PM2 at the 
second focus F2 of the ellipsoidal mirror, is stopped everywhere except at the 
location of a small aperture (5°) in a rotating disc. While rotating, the angular 
distribution of scattered light is scanned and presented as an oscillogram, the 
sweep time for 360° being 14.5 ms. 
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instrument [7.1.14], T1 is the reference signal and T2 the intensity of scattered light. The 
particle is a l~nm latex sphere with a refractive index of 1.59, A= 632.8 nm, collecting 
apertureS . The abscissa gives the scattering angle; the linear scale 0 - 360°; the ordinate is the 
relative intensity on a log scale. 

SCATTERING ANGLE 

FIG. 7.3.12. Angular distribution of light scattered from a photochemically produced particle 
compared with calculated angular distributions produced by a particle with a diameter of 
1.1 /xm and a refractive index of 1.49 ± 0.01 [7.3.4], 
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A typical oscillogram for a l- /xm polystyrene sphere is given in Fig.7.3.11. 
Trace T1 is the reference signal and T2 gives the scattered light versus scattering 
angle function f rom 0° to 360°. The dips at 0°, 180° and 360° correspond to the 
windows for the laser beam and the light trap (see Fig.7.3.10); the agreement 
with theoretical curves is excellent. 

7.3.7. The Science Spectrum instrument 

An American company, Science Spectrum, has also developed an instrument 
which scans the angular distribution of the light scattered by one P [7.1.13]. The 
scanning is slow (of the order of seconds), therefore the P has to be kept accurately 
at a certain position; this is done in a special condenser by electric fields so only 
charged P's can be investigated. Comparing the measured angular light scattering 
distributions, which are either plotted on a chart recorder or stored digitally for 
further processing, with calculated distributions permits one not only to determine 
the size, but also the refractive index of the P, if it is spherical. An angular 
scattering diagram of a photochemically produced P is shown in Fig.7.3.12. 

7.4. INTERPRETATION PROBLEMS 

Except for the instruments measuring the angular distribution of scattered 
light, they all produce one signal per particle, usually an electrical pulse; the 
height of this is correlated to the particle size. Pulse-height analysis is done in the 
way first applied in nuclear physics by multi-channel analysers. These instruments 
require pulses of 1 —jus duration whereas the pulses produced in the instruments 
often have durations of the order of 1000 /LIS, determined by the flight time 
through the sensing volume. Hence, a pulse converter is necessary. The simplest 
method is a sample-and-hold circuit which reads the maximum of the pulse. 
However, this can lead to considerable errors if the pulse is superimposed by noise 
spikes. Therefore, sometimes the pulse area is measured; here accuracy depends 
on the homogeneity of illumination and other parameters. The best choice of 
signal parameter will depend on the design of the specific instrument. 

7.4.1. The coincidence loss 

If the concentration of P's is high, the probability of finding more than one 
particle at a time in the sensing volume is increased. It is obvious that two (or 
more) P's simultaneously present in the sensing volume will produce only one 
pulse with a height that is very likely to be greater than that corresponding to the 
size of each P. Therefore, instead of two smaller P's, one larger P will be counted. 
The probability of such events depends on the size of the sensing volume and the 
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FIG. 7.4.1. Coincidence loss for the Royco PC 220 [7.3.3]. Dashed line: coincidence effect 
as given by the manufacturer; Solid line: theoretical coincidence loss; Circles: experimental 
points. 

concentration of the aerosol. An example of the effect of coincidence loss is 
given in Fig.7.4.1 [7.3.3]. 

Similar losses occur when the pulse processing blocks the new pulses and 
prevents them from being counted, i.e. each pulse is followed by a dead time [7.4.1]. 
This can be overcome by diluting the aerosol sufficiently. 

7.4.2. Spurious particle counts 

If a very large number of P's of a size just below the detection limit passes the 
sensing column of a counter, their concentration fluctuations may pause spurious 
pulses. An analysis of this effect is given by Whitby and Liu [7.4.2], Sufficient 
dilution will be the remedy. 

7.4.3. The cross-sensitivities of channels 

Owing to instrument imperfections, identical particles may not produce identical 
signals; therefore, identical P's may be counted in different channels. A legitimate 
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q u e s t i o n is: if i d e n t i c a l P ' s s h o u l d b e c o u n t e d in o n e c h a n n e l w h a t is t h e p r o -
b a b i l i t y o f t h e m b e i n g c o u n t e d in n e i g h b o u r i n g c h a n n e l s . J a e n i c k e [ 7 . 3 . 3 ] h a s 
e s t i m a t e d a n o n - n o r m a l i z e d c ross -sens i t iv i ty m a t r i x f o r a n e i g h t - c h a n n e l R o y c o 
PC 2 2 0 c o u n t e r . 

F u r t h e r p r o b l e m s w i t h o p t i c a l p a r t i c l e c o u n t e r s a r e d i c u s s e d in R e f s [ 7 . 4 . 3 , 
7 . 4 . 4 , 7 . 4 . 5 , 7 . 4 . 6 ] , 

7 . 5 . E V A L U A T I O N 

T h e r e a r e m a n y o p t i c a l p a r t i c l e c o u n t e r s o n t h e m a r k e t . R e a d o u t a n d 

d i s p l a y can b e t a i l o r ed t o i nd iv idua l n e e d s a n d r e s o u r c e s . Spec ia l i n s t r u m e n t s h a v e 

b e e n d e s c r i b e d in t h e l i t e r a t u r e a n d c a n b e d e s i g n e d a n d bu i l t t o m e e t spec ia l 

n e e d s . T h e g r e a t a d v a n t a g e s a r e t h e f a s t r e s p o n s e a n d t h e ease o f d a t a o u t p u t a n d 

h a n d l i n g . T h e d i s a d v a n t a g e is t h e a m b i g u i t y o f t h e p a r t i c u l a t e p a r a m e t e r m e a s u r e d 

w h i c h m a k e s i t d i f f i c u l t t o give a m e a n i n g f u l i n t e r p r e t a t i o n t o t h e d a t a p r o d u c e d . 
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Chapter 8 

AUTORADIOGRAPHY AND RELATED TECHNIQUES 

8.1. AUTORADIOGRAPHY 

Autoradiography (or radioautography) is the name for those techniques in 
which photographic materials, being sensitive to radioactive radiation, are used to 
record the radioactivity of a specimen. When the recording medium is not photo-
graphic, the technique is not called autoradiography. (Radiography refers to 
methods in which a specimen is examined with the help of photographic material 
and an external source of radiation, such as an X-ray machine or a gamma-
emitting radionuclide.) 

8.1.1. The pho tographic process 

A photographic material consists of a light-sensitive substance (usually silver-
bromide) in the form of tiny crystals (grains) immersed in a water-penetrable solid 
medium (gelatine). This composition is (somewhat erroneously) called a photo-
graphic emulsion. When radioactive radiation (7, j3, a or heavier particles) is 
absorbed in the emulsion (exposure), the grains will be "excited" just as they are 
when they absorb light, so that a latent image is formed. 

By processing, the latent image is converted to a real, visible one. The 
processing always includes a development, where the exposed silver-bromide grains 
are, at least partly, reduced to silver metal grains (in the form of tiny specks or 
filaments, with a blackish appearance). Usually, the exposure is performed with 
the suitably prepared radioactive specimen in close contact with the photo-
graphical emulsion. After development, the autoradiographic image can be 
observed as blackening at the site of the radioactivity. Normally, in the further 
processing (fixing), the unexposed silver bromide is dissolved by sodium or 
ammonium-thiosulphate (hypo) and rinsed away, leaving a black image against a 
transparent background of gelatine (see, however, Section 8.1.3 on Identification). 

In "ordinary" autoradiography, the grainy black image is more or less dense 
depending on the amount of radioactive exposure, but it has no other visible 
structure. 

In specially designed track emulsions (nuclear emulsions) (see Section 8.1.3 
on Track Methods), the tracks of |3 or of a and other charged particles can be 
observed respectively as curved or straight "chains" of black grains under the 
microscope. 

171 
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As the medium used in autoradiography is essentially the same as in photo-
graphy, it follows that autoradiographic work must be performed in a dark-room 
with a suitable dark-room illumination recommended by the manufacturer. 

Autoradiography, especially of particles, is one of the most sensitive methods 
for recording radioactivity, as the "signals" can be integrated over a virtually 
infinite exposure period. 

8.1.2. Emulsions 

Emulsion modes 

Most emulsions are manufactured in the form of films, i.e. a thin layer cast 
onto a base of cellulose-acetate or other plastic, which are easy to handle and 
transport. (Photo-papers are of less interest to the autoradiographer.) In many 
cases, glass-backed material (plates) are preferred, as they do not shrink or deform 
during processing. Track-emulsions are available on plates with a wide range of 
emulsion thicknesses to suit the needs caused by the varying ranges of alpha-
particles, etc., in various situations. Thick track-emulsions can also be obtained 
as base-less, self-supporting pellicles. 

In cases where a perfect register between the radioactive site on the specimen 
and the autoradiographic image is required, emulsions can be obtained that are 
brought in permanent contact with the specimen and are not removed during 
processing. The specimen and the autoradiogram must thus be observed simul-
taneously. 

Stripping emulsions are ready-cast on a glass base from which they can be 
removed and transferred to the specimen. Thus a uniform emulsion layer is 
guaranteed, but the specimen must at least be fairly plane. 

Emulsions in gel form can be melted and cast on a specimen of arbitrary 
form and structure. If a layer of uniform thickness is required, however, great 
care is needed in the casting process [8.1.1]. If the particles withstand the dis-
solving action of the processing chemicals, they can even be mixed with the 
emulsion to increase the sensitivity. A special advantage with gel emulsions is 
that all background tracks, formed during storing, are destroyed in melting. 

Emulsion types 

Although most kinds of photographic emulsions have been used for auto-
radiography, X-ray emulsions of the no-screen type (as films) have proven most 
satisfactory for "every-day use" [8.1.2]. They have a maximal sensitivity to beta-
radiation, and the spots (Section 8.1.3) caused by the exposure of radioactive 
particles can be clearly seen by the naked eye. The high sensitivity is partly 
caused by a comparatively large grain-size and a thick coating on both sides of the 
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FIG.8J.1. Spot autoradiogram, no-screen X-ray film (Ilford: Ilfex): nuclear debris particles 
on glass-fibre filter (J. Sisefsky). 

base. Track-emulsions (nuclear emulsions), of interest to the investigator of 
radioactive particles, are of essentially two types: those that are sensitive only 
to alpha particles (and other heavy particles), and those that are able to record 
tracks of all charged corpuscular radiation, including beta particles. They are 
manufactured with different grain-sizes to meet different requirements on sensi-
tivity versus resolution [8.1.3]. Special kinds of emulsions for autoradiography 
(autoradiographic half-tone plates) are offered by some manufacturers. They are, 
however, designed for the autoradiography of extended objects as they give a rich 
scale of translucent blackenings for varying exposures, but they are not especially 
suited for the autoradiography of small particles. 

8.1.3. Analytical procedures 

Spot autoradiography 

An examination of radioactive particles shows that the dominating radiation 
consists of p~ or |3+ and 7 ' s . The autoradiogram (Fig.8.1.1) is then caused by the 
beta particles (electrons or antielectrons) which expose the emulsion along their 
tracks, whereas most of the gamma radiation escapes the thin, emulsion layers 
without causing any exposure. It is essential to understand the difference in image 
formation in an autoradiogram of an extended object and an object consisting 
of small particles, in order to exploit the possibilities of an autoradiographic 
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examination. An extended radioactive object (well above 100 fim) gives, in 
contact with a photographic material, a silhouette image depicting its outlines. 
The optical density of the silhouette, which can be determined by densitometry 
or grain counting, gives a measure of the exposure from the object. 

For a small particle ( < 50 /im) the ranges of the betas in the emulsion are of 
the same order as or larger than the dimensions of the particle. Thus, the image 
is essentially caused by radiation, penetrating radially outwards from the particle, 
giving rise to a circular spot. As soon as the exposure is sufficient to cause a clearly 
observable spot, the central portion of it is overexposed, i.e. a further exposure 
cannot cause a higher optical density, but causes the overexposed zone to grow 
in size. Thus, the spots cannot be evaluated with ordinary densitometry. On the 
other hand, the exposure and thus the activity of the particle can be measured 
from the size of the spot for a wide activity-range. Outside the overexposed 
portion of the circular spot, the blackening gradually diminishes so that a spot 
has a diffuse edge which can cause problems in evaluating its size. 

