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ABSTRACT 
An electrical particle counter and size analyzer system having the following charac- 
teristics has been described. 

(1) Sizing range from 0.015 to 1 . 2 ~ .  
(2) Classification range from 0.015 to 0.6 y at 28 l/m aerosol sampling rate. 
(3) A unique unipolar diffusion charger that is stable, controllable and capable of 

near optimum charging performance. 
(4) A versatile mobility analyzer capable of discrete classification of particles with 

mobilities from 0.01 to 0.0002 (cm/sec)/(volt/cm) at aerosol flow rates up to 57 l/m. 
This analyzer is unique in using a filter located at the aft end of the current collector. 
This separation of the collecting electrode and the current collector permits the use of 
collector voltages up to 30 KV while maintaining background currents below 10-la amp. 

( 5 )  Although the instrument described here is only semi-automatic, a completely 
automatic version of the EPC is entirely practical. An automatic EPC used together 
with an automatic CN and optical counter would permit continuous automatic size 
distribution measurement over the size range from 0.01 to 10 p. 

Automatic aerosol counting and particle 
sizing instruments using light scattering prin- 
ciples that are usable in the 0.3 to l o p  size 
range are now available ( Z I ~ Y ,  1962; THOMAS 
et al., 1960; RANDALL, et al., 1965; and WHITBY 
t VOMELA, 1965). However, there are cur- 
rently no equivalent instruments available for 
the rapid in situ sizing and counting of aerosols 
smaller than 0.3 y .  Although automatic nuclei 
counters such as the General Electric instrument 
(SKALA, 1963) are available, these merely give 
the total particle count larger than some size in 
the vicinity of 20 A, and can provide only very 
limited data on aerosol size distribution. 

A study of the problem of rapid sizing and 
classification of aerosols in the size range below 
0.3 y by our laboratory several yeam ago sug- 
gested that an instrument based on electrical 
charging and subsequent electric mobility ana- 
lysis might be feasible. This approach is an old 
one having been suggested by ROHYAN (1923) 
more than 40 years ago and having been studied 
by many investigators since. 

This research conducted under Division of Air 
Pollution, Bureau of State Services, Public Health 
Service Research Grant No. AP 00136-04. 
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The principle of this method of sizing and 
classification is to first charge the aerosol so 
that the number of charges carried by the 
different sized particles is of such magnitude 
that the electrical mobility is a monotonically 
decreasing or increasing function over the size 
range of interest and, then, to measure the 
electrical mobility. Mobility analyzers used by 
the various investigators have varied with re- 
spect to internal geometry, whether the aerosol 
was introduced across the whole space between 
the condenser electrodes or as a thin filament in 
a clean air sheath. A variety of methods for 
sensing the collection or deflection of the aerosol 
has also been used. 

A study of the previous work suggested that 
the three major obstacles to the successful design 
of a practical instrument would be: 

1. Design of a stable reproducible charger; 
2. Design of a mobility analyzer capable of 

operating at a large aerosol flow rate while 
collecting particles having mobilities EM 

small aa 0.0002 cm/sec per volt/cm; and 
3. Selection of a simple and reliable sensing 

method. 
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This paper describes the work that was done to 
solve the above problems and describes the 
final instrument. 

Some representative data obtained with the 
electrical particle counter (EPC) used together 
with the Royco optical particle counter and the 
General Electric nuclei counter (CNC) as a 
complete particle sizing and counting system 
are also presented. 

Nomenclature 

c = mean molecular velocity 
C = Cunningham correction 
Di =ion diffusion coefficient, cmP/sec 
Dp =particle diameter, microns or cm 
Dpi =characteristic particle size in interval, cm 

e = 4.8 x 10-lo stat coul or base of natural log 
E =electric field, volts/cm or stat volts/cm 
f =fraction charged 
Fc = (See equation 6) 
I =current, amperes 
k = Boltzmann's constant 
K 
L =charger length, cm 
np 
N = ion density, no./cmS 
ATo =initial ion density 
N p  = particle concentration, no./cma 
N,, = initial particle concentration, no./cma 
Q, =mobility analyzer aerosol air flow, cm8/sec. 
Q, =mobility analyzer clean air flow, cma/sec. 
Qf =ion source strength, stat coul/sec 
Qt =mobility analyzer total air flow, cm8/sec 
r l  =collector radius, cm 
r l  -mobility analyzer tube radius, cm 
rw = charging chamber wall radius, cm 
Re =Reynolds number 
t =time, sec 
T -absolute temperature, "K 

=flow velocity, cm/sec 
V =collector voltage, statvolts or volts 
5 = arithmetic mean distance of deposition, cm 
2, =small ion mobility, (cm/sec)/(stat volt/cm) 
2, =electrical particle mobility, (cm/sec)/ (volt/ 

,!3 =Bricard combination coef. (see equation 3) 
x =4neZf 
A =mean free path, cm 
j i ,  =gas viscosity, poise 
a, =geometric standard deviation 

- 

or P 

=analyzer efficiency factor (see Fig. 6) 

=no. of unit charges per particle 

cm) or (cm/sec)/(stat volt/cm) 

Theory and description of the electrical 
particle counter 

A schematic of the system is shown in Fig. I 
and a photograph in Fig. 2. The basic operation 
is as follows: Entering aerosol is given a unipolar 
negative charge by a special diffusion charger. 
It then passes through an aerosol flow meter 
t>o the mobility analyzer where it is introduced 
t19 a thin annular cylinder around a core of 
clean air. The charged aerosol is then drawn 
inward by the positive potential on the collector 
rod. If the collector is operated a t  a constant 
potential, the aerosol is classified along the rod 
according to electrical mobility. If the collector 
voltage is varied in a systematic manner, all 
particles having a mobility less than a given 
value will miss the end of the collector rod and 
be collected by the current collecting filter. The 
number-particle size distribution curve of the 
aerosol may be calculated from the filter-current 
versus collector-rod voltage curve. 

Although the normal mode of operation is to 
use the charger to impart a unipolar negative 
charge to the aerosol, the natural positive or 
negative charge on an aerosol can be easily 
obtained by measuring the filter collector cur- 
rent as the ( + ) or ( - ) potential on the collector 
rod is varied. 

Since the instrument is intended for use in 
classifying and sizing of normal atmospheric 

c 
BLOWER TOTIL 
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FIG. 1. Schematic of the electrical particle counter 
system. 
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FIG. 2. The electrical counter system showing the 
mobility analyzer, charger, and electric and flow 
instrumentation. 

aerosol concentrations, relatively large aerosol 
flow rates were required. Following are the per- 
formance specifications of the final instrument. 

1. Aerosol flows up to 70 liter/min. 
2. Mobility range from 0.01 to 0.0002 (cm/sec)/ 

(volt/cm). 
3. Particle sizing and classification from 0.015 

to 1.0 p a t  30 l/m and 0.015 to 0.5 p a t  70 l/m 
aerosol flow. 

4. Ten percent mobility resolution. 
5. Discrete separation of mobility. 
6. Ability to electrically measure the mobility 

distribution of bipolar aerosols. 

All of the work reported here has been done 
using a vibrating reed electrometer ae the sensor. 
Typical currents are 7 x 10-la amp when samp- 
ling a normal urban atmospheric aerosol at 
301/m. Some experiments using a General 
Electric automatic condensation nuclei counter 
as the particle sensor have also been made. 

Aerosol charger 

Unipolar charging of small aerosol particles 
is readily accomplished by exposing them to 
small ions of one sign under the proper condi- 
tions. The aerosol particles may be exposed to 
the ions in the absence of an electric field (pure 
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FIG. 3. Mobility versus particle size for field and 
diffusion charging. 

diffusion charging) or in a strong electric field 
(field charging). 