For the most sensitive photographic emulsions (no-screen X-ray or large-
grain nuclear beta-sensitive emulsion) some 1000 disintegrations suffice to cause 
an observable spot, if the particle is in close contact with the emulsion [8.1.4, 
8.1.5], In examining autoradiograms to determine particle numbers and activity, 
(modified) devices for automatic counting and sizing particles can be used. 

Particle counting 

An autoradiogram of a sample (say a filter paper brought in contact with a 
no-screen X-ray film) gives the number of particles having activities over a certain 
limiting value set by the exposure time. Thus, if the radioactive particles to be 
examined are mixed with irrelevant ones (which is often the case) and a sizing 
device is used, an autoradiogram can tell which of the particles in a certain size-
class are actually radioactive. Thus, one can get a size-spectrum of the radioactive 
aerosol eliminating the background of irrelevant particles. The particles collected 
in the sizing device may need some preparation, such as being spread and fixed to 
a larger surface. 

Identification 

(a) Particle selection. By re-aligning the particle specimen and the auto-
radiogram the site of "interesting" particles on the specimen can be found. The 
corresponding part of the specimen can be cut out and thus the particle can be 
separately examined by gamma spectrography or beta counting etc. Sometimes, 
it may be necessary to free the particle from background activity caused by 
numerous weaker particles by repreparing the cut-out specimen fragment over a 
larger surface, and find the "interesting" particle by a new autoradiographic 
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examination. If the particles are collected by filters, those that are soluble in 
organic solvents (such as Microsorban or membrane filters) are highly recommended. 

(b) An actual identification of the radioactive particle under the microscope 
usually needs a perfect match between photographic emulsion and specimen to be 
able to discriminate the radioactive particle from accompanying inactive ones. 
Thus, the collected particles should be prepared as a transparent specimen on a 
glass backing (membrane-filters can be converted to suitable specimens by the 
method described in Section 3.1.3 on Membrane Filters). 

The specimen is then permanently covered with emulsion (stripping emulsion 
or in gel form). Beta-sensitive nuclear emulsion (as Ilford G5) works well. The 
beta tracks radiating from the particle are so entangled in each other that the 
autoradiogram will be an ordinary spot with a totally black centre, which covers 
the particle and obscures it from observation in the microscope. A method where 
the particles can be observed in dark-field illumination has been described by 
La Riviere and Ichiki [8.1.6]. A method which allows the observation of all 
optical features of the particle (colour etc.), reversal autoradiography, has been 
described by Sisefsky [8.1.4, 8.1.5]. With this method the autoradiogram is 
reversal-developed, i.e. the original black spots are dissolved in a solvent for silver 
(an acid solution of potassium permanganate), leaving a clear circular "window" 
in the surrounding emulsion, through which the radioactive particle can be 
observed. The unexposed silver bromide is left as a background or converted to 
a transparent coloured one. 

Modifications of the method to meet the needs of electron microscopy 
(essentially, very thin specimens) have been reported by Holland [8.1.7, 8.1.8]. 

Particles which are thus identified and studied under the microscope can 
then be cut out and reprepared for further examination with an electron micro-
analyser (EMA), an ion microprobe analyser (IMA), or a scanning electron 
microscope (SEM), etc. [8.1.9], 

Measuring particle activity 

In spot autoradiography the size of the spot serves as a measure of the amount 
of exposure (radioactive intensity times exposure time). Both ordinary black 
spots and the circular "windows" in reversal techniques can be used. In the latter 
case, the "windows" which are typically in the size range of 20 to some 100 fim 
will usually be so sharp edged that a simple measurement of the spot diameter 
with an ocular scale and objective micrometer will suffice. For spots on X-ray 
films (typical size range 50 /jm to several millimetres) their diffuse appearance can 
cause some trouble. 

Even here the diameters of the spots can be evaluated under a low-power 
microscope, provided that all spots to be measured are treated by the same 
observer during one "sitting" [8.1.4], 
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FIG. 8.1.2. Spot diameter versus number of beta disintegrations during exposure for auto-
radiograms of nuclear debris particles 3 months after explosion (main content: 9sZr, 9sNb, 141 Pm). 
X-ray: No-screen X-ray film (Ilford: Ilfex) (developer Phen-X, 5 min). 
G-5: Reversal autoradiography. Ilford G-5 nuclear emulsion. Developer: Phen-X, 5 min. 
A broken line with the slope 1/2 is inserted for comparison [8.1.4], 
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A higher accuracy can be obtained if the spots are compared with a set of 
"test spots" cut from the same kind of X-ray film and corresponding to known 
amounts of exposure. 

For a large series of X-ray films, the evaluation may be simplified if the films 
are copied onto some "hard-working" photographic material, thus converting the 
diffuse spots into more sharp-edged ones. 

Finally, it may be possible to use a modified densitometer which measures 
how much a light spot of a fixed diameter, larger than the autoradiographic spot, 
is attenuated by the latter. This will give a measure of the spot area. 

The connection between spot size and exposure in an autoradiogram can 
be expressed theoretically [8.1.4] (provided that the particle is entirely surrounded 
by emulsion) by: 

S = C-—r- f(r) (8.1.1) 

where 

S = photographic density chosen to define the edge of the spot 
A = the beta activity of the particle 
t = exposure time 
r = radius of the autoradiographic spot 
C = a factor accounting for the response of the photographic emulsion to the 

beta radiation 
f(r) principally accounts for the proportion of beta particles, with a range in the 

emulsion > 3 . It is however slightly affected by the fact that the response 
of the emulsion to beta particles is energy-dependent (the exposure for a 
unit length of beta track increases at the end of the track). 
It is thus dependent on the kind of beta spectrum emitted, especially its 

maximal energy, the density of the emulsion and the atomic numbers of the 
elements composing it, and the effectiveness of processing. 

According to theory the diameter of a spot cannot grow larger than two 
times the maximal range of the betas in the emulsion. A plot of log spot size 
versus log activity would thus start with a line of slope 0.5 asymptotically bending 
down the horizontal line corresponding to this maximal range. 

In practice, however, the scattering phenomena from the emulsion surface, 
the influence of gamma radiation and Bremsstrahlung etc. will obscure theory in 
such a way that the plot (Fig.8.1.2) often will be a straight line with a slope of 
around 0.4 [8.1.4, 8.1.5]. 

To exploit spot size measurements for determining the activities of particles, 
the calibration curve must be derived from experiments which measure particles 
with the same type of radiation, autoradiographed on the same kind of emulsions 
under the same working conditions. The beta counter used for the particle 
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measurements must in turn be calibrated with absolute-measured point sources 
in the same geometry. It is, however, virtually impossible to work with such 
precision that differences in developing conditions (temperature etc.) do not 
cause changes between different autoradiograms. Especially different storage 
conditions during exposure can cause different fading of the latent image (see 
Section 8.1.5 on Fading). If sufficient care is taken, these differences will cause 
only linear changes, i.e. the calibration curve will be displaced along the log 
exposure axes but the form of it will not change. Thus, it will suffice to calibrate 
each autoradiogram before it is evaluated by measuring a few (theoretically just 
one) of the particles in a beta counter. The accuracy with which particles can 
be measured in this way can be forced to be ± 15% [8.1.4]. It is of course possible 
to evaluate the size of a particle from its activity if its composition is known 
exactly. However, very often only a part of the particle consists of the known 
radioactive material. The radioactive matter may be mixed in an inactive matrix 
(as occurs, for example, in fall-out particles) or an active particle may be fused 
or agglomerated to inactive particles. 

Track methods 

A radioactive particle immersed in, or in contact with, a proper track-
emulsion gives a star of tracks emanating from it. By counting the tracks the 
activity can be evaluated. As mentioned in Section 8.1.3, a beta-track star with 
its curved tracks can only contain a few tracks before it turns into an ordinary 
spot autoradiogram. Therefore, in practice, track-counting is restricted to pure 
alpha emitters such as uranium, thorium and plutonium isotopes. If the beta 
radiation dominates, even an alpha-track emulsion will develop a spot around the 
particle which, at least partly, obscures the alpha tracks. 

The length of an alpha track is a function of alpha energy and can easily be 
measured. The accuracy is not sufficient for an actual identification of the radio-
active nuclide, but measurements can serve to discriminate between different 
possible emitters or estimate the proportion between two known emitters with 
considerable differences in alpha energy. 

8.1.4. General methods for increasing photographic sensitivity 

There are several methods for increasing the sensitivity of a photographical 
material, their limits of use ordinarily being set by the arising of an intolerable 
background fog. Owing to the nature of the reversal method a dense fog can be 
tolerated as long as there is a sufficient difference in the amount of unexposed 
silver bromide between image and background. Thus, this method is specially 
suited for experiments with sensitizing agents. 
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1. Prolonged exposure 

If neither time nor fogging sets a limit, fading of the latent image 
(Section 8.1.5) will. Successful exposures for at least one year can, however, be 
performed if due precautions are taken. 

2. Prolonged developing times 

Development for hours has been successfully performed. Sometimes an 
extreme development can cause physical damage on the emulsion layer (bubble 
formation or floating off) , especially on "hand-made" specimens (from stripping 
or gel-form emulsions). 

3. Hypersensitizing 

Certain chemicals (most commonly used: triethanolamine in 1% water 
solution) cause a higher sensitivity of an emulsion when it is treated just before 
exposure [8.1.10]. 

4. Intensification 

It has been shown that an ordinary development is not capable of reducing 
grains which have suffered a very weak exposure. This condition can be improved 
by treating the emulsion with a gold solution after exposure but before developing 
[8.1.11, 8.1.12, 8.1.13, 8.1.14], 

5. Reflecting and intensifying screens 

If the exposure condition allows for it, beta radiation penetrating the 
emulsion layer can be exploited by being reflected by a heavy material (lead, gold 
or mercury), or by causing light formation (scintillations) in a slab of a suitable 
material, in contact with the emulsion. Calcium tungstate (CaW04) is still 
commonly used, although materials with still better performance (e.g. Gd 20 2S) 
have been recently, or are soon to be, brought on the market. 

If intensifying screens are used, screen-type X-ray film has to be used, as the 
no-screen type is not sensitive to light. 

8.1.5. Sources of faults and errors; precautions and remedies 

Fogging, which is blackening of the unexposed background of the emulsion, if 
not caused by incorrect dark-room illumination, is usually due to radioactive 
background radiation (more seldom to excessive heat). 
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Many kinds of building materials (concrete, bricks, plaster etc.) are sources 
of radioactivity (up to 100 pCi 7 /g), whereas properly chosen materials can give 
backgrounds of less than 1 pCi 7 /g. Fogging during storage can be avoided by 
using fresh emulsion material, but fogging during exposure must be avoided by 
diminishing background radiation. It is best to consider the proper choice of 
building material early in the planning of the laboratory buildings. 

If autoradiographic work must be performed in buildings with unacceptable 
radiation background (in excess of 10 nR/h), the localities may be improved by 
lining the walls with building blocks of suitable low-background material, or a 
housing may be built of such material. 

For the design of extremely low-background shielding (e.g. lead shields) the 
experiences from low-level gamma counting may be of value (see Refs . 
[8.1.15,8.1.16]). 