However, the relationship between particle 
charge and particle size and, consequently, the 
relationship of mobility to size, is different for 
the two modes of charging. For both diffusion 
and field charging, particles larger than about 
0 . 0 5 , ~  are multiply charged, so that there is 
some size at which the electrical mobility, Z,, is 
a minimum. It can be seen from @g. 3 that the 
minimum 2, occurs at about 0.2 ,U for strong 
field charging (Curve A) and at about 3 p  for 
the jet diffusion charger. Thus, it can be seen 
from Fig. 3 that both large and small particles 
may have the same Z,, and unambiguous size 

C 

\SEE DETAIL 

FIQ. 4. Sonic jet diffusion charger. 
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measurement or classification is only possible 
if the instrument is restricted to sizes above or 
below the minimum Zp.  

If one is most interested in the larger particles, 
then one may do as LANUER et al. (1964) did 
and use strong field charging to shift the 
minimum Z p  to about 0.2p and to obtain 
charges proportional to about D; for Dp > 0.3 p 
(Curve A, Fig. 3). 

If one is primarily interested in particles 
smaller than 1 p, then by using diffusion charg- 
ing a t  moderate Nt values, the minimum 2, 
may be increased to between 1 and 3 p (Curve 
B, Fig. 3) and the negative slope portion of the 
Z p  versus Dp curve used. We took this approach 
because we were primarily interested in deve- 
loping a technique for sizing atmospheric aero- 
sols having relatively few particles above 1 p .  
Also, automatic optical counters are available 
for counting particles larger than 0 . 3 p  and 
cascade impactors for classifying aerosols above 
about 0.5 p. 

The final design of the diffusion charger, 
Fig. 4, is an optimum design developed from a 
consideration of four factors. These were: (1) 
particle charge as a function of particle size; (2) 
fraction of particles smaller than about 0.05 p 
that are charged; (3) low of aerosol due to space 
charge; and (4) charger stability. 

Operation of the charger is as follows: Nega- 
tive ions generated by a sonic jet corona gene- 
rator (WHITBY, 1961), are ejected downward 
through a conical passageway to where they 
mix with the aerosol entering from an annular 
slot. The entering aerosol is charged by diffusion 
as it mixes with the ions. The conical interior of 
the charger is made from a high resistivity 
plastic such as lucite to minimize loss of ions 
and aerosol to the cone walls. The high surface 
potential of the plastic helps prevent aerosol 
deposition in this region. A t  the exit of the 
plastic cone a short metal cylinder is located to 
remove some of the ions before the mixture enter 
the charging chamber. The total charging cur- 
rent is monitored by a vacuum tube voltmeter 
of 11  megohm input resistance connected to 
the charging chamber. 

The sonic jet ion generator was chosen in 
preference to other types of ion sources because 
it is stable, and can easily be designed to deliver 
the required quantity of ions in a concentrated 
stream that is easily mixed with the aerosol. It is 
remarkably stable because the natural decay of 

the ion density along the axis of the ion jet 
makes the ion concentration beyond a cm from 
the orifice almost independent of the ion density 
a t  the orifice. This can easily be seen from the 
equation for the decay of a unipolar cloud of 
ions. 

( 1 )  
NO N =  

4xeZt Not + 1 

The quantity 4neZ, has a value of about 3.6 x 
lo-& for small ions. The initial ion concentration 
at the orifice, No, is on the order of lolo. There- 
fore, N ,  the concentration after time, t ,  will be 
nearly independent of N o  when Nt exceeds 
about IW-corresponding to t < lo-4 sec, which 
occurs a fraction of a cm from the orifice. 

The magnitude of the diffusion charge, np, 
acquired by an aerosol particle of diameter, Dp, 
immersed in unipolar ion cloud of density, N, 
for a length of time, t ,  has been studied by a 
number of investigators. Only two of these 
equations will be discussed here and compared 
with the experimental charging data. 

WHITE (1951) derived the following equation 
for the case where Dp >A, and E = 0. 

DpkT 

BRICARD (1965) derived the following equa- 
tion for the rate of aerosol charging for any 
mean free path when E = O .  

2 a -n  e - npe 
N ~ D ; c - ~ ~  exp 

nD- + -Dp 1 -exp 

4kT kT(Dp/2 + A )  __ 

[ kT(Dpi2+ A) -1’ 
p=-=- dnP 

dt ez 

kT 16Di 

(3) 
where: 

The Bricard curve of np versus Dp shown in 
Fig. 5 was obtained by first integrating equa- 
tion (3) with a computer to obtain the Nt cor- 
responding to integral values of the charges and 
then cross plotting for a given Nt.  

The experimental charging data shown in 
Fig. 5 was obtained as follows: Electron micro- 
scope grids placed a t  5 cm intervals along the 
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FIG. 6. Experimental and theoretical n, versus D, for the charger of Fig. 4. For the theoretical curves, 
2, = 600 cm/sec per volt/cm, 1 = 1.83 x cm, C = 4.69 x 1 0 4  cmlsec, m, = m, = 4.8 x lo-** 
gm and D, = 0.497 cm*/sec. For experimental run 88, Qt = 127 l/m, Q, = 28 l/m, V = 26 KV; run 92, 
Qt = 198 l/m, Q, = 67 l/m, V = 30 KV; run 6, Qt = 127 l/m, 8, = 28 l/m, V = 20 KV and run 94, Qt = 127 l/m, 
Q, = 28 llm, and V = 8 KV. 

om, 6 = 1.48 x 

collector rod were used to collect spherical 
methylene blue particles claasified from a hete- 
rodisperae aerosol. The mean mobility of each 
particle size was then calculated from the arith- 
metic mean distance of deposition, 3, for each 
particle size. The mean charge for each D, was 
then calculated from equationa 4 and 5 (WHITBY, 
JORDAN & PETERSON, 1904). 

( 5 )  

where: 

The factor Fc is a correction for the fact that 
the aerosol particles enter the mobility ana- 
lyzer, distributed acrosa a finite width that is a 
function of the ratio of the aerosol flow rate, 
Q,, the clean air flow, Qc, and the radii of the 
inner and outer cylinder, rl and rI, respectively. 

The two points calculated from the mobility 
minimum in Fig. 5 were computed by substitut- 
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ing the voltage, V, a t  which the filter current 
becomes essentially equal to zero, into equation 
5 to get Zmin and then substituting 2, into 
equation 4 with an appropriate D, to get n,. 
From Fig. 9 it is seen that the current decreases 
to essentially the background level at V = 18 
KV, corresponding to a ZPmb = 0.0004 (cm/sec)/ 
(volt/cm) . 

The data points labeled “from comparison 
with dye maas distribution”, in Fig. 5, were 
obtained by using the known mBBs distribution 
as calculated from electron microscope data of 
the dye aerosol of Fig. 11, to calculate back 
to np. The final experimental nv vs. D, curve of 
Fig. 6 was chosen taking all of the above data 
into account. The absolute accuracy of the 
experimental charge data is difficult to estimate 
precisely because of the complexity of the cal- 
culations. It is estimated to be about +20 % 
between 0.08 and 0.8 p and k50 % for Dv c 
0 . 0 8 ~ .  Perhaps the best indication of the cor- 
rectnees of the epxerimental curve is that its use 
yields size distributions which agree with those 
measured by other independent methods (Figs. 
10 and 11) aa well as agreeing within experi- 
mental error with the direct measurements of 
particle charge and minimum mobility. 

A precise comparison of the experimental data 
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TABLE 1 .  Calculation of ion densities, Nt  products, fraction charged and space charge losses in the 
sonic jet diffusion charger. 

Aeroscl spacc 
Charger Air flow Assumed Ion conc. charge loss Fraction 
section cm3/sec ion loss ions/cm3 Equation for Nt Nt cquation lost 

- - - - 1-2 58 None 3.6 x 103 
2-3 534 None 3.6 x lo9 Nt,-,= NL/v  0.2 A 107 - None 
3-4 530 Eq. 1 3.6 x lo8 Nt,-4 = I /% In(%N,t + 1 )  lo-'' - Negligible 

to  
5.3 x 1 0 7  

1.6 x 107 (') See 
("'2e) *& Table 2 2 2 2  - ~ -1- 5.3 x lo7 Ntp-out,et - 

to 3 Qae 
1.9 x 107 ( b )  

4-3utlet 530 (") 

Total = 1.8 x lo7 

(") Noutlet = (3Qi4/2Zi)*/4ner!. Here, 2, was assumed equal t3 600 (cm/sec)/(stat vclt/cm), and rU wm 

( b )  Assumes + of ions are lost due t3  entry through a hole in a grounded plane (See WHITBY, LIU & 

('7 N,dN,, = - ~ X P  4n/3Qa z,rd (3&,/2Z,)'. 

taken equal to 17.3 cm, the radius of a sphere equivalent to the volume of the charging chamber. 