Fading. A great loss of efficiency (especially during long exposures) can be 
caused by fading, i.e. the disappearance of the latent image. Fading is due to high 
humidity in combination with the oxygen in the air. The best storage conditions 
during exposure in air are 5°C and 42% relative humidity [8.1.10, 8.1.17], 
Storage in an inert atmosphere of nitrogen or carbon dioxide is even better [8.1.18], 

Peeling. Self-applied emulsions, especially stripping emulsions, may peel off when 
they have dried after application, or sometimes after processing. Specially treated 
glass-plates are available for the application of such emulsions, but in most cases 
they cannot be used and the emulsions have to be applied on celluloid or other 
backing materials. Even a plane, smooth and very clean surface is sometimes not 
sufficient. Then the surface must be covered with a thin coating which binds the 
emulsion gelatine to the surface (subbing). An all-round treatment for both glass 
and plastics consists in dipping in a diluted solution of gelatine and KCr(S04)2 

which leaves a thin layer of hardened gelatine on the specimen [8.1.11]. Special 
subbings for celluloid and other plastics exploit the fact that acetic acid is a 
solvent common for gelatine and the backing material [8.1.19]. Peeling is 
promoted by too dry an atmosphere. This can be remedied by impregnating the 
emulsion with glycerol (by adding 1 % to the water when applying the emulsion 
and 1% to the final rinse) [8.1.11], 

Damages during processing. Swelling, melting, floating off and other damages 
which arise during processing can be caused by excessive heat, sudden temperature 
shocks, sudden changes in pH and, of course, by the same reasons which cause 
peeling. Especially reversal methods and other nonconventional techniques with 
self-applied emulsions are victims of such events. As a remedy, the developer and 
even other baths can be added with high amounts of an inert electrolute (e.g., 
Glauber's salt, Na 2S0 4 ) . Hardening treatments (with formalin or otherwise) 
inserted before a critical process have also been proposed [8.1.2, 8.1.20]. 
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False spots. These can be caused by chemography, i.e. the action of certain 
chemicals in the form of tiny specks. Reducing material, such as particles of 
aluminium or copper as well as various organic sulphur compounds, are especially 
harmful [8.1.11], Filters sometimes pick up substances which cause chemography. 
In such cases the filter may be covered with a thin plastic foil (e.g. Mylar) before 
exposure. Sometimes harmful matter can be introduced during preparation. 
Special care must be taken to avoid improperly cleaned gelatine in subbing 
treatments. Exposure under very low temperature - 2 0 to ~30°C can greatly or 
completely eliminate chemography [8.1.11 ]. 

False stars in alpha-track emulsions, caused by Th and U in the glass backings, 
are always present to a small extent as these elements disintegrate through a series 
of short-lived alpha-emitting nuclides. 

Irregularities often cause a severe reduction in the accuracy in quantitative auto-
radiography (Section 8.1.3). If emulsions in gel form are used, care must be taken 
to ensure a uniform coating [8.1.1], During processing the trays must be vigorously 
stirred to ensure an even treatment. An even more efficient method is to brush 
the emulsion surface with a soft brush during treatment [8.1.2, 8.1.20, 8.1.21]. 
The specimen of particles to be examined should not cover a larger surface than 
necessary. 

8.2. METHODS RELATED TO AUTORADIOGRAPHY 

For the sake of completeness a few methods are mentioned which are 
considered to be of interest for special occasions only. 

8.2.1. Track-etching methods 

In certain materials alpha particles or heavier nuclear particles leave "latent" 
tracks of excited atoms which are more sensitive to chemical reagents, e.g. etching 
agents, than the matter in bulk. 

The tracks thus can be "developed" by a proper etching agent and studied 
under the microscope. Commonly used are cellulose-nitrate films which, after 
exposure, are etched by NaOH solution [8.2.1 ]. Alpha tracks can also be 
"developed" in glass (and other ceramics); this gives the possibility to study the 
history of old artefacts and other objects. 

8.2.2. Scintigraphy 

Several materials have the ability to transform the energy from nuclear 
particles into light pulses, scintillations. Usually, a transparent screen of ZnS or 
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BaPt(CN)4 is exposed to the radioactive specimen and the scintillations are studied 
from the back-side [8.2.2, 8.2.3], (The scintillation from a single 5-MeV alpha 
particle is visible to the naked eye of a trained observer.) A kind of scintigraphy 
is used when an exposure is enhanced by an intensifying screen [8.1.4]. 
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Subject 
Source of 
activity References 

Specific activity 
(activity per volume 
or mass unit) China I 

China II 

China III 

China IV 

China V 

China VI 

China VII 

China VIII 

China X . 

Others 
(USSR 1956-62) 

8.A.14 
8.A.17 
8.A.39 

8.A.41 

8.A.8 
8.A.40 

i.A.42 

i.A.42 

8.A.27 

8.A.43 
8.A.42 

8.A.28 

8.A.47 

9sZr 

8.A.19 
8.A.20 
8.A.23 

8.A.19 

8.A.19 
8.A.22 
8.A.23 
8.A.24 
8.A.30 

8.A.21 

8.A.22 

8.A.23 
8.A.25 

8.A.27 

8.A.43 
8.A.46 

8.A.28 

8.A.47 

8.A.3 
8.A.11 
8.A.16 
8.A.20 
8.A.34 
8.A.36 
8.A.37 

Elementary analysis 
of global fallout 

(X-ray fluorescence) 

USSR 61 

USSR 62 

China I 

8.A.29 
8.A.38 

8.A.13 
8.A.15 

8.A.18 
8.A.22 
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Subject 
Source of 
activity References 

Density of fallout 
particles 

Solubility of 
fallout particles 

Close-in fall-out, 
ground explosions 

Mechanisms of particle 
formation 

Methods for 
identification 

China III 
Dominic, USA 

USSR 62 
China V 

;.A.8 
1.A.4 

1.A.15 
1.A.42 

I.A.I 
S.A.5 
I.A.6 
I.A.31 

I.A.2. 
S.A.7 
i.A.9 

S.A.12 
S.A.33 
S.A.35 
S.A.44 
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Chapter 9 

SAMPLING FOR RESPIRABLE ACTIVITY 

It has been recognized for many years that the gross concentration of toxic 
material in air is of ten an unreliable measure of the hazard associated with its 
inhalation. When particles are not readily soluble in fluids of the respiratory 
tract and do not undergo significant dissolution during passage through the 
gastrointestinal tract, gross airborne concentrations may be significantly mis-
leading, since only those particles that are deposited in non-ciliated regions of the 
lung, which will be referred to in this discussion as the pulmonary compartment, 
may be retained long enough to exert a toxic effect 1 . Early efforts to deal with 
this problem led to the definition of "respirable activity", i.e. activity deposited in 
the pulmonary compartment, as a fixed fraction of the total airborne concentration, 
a definition that was of ten grossly in error for radioactive dusts encountered in 
practice [9.0.1 ]. Subsequent efforts to define respirable activity were based on 
empirical or theoretical estimates of deposition in the pulmonary compartment as 
a function of the aerodynamic properties of inhaled particles and the physiological 
parameters of inhalation. For a definition of respirable activity to be useful, a 
sampling method had to be devised that would select from the total airborne 
activity the portion that fit the definition. 

9.1. DEFINITIONS OF RESPIRABLE ACTIVITY 

9.1.1. British Medical Research Council (BMRC) 

In 1952, Davies [9.1.1] reviewed the available theoretical and experimental 
data on the deposition of particles in the lung. Making appropriate allowance 
for particle densities, Davies derived curve (a) in Fig.9.1.1 for pulmonary 
deposition as a function of aerodynamic diameter. He adjusted the curve so that 
at its maximum its relative deposition was unity (curve (b)) and suggested the use 
of a two-stage sampler in which the first stage would be a horizontal elutriator 
that particles would penetrate according to curve (c) of Fig .9.1.1. A high 
efficiency filter behind the elutriator would collect particles approximately in 
proportion to their probability of deposition in the pulmonary compartment. 

1 There are exceptions to this statement; notably, the decay products of radon or thoron, 
and possibly large particles of high specific activity. 
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AERODYNAMIC DIAMETER (pm) 

FIG.9.1.1. Curves related to BMRCdefinition of respirable activity (T.T. Mercer). 
(a) Pulmonary deposition. 
(b) Adjusted pulmonary deposition. 
(c) Elutriator penetration curve. 
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FIG.9.1.2. Deposition curves of Brown et al. [9.1.4\ 
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TABLE 9.1.1. QUANTITATIVE DESCRIPTION OF RESPIRABLE DUST 

Aerodynamic diameter (fim) 10 5 3.5 2.5 2.0 

Per cent respirable 0 25 50 75 100 

Davies felt that the discrepancy between the curves at small particle sizes was not 
important, because their contribution to respirable activity (assumed to be mass) 
would be negligible. He also felt that, in practice, elutriator penetration would 
not cut off so sharply as predicted theoretically, providing better agreement 
between elutriator penetration and pulmonary deposition at larger particle 
sizes. The elutriator penetration curve suggested by Davies was adopted as the 
definition of respirable activity by the BMRC [9.1.2] and by the Pneumoconioses 
Conference in Johannesburg in 1959 [9.1.3]. Respirable activity defined in this 
way is approximately proportional to pulmonary deposition as defined by Davies, 
with a proportionality factor « 1.8. 

Davies' pulmonary deposition curve was essentially the "maximum" 
pulmonary deposition curve, for nasal breathing, calculated by Brown et al. [9.1.4] 
from their experimental data (Fig.9.1.2), corrected by Davies for density but not 
for particle shape. Brown et al. used china clay particles (p = 2.6 g/cm3), making 
size measurements in terms of Feret's diameter. Watson [9.1.5] subsequently 
showed that the shape of china clay particles was such that their aerodynamic 
diameters were actually smaller than their Feret's diameters by the factor 0.87. 

9.1.2. US Atomic Energy Commission (USAEC) 

Representatives of various USAEC laboratories met at Los Alamos in 1961 
and defined respirable dust as "that portion of the inhaled dust which is deposited 
in the non-ciliated portions of the lung" [9.1.6]. They described it quantitatively 
as shown in Table 9.1.1. They based their values for "per cent respirable" on 
upper respiratory tract deposition according to Brown et al. (curve U, Fig.9.1.2), 
adjusting particle sizes for density but not for shape, and taking upper respiratory 
tract deposition as 100% at DA= 10 pun. Since curve U actually refers to air 
confined to the upper respiratory tract, the "per cent respirable" in Table 9.1.1 
is better described as " that portion of the inhaled dust which penetrates to the 
non-ciliated portions of the lung" [9.1.7], This definition, like that of the BMRC, 
refers to deposition during nasal breathing. The ACGIH [9.1.8] has adopted a 
definition of respirable activity that differs only slightly from the AEC definition. 

Figure 9.1.3 shows the collection efficiency curve of a device that would 
pass particles in the proportions tabulated in Table 9.1.1. Curve U in Fig.9.1.2, 
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FIG.9.1.3. Deposition as a function of aerodynamic diameter (courtesy of Academic Press). 
(A) Efficiency curve of device that would pass only respirable activity as defined by AEC. 
(B) Curve U, Fig.9.1.2, adjusted for particle density. 

adjusted for particle density, is included for comparison. Cyclone samplers can 
be designed to have collection efficiency characteristics very similar to curve A in 
Fig.9.1.3 [9.1.6], 

9.1.3. International Commission on Radiological Protection (ICRP) Task Group 

The Task Group on Lung Dynamics [9.1.9] calculated pulmonary deposition 
(respiratory activity) as a function of aerodynamic diameter for nasal breathing 
at 15 respirations/min and for tidal volumes of 750, 1450 and 2150 cm 3 . They 
used Pattle's empirical equation [9.1.10] to estimate deposition in the naso-
pharyngeal regions and Findeisen's theoretical method [9.1.11] to estimate 
pulmonary deposition and deposition in the tracheobronchial (ciliated) portions 
of the lung. Their pulmonary deposition curve for 1450 cm3 tidal volume, an 
adjusted form of it obtained by multiplying each point by 3.33, and penetration 
curves for a BMRC elutriator and an AEC cyclone are shown in Fig.9.1.4. 

The Task Group's deposition values were based on a now obsolete model 
of lung anatomy which permitted a much larger fraction of tidal air to penetrate 
to the pulmonary regions and caused pulmonary deposition, relative to particles 
entering the trachea, to be larger than would be the case with more recent models. 
Despite this, the Task Group's model predicts pulmonary deposition values for 
nasal breathing that are smaller than the BMRC respirable activities for nasal 
breathing. 
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FIG.9.1.4. Respirable activity curves for ICRP Task Group model (courtesy of Academic Press). 

9.1.4. Breuer 

This definition of "respirable fine dust" [9.1.12] is the curve for lung dust 
(Fig.9.1.5) based on an analysis by Cartwright and Nagelschmidt [9.1.13], It does 
not relate to the probability that particles of a given size will deposit in the 
pulmonary region, but to the combined probability that they will be deposited 
and subsequently retained for a long period. 

It is not known if this definition has been endorsed by any quasi-official 
organization, but it apparently is widely used in the Federal Republic of Germany. 

9.2. SAMPLERS MATCHED TO THE BMRC DEFINITION 

The penetration curve for an elutriator of the cumulative type that matches 
the BMRC definition is given by 

(9.2.1) 
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FIG.9.1.5. Respirable fine dust as defined by Breuer (courtesy of Academic Press). 
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FIG.9.2.1. Horizontal elutriators. 
(a) The Hexhlet. 
(b) The MRE [9.2.2). 
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The minimum aerodynamic diameter at which all particles will be retained in the 
elutriator, (P = 0), is 7.1 /im, for which the terminal settling velocity is 0.15 cm/s. 
From Eq.(4.2.1) it can be seen that the proper penetration curve should be 
achieved with any horizontal elutriator for which the ratio, F/A, between the 
volumetric flow rate through the elutriator and its total horizontally projected 
floor area is 0.15 cm/s, provided that air flow is laminar and that the width-to-
height ratios of the elutriator ducts are very large. Other types of samplers can be 
matched empirically to the BMRC definition. 

9.2.1. Horizontal elutriators 

Figure 9.2.1. contains diagrams of two elutriators that have been used as 
respirable activity samplers. Their dimensions and operating details are given 
in Table 9.2.1. The Hexhlet is operated by suction provided by a compressed 
air ejector, with flow rate regulated by a critical orifice. The tapered outlet of the 
latter permits sufficient recovery of pressure head that sonic speeds are achieved 
with an applied pressure drop of 100 mmHg. Particles penetrating the elutriator 
are captured in a Soxhlet filter thimble. 

Flow through the MRE elutriator is provided by a reciprocating diaphragm 
pump driven by a battery-powered motor. Respirable activity is collected on a 
5.5—cm-diameter glass filter. Restriction of the duct heights at the inlet, as shown 
in the figure, permits sampling either into the wind or cross wind at air speeds up 
to 103 f t /min, without detectable error. 

The LRTP (long-running thermal precipitator) is a standard Casella thermal 
precipitator fitted with a small elutriator at the inlet. It was designed not only to 
limit the precipitator sample to the respirable fraction, but also to lower the 
deposit density to reduce the effect of overlap. Operating details are included in 
Table 9.2.1. 

Sampling problems and sources of difficulty. A large ratio between duct 
length and width is desirable as is a relatively large pressure drop across the duct, 
because both conditions tend to minimize effects of ambient air conditions on the 
flow pattern within the duct. The reduction in duct height that can be tolerated 
to achieve the desired pressure drop is limited by a tendency for re-entrainment 
of deposited particles to occur when the ratio between mean air velocity and duct 
height reaches a critical value said to be in the range 240 — 650 s"1 [9.2.4]. This 
ratio approaches the upper limit for the original Hexhlet, but it is well below the 
lower limit for the modified elutriator. 

The requirement of a compressed air source makes the Hexhlet inconvenient 
for many field applications. A reciprocating diaphragm pump produces a pulsating 
flow that must be smoothed out with a suitable damping system. 



T A B L E 9 . 2 . 1 . O P E R A T I N G D E T A I L S O F H O R I Z O N T A L E L U T R I A T O R S 

Type Number Duct dimensions in cm Total floor Flow rate Minimum Ref. 
of ducts Length Width Height area 

(cm2) 
(cm3/s) diameter in 

fim at P = 0 

Hexhlet 118 25.1 3.55 0.08 10 903a 1.667 X 103 7.1 [9.2.1] 

Modified 
Hexhlet 26 25.1 7.6 0.22 - 5 000 833 7.1 

MRE 4 17.19 4.0 0.238 275 41.7 7.1 [9.2.2] 

LRTP 2 - 0 . 3 5 ~1.0 0.106 - 0 . 7 0.112 7.1 [9.2.3] 

a Includes floor area between ducts and critical orifice. 
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FIG.9.2.2. Calibration curve for the BCIRA respirable activity sampler [9.2.5]. 

9.2.2. The BCIRA cyclone sampler 

The penetration curve for this instrument at 1.9 litres/min [9.2.5] is shown 
in Fig.9.2.2. At 1.85 — 1.9 litres/min it gives results that are very similar to those 
of a standard elutriator [9.2.5, 9.2.6], The shape of the penetration curve for this 
instrument differs significantly from those of the cyclones described later. 

9.2.3. The "conicycle" 

The sampling portion of this instrument [9.2.7], shown schematically in 
Fig.9.2.3, is rotated at 8000 rev/min, causing air to be drawn in at A-A ' and 
expelled through the orifices O - O ' , which are sized to provide a flow rate of 
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FIG.9.3.1. Cyclone samplers. 
(a) 10-mm nylon [P. 1.6] (courtesy of M. Lippmann). 
(bj 1/2 in steel[9.1.6] (courtesy of M. Lippmann). ' 
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10 litres/min. Air entering the sampler rotates with it, subjecting airborne 
particles to a centrifugal force that gives them an outward radial velocity, U, that 
is proportional to their terminal settling velocity. It can be shown that the 
relative activity penetrating to the collection stage (the annular space B) is 

P = l ~ 7 (9.2.2) 

where V is the average linear velocity into the entrance slit. By proper adjustment 
of the slit height, P can be matched to the penetration curve of the horizontal 
elutriator. The efficiency of the collection stage is unity for particles for which 
D A > 1 jum, but drops off at smaller sizes, so that the conicycle collects a respirable 
activity sample that matches pulmonary deposition according to curve (a) in 
Fig.9.1.1 more nearly than does an elutriator sample. 

9.3. SAMPLERS MATCHED TO THE AEC DEFINITION 

The curve representing the AEC definition of respirable activity can best be 
matched by cyclone samplers. There is no adequate theory on which to base the 
design of cyclones to match a particular set of collection characteristics, so their 
development has been largely a matter of trial and error. Figure 9.3.1. shows the 
10-mm and 1/2-in cyclones developed by HASL [9.1.6], (The dimensions refer 
to the inside diameters of the cyclone bodies.) Some of the structural details 
and operating conditions of these cyclones are given in Table 9.3.1. 

Sampling problems and sources of difficulty. The flow rates included in 
Table 9.3.1 are those at which different investigators have found that cyclone 
penetration most closely matches the AEC respirable activity curve. There is a 
relatively large range of flow rates (1.4 — 2.0 litres/min) over which penetration 
through the 10-mm cyclone is said to match the AEC curve. A value of 1.7 litres/min 
was adopted by the AIHA Aerosol Technology Committee [9.3.1]. The same 
Committee adopted a flow rate of 9 litres/min for the HASL 1/2-in steel cyclone, 
a compromise between the values of 8 litres/min recommended by Knuth [9.3.2] 
and 10 litres/min recommended by Ettinger et al. [9.3.3]. 

The nylon cyclone exhibits significant electrostatic effects when used to 
sample particles carrying charges significantly greater than they would carry at 
charge equilibrium [9.3.4, 9.3.5], Use of a steel cyclone of the same dimensions 
minimizes electrostatic effects; its weight and high cost make it much less 
attractive as a personal sampler, the primary application of a 1 0 - m m cyclone, 
than the nylon model. 

Flow control is a source of difficulty when using cyclone samplers. Panel 
members recommend the use of critical orifices behind the back-up. filter when 
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TABLE 9.3.1. DETAILS OF CYCLONE SAMPLERS 

Type Inlet Length of Flow rate Average input 
dimensions cyclone body (litres/min) velocity 
(cm) (cm/s) 

10-mm nylon - 0 . 2 2 X 0.22 5.0 1.4 483 

1.7 586 

2.0 636 

1/2-in steel 
(dual inlet) 0.20 X 1.9 5.2 8.0 175 

10.0 219 

13.0 285 

1-in steel 
(dual inlet) 0.58 X 5.1 - 12.5 68.0 192 

75.0 211 

ACTIVITY MEDIAN AERODYNAMIC DIAMETER 

FIG.9.4.1. Deposition as a function of activity median aerodynamic diameter. 1450 cm3 

tidal volume, geometric standard deviation between 1.2 and 4.5 [9.1.9], 
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PER CENT RESPIRABLE 

FIG.9.4.2. Curves for relating Task Group pulmonary deposition to HASL cyclone respirable 
fraction [9.4.1], 

adequate suction is available. Kotrappa recommends a 1-mm length of 18-gauge 
hypodermic needle tubing to control flow through the 1-in steel cyclone at 
68 litres/min. Bien and Corn [9.3.5] concluded that the inlet dimensions for the 
10-mm cyclone would not permit collection of representative samples at flow 
rates between 1.4 and 2.0 litres/min. However, Pickett and Sansone [9.3.6] found 
experimentally this was not the case. 
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FIG. 9.4.3. The AERErespirable activity sampler [9.4.3\ 
(a) Schematic diagram. 
(b) Deposition and wall loss curves. 
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9.4. SAMPLERS MATCHED TO ICRP TASK GROUP DEFINITION 

The Task Group [9.1.9] applied their theoretical curves to the calculation of 
pulmonary deposition for aerosols in which activity was log-normally distributed 
with respect to aerodynamic diameter. They found that deposition is closely 
correlated with the activity median aerodynamic diameter of a distribution, but 
is not much affected by its geometric standard deviation (Fig.9.4.1). Therefore, 
any sampler with which AMAD can be estimated provides a measure of respirable 
activity as defined by the Task Group. Cascade impactors and centripeters are 
the instruments most commonly used for this purpose in routine monitoring. 

Kotrappa [9.4.1 ] calculated the curves of Fig. 9.4.2 which show per cent 
penetration through the HASL cyclone as function of AMAD for several values 
of CTg . The "master line" is a best fit to the points from which the other lines 
were derived. It relates an observed " per cent respirable" to an average AMAD, 
with which pulmonary deposition can be estimated. For convenience, the graph 
includes a curve showing average pulmonary deposition at 1450 cm3 tidal 
volume as a function of AMAD. 

Mercer [9.4.2] compared pulmonary deposition as predicted by the Task 
Group model with respirable activity as defined by the HASL cyclone and the 
British standard elutriator. He showed that for respirable activities between 
0.1 and 0.9, average pulmonary deposition at a tidal volume of 1450 cm3 was 
related to respirable activity by 

PD = -0.012 + 0.312 RA (elutriator) ^ 
= 0.326 RA (cyclone) 

The AERE respirable activity sampler, developed by Stevens and 
Stephenson [9.4.3], is shown schematically in Fig.9.4.3. Forty per cent of the 
air entering through the annular slot turns through a sharp angle at X and passes 
through the central area of a glass-fibre filter. The remaining air passes through 
the annular area of the same filter. The relative number of airborne particles 
that are collected on the central area is a function of their aerodynamic diameters, 
as shown in Fig. 9.4.3. This relationship matches pulmonary deposition at 
1450 cm3 tidal volumes very closely, except in the region of one micrometre 
aerodynamic diameter — a shortcoming that is unlikely to be significant when 
sampling a polydisperse aerosol. When built to take a 2.5-cm-diameter filter, the 
instrument operates at 2 litres/min and can be used as a personal sampler. Similar 
results were obtained when the sampler was scaled up to take a 6-cm-diameter 
filter and operated at 30 litres/min. 

A bubbler sampler was developed by Melandri and Prodi [9.4.4]. V/hen 
operated behind a cyclone, its collection efficiency varies with aerodynamic 
diameter in a manner comparable to pulmonary deposition. 
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(a) Schematic diagram. 
(b) Relative retention of dust in the lung and relative penetration of the BA T cyclone. 
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9.5. SAMPLERS MATCHED TO BREUER'S DEFINITION OF RESPIRABLE 
ACTIVITY 

Breuer [9.1.12] developed the BAT sampler, a two-stage respirable activity 
sampler having a cyclone as the first stage (Fig. 9.5.1). At a flow rate of 
200 litres/min, particles are collected on the back-up filter as shown by the curve 
in Fig.9.5.1(b). 
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Chapter 10 

PROBLEMS RELATED TO INSTRUMENT CALIBRATION 

Most of the instruments used in particle size analysis actually measure 
some physical property of a particle other than a simple linear dimension. 
Particle "diameter" is then set equal to the diameter of a spherical reference 
particle that possesses the same physical property in the same amount. In some 
cases, the reference particle can be established on theoretical grounds, but it is 
usually necessary to calibrate an instrument on the basis of experimental 
measurements made on spherical particles for which the diameters and relevant 
physical properties are accurately known from absolute methods of analysis, 
e.g. sphere diameters are measured by direct observation in an optical or electron 
microscope. In subsequent use, the instrument must be operated under conditions 
that are compatible with those in effect when it was calibrated. 