PETERSON, 1965). 

with either equations 2 or 3 requires that the N t  
for the charger be known. Although the N t  is 
difficult to compute for this charger because 
of the complex geometry, an attempt to estimate 
the N t ,  using the assumptions and equations 
of Table 1, gave a value of 1.8 x 107. However, 
from Fig. 5 it is seen that the theoretical curve 
calculated from the Bricard equation for N t  = 

lo7 is close to the experimental curve for 
DD > 0.05 p. The difference in the curves below 
0 . 0 5 ~  is possibly due to the fact that the 
experimental average charge does not include 
the particles with no charge whereas the average 
charge computed by the Bricard equation in- 
cludes the uncharged particles. Differences be- 
tween the assumed and actual ion decay in the 
charger probably account for the difference be- 
tween the calculated Nt of 1.8 x lo7 and value 
of about lo7 which appears to f i t  the experi- 
mental charging curve. 

From Fig. 5 it  is apparent that the Bricard 
equation has the same slope as the experimental 
curve, but that the White equation, which 
assumes that I <  Dp, does not. 

The lower particle sizing and classification 
limit of the EPC is determined by the decreasing 
probability of charging with decreasing size and 
the increasing tendency of the small particles of 
high mobility to be driven to the boundaries of 
the system by space charge after they acquire a 
charge. 

LIU & WHITBY (1964) have shown that the 
fraction charged, f ,  is given by: 

where Nt ,  is the critical N t  required for all 
particles to have a probability of one of acquir- 
ing a unit charge. For the theoretical calculation 
of f given in Table 2 ,  Nt ,  was taken equal to 
the Art for a unit charge calculated from equa- 
tion 3. 

From an examination of the charger after a 
large amount of aerosol had been sampled it 
was determined that a negligible amount of 
aerosol was lost by space charge deposition 
between 2 and 4 and that most of the loss oc- 
curred between 4 and the aerosol outlet of the 
charger. The theoretical model assumed to cal- 
culate the loss of aerosol in the chamber was 
that of a steady state point source of ions emit- 
ted from a hole in grounded plane into a stirred 
aerosol. This case has been recently discussed by 
WHITBY, LIU & PETERSON (1965). 

The fraction charged and the space charge 
loss were evaluated experimentally over a lim- 
ited size range using electrically neutral mono- 
disperse fluorescent dye aerosols ( WHITBY, 
LUNDCREN & PETERSON, 1965). From fluores- 
cence measurements of the dye caught on the 
collector rod, mobility analyzer after-filter, and 
from the aerosol concentration at the charger 
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I , I , !  

TABLE 2. Cornparkon of theoretical and experimental aerosol space charge loss and fraction charged. 

NP out1etlNpr f 
7 , -  

D,, microns Thexetical Experimental N t  = 10’ Experimental 

0.01 0.49 0.36 
0.015 0.72 0.62 
0.028 0.85 86.6 and 85.8 0.96 92.9 and 96.9 
0.049 0.91 89.2 1 .o 94.1 
0.1 0.96 93.3 1.0 95.8 
0.3 0.980 
1 0.985 

entrance, the experimental data of Table 2 was 
calculated. It is seen that the calculated and 
measured values of Npo/Np,  agree within expe- 
rimental error but that the experimental meas- 
urements of f are somewhat lower than cal- 
culated values for the 0.049 and 0.1 p aerosols. 
This disagreement is of little importance be- 
cause the experimental values of f are high 
enough for all practical purposes. 