10.1. PRODUCTION OF MONODISPERSE AEROSOLS 

A truly monodisperse aerosol would be composed entirely of particles of a 
single diameter. In practice, there is some spread in diameters for even the best 
of the so-called monodisperse aerosols. Fuchs and Sutugin [10.1.1 ] arbitrarily 
defined a monodisperse aerosol as one in which the coefficient of variation of the 
diameters < 20%. The Panel considers that a coefficient of variation < 15% can 
be achieved with any of the methods described below. 

10.1.1. Controlled condensation of vapours 

In this method, the heated vapour of a substance that is normally liquid or 
solid at room temperature is mixed with nuclei on which it condenses as it passes 
in laminar flow through a cooling chimney. If the condensation process is 
diffusion controlled, the surface area of the growing droplet increases at a constant 
rate, producing a particle having a diameter at time t related to the initial 
diameter, D0 , of the nucleus, by 

D2 = DQ + bt (10.1.1) 

where b is a constant, related to the concentration and diffusivity of the vapour 
and to the temperature. If bt is the same for all particles, the diameter of the 
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FIG.10.1.1. Controlled condensation generators of monodisperse aerosols: (a) Sinclair-LaMer 
[10.1.13]; (b) Rapaport-Weinstock [10.1.3]; (c) Nicolaon et al. [10.1.8\ 
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nucleus has little effect on the final diameter of the particle, so that an aerosol 
having a small coefficient of variation is produced. 

The process of controlled condensation of vapours was adapted to the 
production of aerosols by Sinclair and LaMer [ 10.1.2]. Figure 10.1.1 (a) is a 
schematic diagram of a simplified version of their generator. Nuclei, produced by 
an electric spark or by heating a wire coated with an inorganic salt, are carried 
by a flow of filtered air or nitrogen into the boiler where they are mixed with 
hot vapour. The boiler is operated at a constant temperature in the range 
100 — 200°C. The mixture of nuclei, vapour, and carrier gas then passes into a 
reheater, which is maintained at a constant temperature that is greater than the 
boiler temperature to ensure that all of the aerosol substance is in vapour form 
before the mixture enters the cooling chimney, where the vapour condenses on 
the nuclei to form the desired monodisperse aerosol. 

The Sinclair-LaMer generator requires a long initial period for thermal equi-
librium and the substance to be aerosolized is subject to possible decomposition 
due to prolonged heating. These difficulties have been eliminated in the 
Rapaport-Weinstock generator [10.1.3], which is shown schematically in 
Fig. 10.1.1 (b). A Dautrebande nebulizer [10.1.4] produces an aerosol of an 
organic liquid which is incompletely vaporized in the heated zone B, leaving a 
mixture of hot vapour and residual nuclei to enter the cooling chimney C. The 
vapour recondenses on the nuclei to form an aerosol having a mean diameter ~ 1 jum 
and a coefficient of variation < 10%. Lassen [10.1.5] replaced the Dautrebande 
nebulizer with one that was baffled to remove larger droplets and was able to 
produce monodisperse aerosols at mean diameters between 0.3 and 1.4 nm. 
Liu et al. [10.1.6] used a Collison nebulizer [10.1.7], directing the output down-
ward through a vaporizing zone into a cooling chimney. They extracted only the 
central 5% of the aerosol flow for use. They varied particle size by nebulizing 
solutions of DOP (dioctyl phthalate) in ethyl alcohol and were able to get aerosols 
having mean diameters in the range 0.036 to 1.3 Mm. Only at sizes > 1 jum, 
however, were they able to get coefficients of variation < 15%. 

Nicolaon et al. [10.1.8] described a generator capable of maintaining a stable 
output of aerosol over a long period of time. A single vertical glass tube, immersed 
in a constant temperature oil bath, functions as both boiler and reheater. A thin 
layer of organic liquid drains down the inside surface of the tube, some of it 
vaporizing into a nuclei-laden gas flowing down through the tube. Nuclei are 
provided by heating sodium chloride in a combustion boat. When dibutyl 
phthalate is the aerosol substance, aerosols having mean diameters in the range 
0.4 to 0.6 nm are produced. Coefficients of variation are generally close to 15%. 

Controlled condensation of vapours has also been used to produce mono-
disperse aerosols of solid particles. The Sinclair-LaMer generator was used to 
produce aerosols of menthol, rosin and stearic acid [10.1.2], and a modification 
of it by Prodi [ 10.1.9] provides monodisperse aerosols of carnauba wax or paraffin 
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TABLE 10.1.1. PERFORMANCE DATA FOR SEVERAL CONDENSATION AEROSOL GENERATORS 

Flow 
rate 
(litre/min) 

Output 
(mg/litre) 

Number 
concentration 
cm"3 

Particle size 
average 
diameter 
(MM) 

Variation or 
sg 

Nuclei source Carrier 
gas 

Ref. 

1 - 4 1 - 1 0 104 —107 0.1 - 20 10% Electric spark Air [10.1.2] 

0 .1 -1 0 .02-0 .2 4 X 104 - 1 0 7 0.3 - 1 AgCl, NaCl or 
Apieson coating 
on heated filament 

N 2 [10.1.13] 

0 . 5 - 2 < 1 1.5 X 106 0.2 - 1 1.15 Electric spark N 2 [10.1.12] 

0.3-2.5 ~ 0.2 3 X 106 0.4 - 0.6 17% NaCl in combustion 
boat 

He [10.1.8] 

3.5 (0.175 
of useful 
aerosol) 

0 .036- 1.3 1 .14-1.50 Residual nuclei Air [10.1.6] 

3.7-8.7 0 .035-7 3.5 X 1 0 s - 1 0 7 0.92 - 1.20 9.5% Residual nuclei Air [10.1.3] 

10-20 0 .14-1 .4 
est 

1 0 6 - 1 0 7 0.30 - 1.40 — Residual nuclei Air [10.1.5] 
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having median diameters in the range 0.22 to 2.2 jim and coefficients of variation 
of 2 to 13%. Movilliat [ 10.1.10] has used this method to produce aerosols of 
zinc and cadmium, the latter having modal diameters ~ 0.6 jum and coefficients 
of variation < 17%. Kerker and his colleagues [ 10.1.11 ] have produced aerosols 
of silver chloride and sodium chloride having modal diameters of 0.3 to 0.4 pm 
and coefficients of variation between 10 and 15%. 

Practical considerations. It is important to prevent thermal decomposit ion 
of vapours and subsequent return of decomposed liquid to the generator. 

The wall of the cooling chimney acts as a sink for both heat and vapour, 
so that both temperature and concentration gradients exist between the chimney 
axis and the wall, as well as in the direction of flow. The temperature gradients 
can cause convection currents when the flow is upward, which may lead to a less 
monodisperse aerosol. The effect can be avoided if chimney flow is directed 
down [10.1.12], 

Mean particle diameters in the range 0.5 to 2—3 pm can be measured with 
an Owl; for smaller particles, the polarization ratio can be measured. 

For routine, convenient application, the method is most suitable for 
producing aerosols having mean diameters in the size range of about 0.2—3 pm. 
Larger particles can be produced by adding vapour but at the expense of an 
increased coefficient of variation. 

DOP has become virtually a standard liquid f rom which to produce mono-
disperse aerosols. It is hydrophobic, decomposes at 230°C, has a density of 
0.986 g/cm3 at 20°C, and a refractive index of 1.4859. 

Operating conditions for several of the generators described in this chapter 
are given in Table 10.1.1. 

10.1.2. Spinning tops and discs 

If a liquid is fed at a constant rate onto the centre of a spinning disc, the 
surface of which it wets, the liquid spreads over the disc surface in a thin film, 
accumulating at the rim until the centrifugal force acting to discharge it exceeds 
the capillary force acting to hold it together and a droplet is thrown off . Setting 
these two forces equal, it is found that the diameter of the droplet is 

where oj is the angular velocity of the disc, w is the disc diameter, p and a are 
the density and surface tension, respectively, of the liquid, and B is a constant. 
The application of this process to the product ion of monodisperse aerosols was 

(10.1.2) 



FIG. 10.1.2. Spinning disc and spinning top generators of monodisperse aerosol [10.1.4]. 
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first investigated by Walton and Prewett [10.1.14], who studied the operating 
conditions under which monodispersity could be achieved using spinning disc 
and spinning top sprayers of the type shown in the diagram of Fig. 10.1.2. They 
established the validity of Eq.(10.1.2) for angular velocities between 50 and 
104 s"1, disc diameters from 2 to 8 cm, densities from 0.9 to 13.6 g/cm3, and 
surface tensions from 31 to 465 dyn/cm. Liquid viscosity varied between 0.01 
and 15 poise, but had no effect on the droplet diameter. They also found that 
a small fraction of .the atomized liquid appeared as "satellite" droplets having 
diameters much smaller than predicted by Eq.(l 0.1.2). 

Spinning tops. The air-driven spinning top designed by Walton and Prewett 
was quickly improved on by May [10.1.15 ] whose spinning tops were stable at 
rotational speeds up to 240 000 rev/min. May later developed an oil-damped 
suspension for this top [ 10.1.16] which permits stable operation even in the 
presence of severe vibrations. The top is spun by compressed air which impinges 
on its fluted conical surface and provides a thin layer of air between the top and 
the stator. The spent air is exhausted through a vent arranged so that a venturi 
effect causes an additional inflow of air that entrains the satellite droplets, carrying 
them out with the exhaust air. 

May [10.1.15] found that satellite droplets had diameters about one-fourth 
those of the primary droplets and accounted for about 10% of the atomized liquid. 
The diameters of the primary droplets have coefficients of variation as small as 
2.3% for oils and organic solvents and 5% for water sprays. Droplet diameters 
can be varied between about 10 /um and 200 jum. 

Spinning discs. Whitby et al. [10.1.17] used an air-driven tool-grinding 
motor, capable of rotational speeds up to 70 000 rev/min, to spin a 4.65-cm-
diameter disc. Atomization of solutions of methylene blue and uranine in ethyl 
alcohol or in a mixture of ethyl alcohol and water produced primary droplets 
in the range 19 to 100 (im. With very dilute solutions, they obtained solid 
residual particles of 0.6 to 12 /urn diameter and coefficients of variation of 
5 to 10%. Satellite droplets were removed by an upward flow of air at 
420 litres/min into a funnel centred over the disc. Primary droplets, projected 
beyond the rim of the funnel, were carried away by an air flow of about 
2800 litres/min. Lippmann and Albert [ 10.1.18] designed a generator similar to 
Whitby's but requiring air flows of only 240 litres/min for satellite removal and 
157 litres/min to entrain primary droplets. They spun the disc with a frequency-
controlled synchronous electric motor, which could operate at 
21 000 — 60 000 rev/min. Atomization of aqueous suspensions of colloidal iron 
oxide at 48 000 rev/min produced residual iron oxide particles having diameters 
between about 1 and 10 /um and coefficients of variation of 5 — 12%. 



T A B L E 10.1.2 . P E R F O R M A N C E D A T A F O R S E V E R A L SPINNING DISC A E R O S O L G E N E R A T O R S 

Tvoe Rev/min D i s c U < 1 U i d B = Do) X Primary droplet diameter Type Rev/mm ^ ^ c o n s u m p t i o n ( / a ) i / 2 R e f -

( c m ) (ml/min) Mean (pm) Relative Liquid 
standard 
deviation 

31 200 - 61 200 3 — 3.2 16 - 32 — Hg [10.1.14] 

19 680 - 86 400 3 — 5.1 16 - 80 — DBP 10.1.14 

11 000 - 240 000 2.5 < 1 4.5 1 0 - 200 0.05 H 2 0 10.1.15 

11 000 - 240 000 2.5 " 6 - 150 0.023 DBP 10.1.15 

4 0 0 - 4 000 2 - 8 up to 168 3.0 2 8 0 - 3 000 — H 2 0 10.1.14 

6 6 0 - 2 850 8 3.2 210 - 1 020 — Hg 10.1.14 

1 5 0 0 - 6 000 5 3.8 1 8 0 - 600 — DBP 10.1.14 

7 200 - 19 000 7 1.8 - 6 4.0 37 - 90 0.017 -0.067 Oil 10:1.20 

12 000 - 70 000 4.65 2.5 - 4 5.3 19 - 100 0.05 -0 .1 C 2 H 5 O H - H 2 O 10.1.17 
solution 

21 0 0 0 - 60 000 2.8 1.8 3.5 28 - 80 0.05 • -0 .12 H2O- 10.1.18 
suspensions 
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Types and properties of aerosols generated. To get optimum results with 
solutions of salts in water, it is necessary to treat the disc surfaces to ensure that 
they will wet readily. May [10.1.15] suggests Parkerizing the surfaces of steel 
rotors or immersing aluminium rotors in hot phosphoric acid for 10—15 min 
followed by a hot nitric acid rinse. 