Both Np,/ND, and f can be combined into a 
single efficiency factor, K ,  Fig. 6, which can be 
used to correct the apparent particle count of 
the instrument. From Fig. 6 it is seen that the 
useful lower particle size limit of the instrument 
is about 0.015 p since the fraction charged and 
collected rapidly approaches zero below this 
size. It should be emphasized that this is a 
fundamental limitation of this type of instru- 
ment because if the Nt is increased to raise f ,  
NDo/Np, decreases. The charger design described 
here represents a nearly optimum balance be- 
tween these two effects. 

For this instrument it is essential that the mp 
versus Dp curve of the charger be independent, 
within reasonable limits, of the flow rate 
through the charger, and of the absolute ion 
output of the ion generator. Particle charging, 
Run 88, was made a t  1 cfm and Run 92 a t  cfm 
but were otherwise identical. From Fig. 5 it can 
be seen that there is no significant difference. 
Also, no change was observed in the current- 
voltage curves on the same aerosol at 1 and 2 
cfm. 

Variations in the ionizer voltage from 3.5 to 
6 KV and 10 % variation in ion generator air 
flow produced only a 10-20% change in the 
charger current and no significant change in the 
aerosol current-voltage curve. It has, therefore, 
been concluded that the charging characteristics 
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are independent of aerosol flow rate within the 
range from 1-2 cfm and of charger current 
within the normal variations of ionizer air flow, 
voltage, needle position, otc. 

Mobility analyzer 
The mobility analyzer shown in semi-schema- 

tic form in Fig. 7 is the result of a lengthy 
development program which had as its objective 
the design of a practical analyzer capable of 
laminar flow up to a Reynold’s number greater 
than 2000, while a t  the same time measuring 
mobilities as small as 0.0004 (cm/sec)/(volt/cm). 
While achieving these objectives, quite a bit 
was learned about the requirements for main- 
taining laminar flow a t  high Re as two different 
air streams are mixed. The more important 
“does” and “dont’s” are discussed to assist 
anyone designing a similar unit. 

Operation is as follows: Charged aerosol from 
the charger metered through a flowmeter 
having a pressure drop of 1.2 cm of water, enters 
the top of the analyzer column in two streams. 
It travels radially through two layers of 40 mesh 
to the inch screen to the annular space between 
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FIG. 7. Mobility analyzer. 

the cone and outer cylinder, after which it 
flows downward to join the clean air core. Air 
for the clean air core first passes through a 
metering valve on the flow chassis, then through 
the absolute filter to the analyzer column where 
it is rectified by two layers of 240 mesh nylon 
screen 1 mm apart before joining the aerosol 
flow. The tautness, uniformity, and symmetry 
of these screens were found to be very critical 
aa were the smoothness and alignment of all of 
the upper parts of the analyzer. This design has 
no asymmetric supporting structures or struts at 
either end of the analyzer. Struts were not used 
because in laminar flow the influence of a strut 
on the flow is proportional to its surface area 
whether the strut shape is streamline or not, 
and its influence extends much further upstream 
or downstream than in turbulent flow. The 
uniformity of the laminar flow is shown in Fig. 8 
for several flow rates. It can be seen that the 

aerosol pattern is excellent a t  Q, = 28 l/m, ac- 
ceptable at Q, =57 l/m, but quite poor at Q, = 

85 l/m. 
After leaving the aerosol annulus, the charged 

particles are subject to the cylindrical electric 
field between the outer grounded cylinder and 
the positively charged inner collecting cylinder. 
Those particles which miss the end of the collec- 
ting cylinder are collected by the after-filter 
where they give up their charge to a porous 
stainless steel supported glass fiber filter con- 
nected to a vibrating reed electrometer. The 
mobility analyzer is pivoted just below its center 
of gravity and connected to the filter chamber at 
the bottom with quick opening clamps so that 
it may be easily lifted and swung to a horizontal 
position for easy access to the collecting rod 
and the after filter. 