When other solvents can be tolerated, solutions of methylene blue or uranine 
in a water-ethyl alcohol mixture are convenient liquids for atomization. Organic 
liquids of low volatility, such as DOP or dibutyl phthalate, readily yield mono-
disperse aerosols, but their mean diameters are larger than are usually needed. 
Organic solutions, such as polystyrene in xylene, however, can provide residual 
solid particles in the size range of 0.5 — 5 pm. 

The primary droplets are highly charged so that residual particles, due either 
to dissolved salts or suspended colloids, have a much higher charge-to-mass ratio 
than is encountered in similar particles when at charge equilibrium. The densities 
of residual particles produced by atomization of suspended colloids are 
significantly lower than those of the colloid substances themselves. 

Disadvantages. Output concentrations are low: atomization of polystyrene 
in xylene yields residual particles in concentrations of 3000 cm"3 at 0.5 pm 
diameter and 300 cm"3 at 5 pm diameter. 

Satellite droplets are a nuisance that must be eliminated from the useful 
aerosol produced by the primary droplets. 

Table 10.1.2 contains operating data for several spinning disc generators. 

10.1.3. Vibrating orifice atomizers 

When liquid is forced through an orifice of diameter D j at a velocity that 
exceeds a minimum value given by [10.1.19] 

where a and p are respectively the surface tension and density of the liquid, 
a cylindrical jet of liquid, having a diameter nearly equal to that of the orifice, 
is formed. If an external force disturbs the surface of the jet it may become 
unstable and break up to form droplets. Rayleigh [10.1.21] showed that the jet 
was most unstable when the frequency with which disturbances occurred in the 
jet was given by 

where U, is the velocity of the jet. If the jet is subjected to a constant frequency 

U m = VSo/pDj (10.1.3) 

f = Uj/4.508 Dj • (10.1.4) 
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ORIFICE DISC 0 - R I N G 

DISPERSED 

AIR 

FIG.10.1.3. Vibrating orifice atomizer of monodisperse aerosols [10.1.25]: (a) diagram of 
vibrating orifice; (b) dispersion system. 

of this magnitude, it will break up into droplets of a uniform diameter that is 
related to the length, X = Uj/f = 4.508 D j , between disturbances by 

d s = (1 .5D?X) 1 / 3 (10.1.5) 

It has been shown experimentally that monodisperse droplets are produced if 
Uj > U m and [10.1.22] 

3.5 Dj < A < 7Dj (10.1.6) 

The corresponding droplet sizes lie in the range 1.74 D; — 2.5 D:. 
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The application of this principle to the production of monodisperse 
aerosols having mean diameters in a size range useful for most calibration purposes 
requires orifice diameters smaller than about 25 (im. 

Fulwyler et al. [10.1.23] designed a device of this sort with which Raabe 
and Newton [10.1.24], using a dilute solution of uranine, were able to produce 
monodisperse residual particles having a mean diameter of 1.6 /xm and a coefficient 
of variation of 1%. Berglund and Liu [10.1.25] developed the generator shown 
schematically in Fig. 10.1.3. After passage through fine membrane filters, the 
liquid, driven by a syringe pump, is forced through a disc orifice having a nominal 
diameter in the range of 3 to 25 pm. A piezoelectric ceramic vibrates the orifice 
at frequencies of 70 - 725 kilohertz, depending on orifice diameter. A turbulent 
air jet carries the droplets through a second orifice, dispersing them into a second 
air flow of clean air which dilutes the droplet concentration and provides the 
volume of air necessary to hold volatile solvents evaporating from the droplets. 

Advantages. Since all of the liquid delivered by the syringe pump goes into 
monodisperse droplets, their diameter can be determined from the volume, Q, of 
liquid dispersed and the frequency: 

If the liquid is a solution containing a mass concentration C of a solute of density 
p, the volume equivalent diameter of the residual particle is 

d p = ( C / p ) 1 / 3 d s (10.1.8) 

According to Berglund and Liu, the useful size range for the aerosol put out by 
this device is 0.5 — 50 pm. The coefficient of variation of droplet diameters is 
about 1%. 

Disadvantages. The output concentrations are low, about 40 to 400 cm"3, 
depending on primary droplet size. Droplets are highly charged and must be 
discharged to avoid significant wall losses. Clogging of the orifice may hamper 
production of insoluble particles by the atomization of colloidal suspensions. 

10.1.4. Atomization of suspensions of monodisperse particles 

Air-blast atomization of sufficiently dilute suspensions of monodisperse 
particles provides a simple method for producing monodisperse aerosols. The 
monodisperse particles most commonly used for this purpose are those contained 



TABLE 10.1 .3 . PARTICLE SIZE STATISTICS OF DOW LATEXES 

Mean diameter and standard deviation according to 

Butch Dow Rimberg and StSber and Heard Davidson McCormick Dezelic and 
Thomas Flachsbart et al. et al. Krahtovil 
[10.1.27] [10.1.28] [10.1 .29] [10.1 .30] [10 .1 .31] [10.1.32] . 

LS-040A 0.088 ± 0 . 0 0 8 0 0 .0736 0 .0762 ± 0.002 

15-N23 0 .1380 ± 0 . 0 0 6 2 0 .1146 0 .120 ± 0 .003 

LS-1044E 0.109 ± 0 . 0 0 2 7 0.102 

LS-1045E 0.176 ± 0 . 0 0 2 3 0.16 

LS-055A 0.1881 ± 0 . 0 0 7 6 0 .1770 ± 0 .0106 0 .1675 0.175 ± 0.005 

LS-1047E 0 .234 ± 0 . 0 0 2 6 0.22 

LS-057A 0 .2638 ± 0 . 0 0 6 0 .2617 ± 0 .0144 0 .2482 0.245 ± 0 .004 

LS-1010E 0.357 ± 0 . 0 0 5 6 0.354 ± 0.007 0 .33 ± 0 . 0 0 8 

LS-061A 0 .3646 ± 0 . 0 0 7 9 0 .3499 ± 0 . 0 1 9 8 0 .339 ± 0.008 

LS-1029E •0.500 ± 0 . 0 0 2 7 0.55 ± 0 . 0 0 7 5 0.50 ± 0 . 0 0 9 

LS-063A 0 .5567 ± 0.0108 0.582 ± 0.048 0.5101 ± 0 .0267 0 .534 ± 0 .008 

LS-1012E 0.714 ± 0 . 0 0 5 3 0.74 ± 0 . 0 1 4 

LS-449E 0.7962 ± 0 . 0 0 8 3 0.81 ± 0 . 0 5 0 .7646 ± 0 .0624 

LS-1165E 0.810 ± 0 . 0 0 5 3 0.84 ± 0 . 0 1 7 

LS-066A 0 .8140 ± 0 . 0 1 0 5 0 .803 ± 0 .007 

LS-1114B 0 .813 ± 0 . 0 0 6 3 0.76 ± 0.01 
LS-1028E 1.0992 ± 0 . 0 1 5 9 1.12 ± 0 . 0 3 1.22 + 0.018 1.16 ± 0 .016 1.1827 + 0 .0636 

LS-067A 1.1710 ± 0 .0133 1.167 ± 0 . 0 2 1 

LS-464E 1.3046 ± 0 . 0 1 5 8 1.0867 ± 0 .2348 

866-43 1.857 ± 0 . 0 0 7 1.83 ± 0.025 

866-38 1.947 ± 1.92 ± 0 . 1 3 

L-6046-36 a 2.049 ± 0 . 1 8 0 2 .024 ± 0 .1088 

EP- I358-38 3 2.9583 ± 0 . 0 1 5 0 3.0356 ± 0 . 1 9 0 4 

< Airborne > 4 Liquid suspension ^ 

Polyvinyl toluene 
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in the polystyrene or polyvinyltoluene latexes developed at the Dow Chemical 
Company [10.1.26]. Table 10.1.3 gives statistics for the size distribution of a 
number of the Dow latexes. Suspensions of monodisperse silica spheres having 
mean diameters in the range 0.08 to 1.5 pm and coefficients of variation smaller 
than 10% have been produced by Stober et al. [10.1.33]. Kotrappa and Moss 
[10.1.34] used a spiral centrifuge to size-segregate a polydisperse aerosol, cut 
the collection foil into narrow segments, and resuspended the particles caught 
on individual segments. They obtained suspensions of monodisperse particles 
having mean aerodynamic diameters in the range 0.6—3.2 jum and coefficients 
of variation between 4 and 14%. 

Problems. An air-blast atomizer produces polydisperse droplets, frequently 
including a large range of sizes. Assuming suspended particles can be treated 
as points, the probability that droplets of a given size will contain x particles is 
given by the Poisson equation: 

P(x) = m xe"m /x! (10.1.9) 

where m = CpV s is the average number of individual particles expected in a droplet 
of volume Vs from a suspension containing C p individual particles per unit volume. 
When the droplet-size distribution, f(Ds), is taken into account, the probability 
becomes 

f mxe~m 

P(x)= / • f (D s ) dDs (10.1.10) 

0 
To preserve monodispersity, the suspension must be diluted enough to ensure 
that P(x > 1) is below some acceptable level. Raabe [10.1.35] assumed droplet 
distributions were log-normal and evaluated Eq.(lO.l . lO) numerically for a 
number of distributions of different median droplet diameters and geometric 
standard deviations. From his results he derived the following empirical equation 
for the dilution factor, Y, necessary to give a desired singlet ratio, R, which is 
the number of droplets containing single particles relative to the total number of 
droplets containing particles: 

Y = f • D | 3 • exp(4.51n2sg) [1—0.5 exp( ln 2 s g ) ] / ( l -R)Df (10.1.11) 

In this equation, f is the volume fraction of individual particles of diameter Dj 
in the original, suspension, Dg3 is the volume median diameter and sg is the 
geometric standard deviation of the distribution. The equation is limited to 
values of s„ < 2.1 and R > 0.9. 
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When x = 0, a droplet does not contain any of the particles of interest. 
It does contain a proportionate share of whatever impurity is present in the 
suspension so that a small particle may remain after the droplet evaporates. This 
is always a problem with the Dow latexes, which contain a stabilizing material 
introduced as an emulsifier during the polymerization process. For most of the 
latexes available, the stabilizer amounts to 1 - 2 % of the total solids (not of the 
total volume), but is close to 8% for the 0.088-jum-diameter latexes. When 
dilution is adequate to ensure that only a small fraction of the latex particles 
occur in multiplets, most of the droplets ( > 90%) will contain only the dissolved 
solids and evaporation will leave a high concentration of residual particles that 
is especially troublesome in optical sizing devices. 

Droplets generated from a suspension having a low ion concentration are 
usually highly charged. Charges can be reduced by adding sodium chloride, 
alkalis, or acids to the suspension to increase the ion concentration. The 
advantage gained by reducing charges in this way must be sufficient to offset the 
disadvantage of increasing the concentration of undesirable dissolved solids in 
the suspension. 

Air leaving a nebulizer is saturated at the temperature of the bulk liquid 
with solvent vapour coming mainly from atomized droplets that impact on the 
nebulizer walls and drain back into the suspension. As a consequence, there is a 
tendency for the concentration of the suspension to increase with operating 
time. In some cases, particles contained in the impacted droplets hang up on the 
nebulizer wall, tending to dilute the suspension. This effect may, at times, 
overshadow the effect produced by solvent evaporation. 