All flow meter indicators, flow regulating 
valves, the specially designed 0-5000 volt nega- 
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tive and 0-30,000 volt positive power supplies, 
and the compressed air supply pump for the ion 
generator are housed in a relay rack. It was 
found neceeaary to supply regulated, dry, filtered 
oil-free-air from a carbon ring compressor to 
avoid introducing nuclei through the ion gene- 
rator. 

Any stable pulse free blower or vacuum 
pump with a capacity of 200 l/m at 2 cm Hg 
is satisfactory for drawing air through the unit. 

Two modes of operation are possible. In  the 
first mode, the voltage on the collector is 
varied in appropriate steps such as those in 
column 4 of Table 3 and the filter current is 
read to yield a voltage-current curve such as 
that shown in Fig. 9. The number-size distribu- 
tion is then calculated from this curve directly 
or from the current data as shown in Table 3. 

In  the second operating mode, the collector 
voltage is set at some appropriate value, nor- 
mally 15 to 30 KV, and the aerosol is classified 
according to electrical mobility along the length 
of the collector. The collector has nine stainless 
steel segments having lengths of 1.27, 1.91, 
2.97, 4.47, 6.65, 10.2, 15.2, 16.8 and 16.8 cm 
which may be easily removed for analysis. 
Electrically neutral aerosol particles, which are 
mostly less than 0.02 f i  in size, are collected in a 

FIU. 8. Aerosol patterns on the after filter with no 
voltage on the collector rod: (77) Qa = 28 l/m, Qt = 
127 l/m; (70) Q,=57 l/m, Q,=198 I/m; (72) Qa= 
71 I/m, Qt = 228 l/m; and (57) Qa = 85 l/m and 271 I/m. 

sharp ring around the outer edge of the filter, 
similar to Fig. 8, Run 77, while any large char- 
ged particles not collected by the collector rod 
will be collected near the center of the filter. 

TABLE 3. Calculation of the number frequency-size dhtribution from the current-voltage data. 
Outdoor aerosol. 

~~ ~~ ~ 

Collector I x 10-12 A1  x lo-'* 
DP - DPf np voltage amp. amps. ANo. K A No. c A No./A D p  

(1) (2) (31 (4) 15) (6) (7) (8) (9) (10) 

.01 322 5.1 

.015 693 4.61 

.03 1,820 3.58 

.06 4,232 2.45 

.10 7,207 1.80 

.15 9,590 1.0 

.0125 1.16 .49 5,593. .32 17,479 3.50 x 10' 

.0225 1.45 1.03 9,406. .695 13,534 9.02 x lo6 

.045 2.15 1.13 6,960. .902 7,716 2.57 x los 

.08 3.20 .65 2,689 .948 2,837 7.09 x lo4 

.125 4.62 .8 2,292 .96 2,388 4.78 x lo4 

.225 8.3 .775 1,236. .975 1,268 8.45 x lo8 

.45 16.7 .160 126.5 .981 129 4.30 x loa 

.8 30.0 .024 10.82 .984 11 27.5 

.3 13,504 .225 

.6 16,505 .065 

1.0 17,884 .041 

1.5 19,005 .025 
1.25 47.2 .016 4.95 .990 5 10 
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.1. 

0.1 I0  10 ICQ 
CENTER ROD VOLTAGE IKV) 

FIQ. 9. Current-voltage curve for the outdoor aerosol 
of Fig. 10. 

Thus, the very large and very small particles 
may be analyzed separately by cutting the filter 
a t  the appropriate radius. 

Sensors 

Two particle sensors at the end of the mobility 
analyzer tube have been evaluated. The most 
satisfactory is a Cary Model 31 vibrating reed 
electrometer using 10" ohm resistors across the 
input. A General Electric nuclei counter has 
been tried but was not satisfactory because 
under most atmospheric conditions the number 
of particles in the size range between the cutoffs 
of the EPC and nuclei counter fluctuates 
rapidly. This decreases the sizing accuracy 
below an acceptible level. 

Experimental 
In  addition to the measurement of the par- 

ticle charge versus particle size described earlier 
in connection with the charger description, the 
performance of the EPC has been studied in a 
number of other ways as described below. 