10.2. TAGGING AIRBORNE PARTICLES WITH ThB( 2 1 2 Pb) 

It is often difficult to measure size distributions, such as that of the 
environmental aerosol, for which there is no convenient method for analysing 
the collected sample. In some cases, it is possible to put a radioactive tag on the 
particles by mixing them with thoron, which rapidly decays through Th A (216Po) 
to Th B, a radioactive isotope of lead having a half-life of 10.6 h, that becomes 
attached to the first surface it strikes, which is likely to be that of an airborne 
particle. The attachment process, which is a function of particle size, has been 
studied by Baust [ 10.2.1 who showed that the number of atoms per unit 
volume depositing per unit time on particles of diameter D is 

S(D) = n0 N • TJ(D) • f(D) dD (10.2.1) 

where n0 is the concentration of atoms (some of which may be charged), N is the 
total concentration of particles, 77(D) is the total attachment coefficient of the 
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atoms for particles of diameter D, and f(D) is the probability density funct ion 
of particle diameters. After essentially all of the atoms have become attached, 
the amount of activity in the diameter interval D to D + dD is 

A(D)dD oc A0r?(D) f (D)dD (10.2.2) 

where A0 is the total particulate activity. If the particles are subsequently sampled 
with a size-selective instrument so that A(D)dD and A0 can be measured, then 
f(D) can be calculated f rom 

(10.2.3) 
A0T?(D) 

'-'max 

( f A(D) \ 
where k = I dD is a normalizing factor. V J A0T?(D) J 

0 

To calculate the total a t tachment coefficient, it is necessary to know the 
separate at tachment coefficients of neutral, positive, and negative ions for neutral, 
positive and negative particles, and the fractions of both atoms and particles that 
are neutral, positive and negative. Equations for the individual a t tachment 
coefficients are available in Baust [10.2.1 ], and equilibrium charge distributions 
as a funct ion of particle size have been calculated by Gunn [10.2.2] and by 
Keefe et al. [10.2.3]. The relative numbers of positively and negatively charged 
atoms must be either measured or assumed. For the special case of a symmetrical 
equilibrium charge distribution, the total at tachment coefficient is [10.2.1] 

7 ? ( D ) = T ? ( n ) L o + L . T?O (D)0O (D) + ^ [ T ? + P ( D ) + r ? _ P ( D ) ] 0 P ( D ) 

P = 1 

(10.2.4) 

where T}(n) is the a t tachment coefficient of neutral atoms for particles of any 
charge condition, L 0 is the relative number of neutral atoms, L j ( = 1 — L0) is the 
relative number of charged atoms, 17+p and T7_p are, respectively, the coefficients 
for at tachment of charged atoms to particles carrying p similar or p opposite 
charges, and 0 p ( D ) is the fraction of particles of diameter D that carry p charges, 
sign ignored. Defining a funct ion G p (D) as 

r?+ r ,(D) +7?_„(D) 
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enabled Baust to put Eq.( 10.2.4) in the form 
OO 

7 ? ( D ) = t j » L o + r j o ( D ) L 1 ^ G p ( D ) 0 p ( D ) (10.2.6) 

P = 0 

He provided graphs of 7jn, rj0 and G p with which the Eq.( 10.2.6) could be 
evaluated. 

The accuracy of this method depends on the accuracy with which the 
activity distribution can be determined, on the reliabilities of the assumption of 
a symmetrical, equilibrium charge distribution for the particles and of the value 
assumed for L1 ; and on the applicability of the theoretical attachment coefficients 
to a real situation. The latter are derived for attachment to a single sphere 
immersed in an infinite medium initially containing a uniform concentration of 
diffusing atoms. For the Th B activities used in practice [10.2.4], however, 
the concentration of particles is likely to exceed that of Th B atoms by a factor 
of 103 or more, so that the attachment process acquires a stochastic character 
not included in the theoretical process. Accuracy may also be affected by the 
production of radiolytic nuclei during the decay of thoron and Th A. 

10.3. SPECIFIC RADIOACTIVITY AS A FUNCTION OF SIZE 

The specific radioactivity of a given collection of particles is the ratio of their 
total activity to their total mass. When the activity occurs as an isotope of one of 
the elements in a chemically homogeneous particle, its magnitude is proportional 
to particle volume and the specific radioactivity is not a function of size. It is 
important to know when this is not the case, since significantly different clearance 
patterns may be associated with other relations. For example, activity localized 
at a particle surface will show a more rapid solubility clearance rate than will 
activity distributed throughout the particle. 

The relationship between specific activity and particle size can be determined 
by separating the particles of a radioactive aerosol into narrow size intervals and 
measuring the average activity per particle in each size interval. Kotrappa and 
Wilkinson [10.3.1] applied this method to an aerosol of fused clay particles that 
had been tagged by ion exchange with various radioisotopes. They used a spiral 
centrifuge to separate the particles on the basis of aerodynamic diameter. They 
measured particulate activity and number per unit area at various positions on 
the collecting foil and plotted their ratio as a function of diameter on logarithmic 
coordinates as shown in Fig. 10.3.1. The fact that the data yield straight lines 
indicates that activity is proportional to a power of the diameter, the exponent 
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FIG.10.3.1. Relative radioactivity per particle as a function of diameter; lines are least-squares 
fit to the experimental points [10.3.1]. 

of which is given by the slope. For the lines of Fig. 10.3.1, only the slope for 
106RU in clay differs significantly from 3, indicating that specific radioactivity is 
a function of size only for that particular aerosol. 

Similar measurements can be made using autoradiographic methods if both 
activity and size can be determined for a number of particles of different sizes. 
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P2,V2 »A2 at vena contracta 

P 1 p3 

* 
( a ) 

FIG. 10.4.1. Critical orifices: (a) diagram of orifice meter; (b) critical orifice with minimum 
loss of pressure head. 

10.4. FLOW MEASUREMENT 

Since the collection efficiencies of many instruments used in sampling for 
particle size analysis are related to air velocity, it is important that sampling flow 
rate be accurate and uniform. A common source of error is the use of a rotameter, 
calibrated essentially at atmospheric pressure, behind a sampling instrument, such 
as a cascade impactor or a high-resistance filter, which causes a significant drop 
in the pressure of air passing through it. Either the meters should be calibrated 
under the conditions encountered in practice, or the pressure drop across the 
sampling instrument should be measured and the rotameter reading corrected 
accordingly. 

Critical orifices provide a very simple and reliable method for maintaining 
a uniform flow rate (Fig. 10.4.1 (a)). As the pressure, P3, is reduced, the flow 
rate increases until V2 reaches a limiting value equal to the speed of sound under 
the Conditions in effect at A2. When this condition is reached, the pressure, 
density and temperature at A2 are P2 = 0.53 Pi, p2 = 0.64 Pi , T2 = 0.83 T j , and 
further reductions in P3 have no effect on these quantities or on V2. The flow 



INSTRUMENT CALIBRATION 223 

rate normalized to ambient pressure, through an orifice of cross-sectional 
area A0 , is 

F a = ( 0 . 3 5 A 0 / p A ) ( T P I P I ) 1 / 2 ( 1 0 . 4 . 1 ) 

where y (= 1.41) is the ratio of the specific heats of air. This equation can be 
used to calculate the orifice area necessary to provide a given flow rate when 
P3 < P2. The presence of sampling instruments may cause the pressure, P, , 
immediately upstream of the orifice, to differ significantly from ambient 
pressure, making it necessary to measure the pressure difference, P j — P a . Since 
a critical orifice must be kept clean, sampling instruments that do not collect 
all incoming particles should be followed by a high efficiency filter. 

With a properly designed orifice, much of the pressure loss can be regained 
downstream of the orifice [10.4.1]. Sonic velocities can be achieved with the 
orifice of Fig. 10.4.1(b) when P3 = 0 . 9 P 1 ; i f D ^ 1.9 d and L = 15 d. 

10.5. ISOKINETIC SAMPLING 

Isokinetic sampling is achieved by setting the plane of the sampling orifice 
normal to the direction of air flow and adjusting the sampler flow rate so that 
the linear air speed into its orifice is equal to that of the approaching air stream. 
If the former exceeds the latter, some particles, because of their inertia, fail to 
follow their air flow lines into the orifice causing airborne concentrations to be 
underestimated. If the speed ratio is reversed, the opposite effect is observed, 
and airborne concentrations are overestimated. Factors with which to correct 
data obtained during anisokinetic sampling have the form [10.5.1] 

C s / C a = 1 + [ ( V a / V s ) - l ] - f ( S t ) (10.5.1) 

where C is concentration, V is air speed, the subscripts a and s refer respectively 
to air and sample and f(St) is a function of Stokes' number. Davies [10.5.1] 
proposed 

f(St) = 2 St/(1 + St) (10.5.2) 

and showed that an earlier equation by Watson [10.5.2] could be put in a form 
similar to that of Eq.( 10.5.1). 

May [10.5.3] estimated the variation of C s / C a with V a /V s for several 
particle diameters using the data of several investigators. His results are shown 
in Fig. 10.5.1(a). Theoretical curves based on Davies' equation are included in 
the figure. May and Druett [10.5.4] measured the effect of anisokinetic sampling 
when the plane of the orifice was tilted at 45° with respect to the direction of 
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FIG. 10.5.1(a). Effect of anisokinetic sampling on measurement of concentration. 
Sampling into the wind at different speed ratios. Solid lines from May (British Crown 
copyright! [10.5. J]: dashed lines from Eqs (10.5.1) and (10.5.2). 
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FIG. 10.5.1(b). Effect of anisokinetic sampling on measurement of concentration. 
Sampling at unit speed ratio but plane of orifice tilted at 45 . (Taken from Ref.[10.5.4]. 
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air flow. Their results are shown in Fig. 10.5.1(b) with three additional data 
points from Watson [10.5.2]. For the sampling conditions applying to Fig.10.5.1, 
it appears that an isokinetic sampling does not greatly affect the collection of 
particles having aerodynamic diameters smaller than 5 jum. 

When sampling in still air, the rate at which particles enter a sampling 
orifice is related to the vector sum of the sampling velocity and the terminal 
settling velocity of the particles. Unpredictable sampling errors can be avoided 
if the former is much greater than the latter. Large sampling velocities, however, 
may impart sufficient inertia to some particles that they deviate from the air 
streamlines to such an extent that they do not enter the sampling orifice. 
Davies [10.5.1] took these factors into consideration in calculating the conditions 
under which a true sample can be collected in still air, regardless of orifice 
orientation. His results are shown in Table 10.5.1. Bien and Corn [9.3.5] applied 
his criteria to a number of commonly used sampling instruments to establish 
the conditions under which each would efficiently collect particles of various 
aerodynamic diameters. Their results are shown in Fig. 10.5.2 for instruments 
listed in Table 10.5.2. There is some question, however, about the applicability 
of these results in real situations, since it has been shown that they are not 
accurate for the 10-mm cyclone [9.5.6]. 

10.6. PROBLEM OF REPRESENTATIVE SAMPLING 

A sample that is representative of the aerosol at the site of collection may 
not be representative of the time-weighted average aerosol to which individuals 
in the vicinity of the sampler may be exposed. General area samples collected 
at a fixed location provide an estimate of the average concentration at that 
location over the full sampling period. Breathing zone samples are collected with 
a sampler placed as close to an individual's face as working conditions permit. 
They are normally collected during some specific operation that is likely to be a 
source of significant air contamination. Personal samples are collected with filter 
paper samplers or with respirable activity samplers, such as the filter-backed 
10-mm nylon cyclone, carried by an individual. They provide an estimate of 
the average concentration to which the individual was exposed during the time 
he carried the sampler. Comparisons among the three types of samples tend to 
show that useful correlations can be found when routine, repetitive work is 
carried out in a limited area; when workers do a variety of jobs in different 
locations, however, correlations are found to be very poor. 

Breslin et al. [10.6.1] used paired samples of each type in a survey of air 
contamination in a uranium extrusion plant. Time-weighted average correlations 
for the general area and breathing zone samples agreed well with those calculated 
from the personal samples. Sampling precision errors were 18% for the general 
area and breathing zone samples and 19% for the personal samples. Jacobson 



TABLE 10.5.1. PERMISSIBLE RADII OF TUBES (cm) FOR SAMPLING AEROSOLS IN CALM CONDITIONS 

Particle 
diameter 

R a t e o f 
(cm3 

s u c t i o n , F 
s"1) 

(jJtm) 1 10 102 103 104 10s 

1 0.033 - 1.9 0.071 -- 6.0 0.15 - 19 0.33 -- 60 0.71 - 190 1.5 - 600 

2 0 . 0 5 1 - 1 . 0 0.11 - 3.2 0.23 - 10 0.51 -- 32 1.1 - 100 2.3 - 320 

5 0 . 0 9 3 - 0.41 0.20 - 1.3 0.43 - 4.1 0.93 -- 13 2:0 - 41 4.3 - 130 

10 0.15 - 0 . 2 1 0.31 - 0.65 0.68 - 2.1 1.5 -- 6.5 3.1 - 21 6.8 - 65 

20 (0.23 - 0.10) ( 0 . 5 0 - 0.33) (1.1 ~ 1.0) 2.3 -- 3.1 5.0 - 10.3 11.0 - 31 

SO (0.42 ~ 0.042) ( 0 . 9 0 - 0.13) ( 1 . 9 - 0.42) (4.2 ~ 1.33) ( 9 . 0 - 4 . 2 ) ( 1 9 - 13,3) 

100 (0.63 ~ 0.023) (1.4 - 0.071) ( 2 . 9 - 0.23) (6.3 ~ 0.71) (14 - 2.3) ( 2 9 - 7.1) 

200 (0.89 ~ 0.014) (1.9 ~ 0.037) (4.1 ~ 0.14) (8.9 ~ 0.37) (19 - 1.4) ( 4 1 - 3.7) 

500 (1.26 ~ 0.008) (2.7 - 0.025) ( 5 . 8 - 0.08) (12.6 ~ 0.25) (27 - 0.80) ( 5 8 - 2.5) 

When the radius is greater than the left-hand figure, error due to particle inertia is negligible; when the radius is smaller than the right-hand 
one the settlement of particles has a negligible effect. The two criteria can be satisfied simultaneously for the entries in the upper part of the 
table, but this is not possible for the entries in brackets. Satisfactory samples can be obtained for the latter by selecting a tube with a radius 
exceeding the left-hand value and using it so that the plane of the orifice is vertical. The entries in the upper part of the table constitute 
'small tube' sampling. 
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PARTICLE AERODYNAMIC EQUIV. DIA.(pm) 

FIG. 10.5.2. Particle size captured efficiently by various aerosol samplers. Letter designations 
A through Mrefer to instruments and conditions as listed in Table 10.5.2 [9.5.5], 

[10.6.2] found a linear relationship between general area respirable mass samples 
collected behind an MRE horizontal elutriator and personal respirable mass 
samples collected behind a 10-mm nylon cyclone, with the former indicating 
concentrations greater by a factor of 1.6 than the latter. Since the cyclone was 
operated above the recommended flow rate, the respirable mass was underestimated; 
moreover, the elutriator sampler will normally show a greater respirable mass 
than the cyclone sampler when both are functioning as intended, so that the 
agreement between the two methods was satisfactory. Similarly, Langmead 
[10.6.3] found a stable relationship between uranium concentrations measured 
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TABLE 10.5.2. SPECIFIED SAMPLING RATES AND PROBE INLET 
DIMENSIONS OF SOME COMMONLY USED SAMPLING INSTRUMENTS 

Sampling Actual 
Sampler curve and Rate diameter 

sampling (litres/min) of sampler 
designation (cm) 

DEL electrostatic 
precipitator A 750 6.1 

MSA electrostatic 
precipitator B 85 3.6 

Andersen Cascade 
impactor C 28 1.8 

Standard G-S 
impinger D 28 1.2 

Half-inch cyclone E 10 0.41 

Half-inch cyclone F 8 0.41 

Midget impinger G 2.8 0.36 

MRE elutriator H 2.4 0.10 

10-mm cyclone J 2.0 0.21 

10-mm cyclone K 1.7 0.21 

10-mm cyclone L 1.4 0.21 

Micro-impinger M 0.56 0.36 

by personal air samplers and general area samplers in a plant handling uranium 
tetrafluoride pellets. The ratio of personal-to-general area sample concentrations 
was log-normally distributed with a median value of 2.8 and a geometric standard 
deviation of about 1.9, suggesting that the ratio is less than one about 5% of 
the time. 

When air concentrations are generally low but show occasional high levels 
due to localized releases of contamination much less stable relationships exist 
[10.6.4]. Under such circumstances, Langmead also found a log-normal distri-
bution for the ratio of personal-to-general area sampler, but the median value 
was 6.6 with a geometric standard deviation of 4.4. Similarly, Stevens [10.6.5] 
found ratios as high as 40 in areas where each worker produced contamination 
in his own vicinity. Under such circumstances, the use of personal samplers 
is highly desirable. 
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Annex 

PRICE ESTIMATES 

The panel members felt it desirable to give some indication of the costs of particle size 
analysis equipment. Some equipment prices are therefore included in the following list. 
However, it must be borne in mind that the costs are approximate as the price estimates given 
range back to the beginning of 1975. 

Item Price Section 
(US $) 

Thermal precipitator (head only) 220.00 3.1.1 

Point-to-plane E.S.P. (own manufacture) 500.00 3.1.2 

Zeiss particle size analyser 5000.00 3.2.1 

Microscope plus accessories 6000.00 3.2.1 

LAPS centrifugal spectrometer 4500.00 4.3.4 

Unico cascade impactor (w/o pump) 580.00 4.3.5 

Anderson impactor, 8-stage (w/o pump) 1160.00 4.3.5 

Cascade centripeter (w/o pump) 870.00 4.3.5 

Optical particle counter 6 - 9 0 0 0 . 0 0 7.3 

Spinning disc (May type) 750.00 10.1.2 
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AUTORADIOGRAPHY 

The equipment needed for an autoradiographic laboratory is comparatively inexpensive, 
but the costs for autoradiographic emulsions for a large experimental series can be considerable. 
Although autoradiographic examinations can be performed under very primitive conditions, 
an ordinary photographic dark-room can be installed for a cost of around US $1300 . - . 
Examples of costs of photographical material: A box of 25 no-screen X-ray films, 
18 cm X 24 cm (a common material): US $20 . - . A box of 12 plates of Ilford j3-sensitive 
G5 nuclear emulsion as stripping films 12 cm X 16.5 cm, 5 fim emulsion layer on 10/xm base 
of hardened gelatine (a highly specialized material, manufactured only on request): US $ 4 0 . - . 
A |3-counter for the calibration of spot autoradiographs can be quite expensive, especially if 
extreme low background ( < 1 count/min) is required. A commercial /3-counter with a back-
ground of several counts/min can be purchased for ~ US $25,000. - . Examples of low-background 
building materials: Building blocks of light concrete give a 30-cm-thick wall for 15 US $/m 2 ; 
small building blocks for facade coatings give a 10-cm-thick wall for 10 US $/m2. Refrigerator: 
U S $ 2 5 0 . - ; microscope: ~ US $1300 . - . Intensifying screens 18 cm X 24 cm, 1 pair: US $13 . - . 
Maximum low background Cu-Cd lined lead screens (choice low-background lead): 
~ U S $1300/ten. 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

F A C T O R S FOR C O N V E R T I N G U N I T S T O S I S Y S T E M E Q U I V A L E N T S * 

SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K),candela (cd) and mole (mol). 
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its several parts] 

Multiply by to obtain 

Mass 

pound mass (avoirdupois) 1 Ibm = 4.536 X 10"1 kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 10 1 

g 
ton (long) (= 2240 Ibm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 Ibm). 1 short ton = 9.072 X 102 kg 
tonne (= metric ton) 1 t = 1.00 X 103 

kg 

Length 

statute mile 1 mile = 1.609 X 10° km 
yard 1 yd = 9.144 X 10"1 m 
foot 1 ft = 3.048 X 10"1 m 
inch 1 in = 2.54 X 10"2 m 
mil (= 10~3 in) 1 mil = 2.54 X 10"2 mm 

Area 

hectare 1 ha = 1.00 X 104 m2 

(statute mile)2 1 mile2 
= 2.590 X 10° km2 

acre 1 acre = 4.047 X 103 m2 

Yard2 1 yd2 = 8.361 X 10"1 m2 

foot2 1 ft2 = 9.290 X 10"2 m2 

inch2 1 in2 = 6.452 X 102 mm2 

Volume 

yard3 1 yd3 = 7.646 X 10"1 m3 

foot3 1 ft3 = 2.832 X 10~2 m3 

inch3 1 in3 = 1.639 X 10" mm3 

gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m3 

gallon (US liquid) 1 gal (US) = 3.785 X 10~3 m3 

litre 1 1 = 1.00 X 10"3 m3 

Force 

dyne 1 dyn = 1.00 X 10"5 N 
kilogram force 1 kgf = 9,807 X 10° N 
poundal 1 pdl = 1.383 X 10"1 N 
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N 
ounce force (avoirdupois) 1 ozf = 2.780 X 10"1 N 

Power 

British thermal unit/second 1 Btu/s = 1.054 X 103 W 
calorie/second 1 cal/s = 4.184 X 10° W 
foot-pound force/second 1 ft lbf /s = 1.356 X 10° W 
horsepower (electric) 1 hp = 7.46 X 102 W 
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W 
horsepower (550 ftlbf/s) 1 hp = 7.457 X 102 W 

* Factors are given exactly or to a maximum of 4 significant figures 



Multiply by to obtain 

Density 

pound mass/inch3 

pound mass/foot3 

Energy 

British thermal unit 
calorie 
electron-volt 
erg 
foot-pound force 
kilowatt-hour 

Pressure 

newtons/metre2 

atmosphere* 
bar 
centimetres of mercury (0°C) 
dyne/centimetre2 

feet of water (4°C) 
inches of mercury <Q°C) 
inches of water (4°C) 
kilogram force/centimetre2 

pound force/foot2 

pound force/inch2 {= psi}6 

torr (o°C) (= mmHg) 

. Velocity, acceleration 

inch/second 
foot/second (= fps) 
foot/minute 

mile/hour (= mph} 

knot 
free fall, standard (= g) 
foot/second2 

Temperature, thermal conductivity, energy/area- time 

Fahrenheit, degrees —32 
Rankine 
1 Btu - in/ft2 -s- ° F 
1 Btu/ft-s- ° F 
1 cal/cm-s-°C 
1 Btu/ft2-s 
1 cal/cm2-min 

Miscellaneous 

foot3/second : 
foot3/minute 
rad 
roentgen 
curie 

1 lbm/in3 = 2.768 X 104 kg/m3 

1 lbm/ft3 = 1.602 X 10 1 kg/m3 

1 Btu = 1.054 X 103 J 
1 cal = 4.184 X 10° J 
1 eV - 1.602 X 10"" J 
•1 erg = 1.00 X 10"7 

1 ft-lbf = 1.356 X 10° J 
1 kW-h = 3.60 X 106 J 

1 N/m2 = 1.00 Pa 
1 atm = 1.013 X 105 Pa 
1 bar = 1.00 X 10s Pa 
1 cmHg = 1.333 X 103 Pa 
1 dyn/cm2 = 1.00 X 10"1 Pa 
1 ftH 2 0 = 2.989 X 103 Pa 
1 inHg = 3.386 X 103 Pa 
1 inH20 = 2.491 X 102 Pa 
1 kgf/cm2 = 9.807 X 10" Pa 
1 lbf/ft2 = 4.788 X 10 1 Pa 
1 lbf/in2 = 6.895 X 103 Pa 
1 torr = 1.333 X 102 Pa 

1 in/s = 2.54 X 10 1 mm/s 
1 ft/s = 3.048 X 10"1 m/s 
1 ft/min = 5.08 X 10~3 m/s 

[4.470 X 10"1 m/s 1 mile/h \1.609 X 10° km/h 
1 knot = 1.852 X 10° km/h 

= 9.807 X 10° m/s2 

1 ft/s2 = 3.048 X 10"1 m/s2 

° F - 3 2 ] 5 
° R [ 9 1 K 

= 5.189 X 102 W/m-K 
= 6.226 X 10' W / m K 
= 4.184 X 102 W/m-K 
= 1.135 X 10" W/m2 

= 6.973 X 102 W/m2 

1 ft3/s = 2.832 X 10"2 m3/s 
1 ft3/min = 4.719 X 10"4 m3/s 

rad = 1.00 X 10"2 - J/kg 
R = 2.580 X 10"* C/kg 
Ci = 3.70 X 10'° disintegration/s 

3 atm abs: atmospheres absolute; 
atm {g}: atmospheres gauge. 

6|bf/in2 (g) (= psig): gauge pressure; 
Ibf/in2 abs (= psia): absolute pressure. 
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