Background Counts 

With an absolute filter on the aerosol inlet, 
the charger operating at 3.6 KV and 30 KV 
on the collector, the background current was 
about 10-14 amps with a total flow of 130 l/m. 

Since it has been reported that a corona at a 
needle point may produce condensation nuclei, 
a series of experiments were conducted in which 

the after-filter and its support plate were re- 
moved and the nuclei count at the mobility 
analyzer exit was measured while the EPC waa 
sampling particle free air. The only experi- 
ments in which the nuclei count rose above the 
lower sensitivity limit of the nuclei counter (10 
to 20 nuclei/cms) were those in which the ion 
generator voltage was increased from the normal 
voltage of 3.5 KV to 5 KV. For about three 
minutes after the increase, the count rose to 
40/cmS and then fell to about 15/cma. From 
these experiments we have concluded that the 
sonic jet ion generator does not produce a 
significant number of nuclei in normal operation. 

Size distribution measurements with the counter 
system 

Described below are several size distribihon 
and classification measurements made with u 
particle counting system consisting of a General 
Electric nuclei counter, the EPC, and a Royco 
Model PC 200A optical counter. The sizing 
range of the Royco is 0.3 to 10 y ,  and the EPC 
is 0.015 to 1 p. Since the nuclei counter gives 
the total-number of all sizes of particles, the 
difference between the EPC and CNC count can 
be assigned to the 0.002 to 0 . 0 1 5 ~  size range. 

0 OUTDOOR AIR S A M P L E  
A INDOOR A I R  S A M P L E  

OA NUCLEI C O U N T E R  

0-s O A  E L E C T R I C A L  C O U N T E R  

p 4 I 

001 01 0 I I 0  10 
01 I 

PARllCLE D lbMETER 10pl MICRON 
0 

Fro. 10. Size distributions of an outside and a 
laboratory aerosol. 
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TABLE 4. Calculation of the curnulatiere mass-size di8tl.ibutwn of a 1 % uranine dye aeroeol. 

Uranine Uranine mass 
mass P gm 

X, cm P gm ZP D p - P  D p t - P  K (corrected) % Mass < D, 
(1) (2) (3) (4) (5) (6) (71 (8) 

0 

1.27 

3.175 

6.147 

10.617 

17.27 

27.43 

42.67 

59.44 

76.2 

0 

.0184 

.0424 

.234 

1.723 

8.023 

8.691 

2.57 

.35 

.0224 

.00898 

.00464 

.00268 

.00165 

.00104 

.000668 

.000479 

.000374 

.01 

.016 

.025 

.04 

.06 

.1 

.19 

.40 

1.3 

.013 

.0205 

.0325 

.05 

.08 

.145 

.295 

.85 

.345 

.65 

.85 

.915 

.95 

.965 

.98 

.986 

Total 

.0533 

.0652 

.275 

1.88 

8.445 

9.006 

2.62 

.355 

22.7 

.236 

.522 

1.73 

10.02 

47.22 

86.89 

98.44 

100.0 % 

Thus, the three instruments operated together 
are capable of measuring the number-size 
distribution of an aerosol from 0.002 to 10 p. 

Fig. 10 shows the number-size distributions 
of an aerosol sampled outside the laboratory 
windows and one sampled inside the laboratory. 
The procedure for calculating the number distri- 
bution of the outdoor aerosol from the EPC 
data is shown in Table 3, and the distributions 
are plotted in Fig. 10. Column 3 is obtained 
from Fig. 5. The currents in column 5 may be 
obtained either by taking current readings with 
the collector set at the voltages of column 4 or 
from a current-voltage curve constructed from 
currents read at a series of arbitrary voltage 
settings. The number concentration in each size 
range, AN in column 7, is calculated from equa- 
tion 8. 

A I  
A N = - .  

en,&, 

The AN, is obtained by dividing AN by K, 
the analyzer efficiency, and, finally, the number 
frequency corrected for the size interval is 
computed in column 10. 

Several observations may be made from Fig. 
10. For the outdoor aerosol it will be noted that 
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the EPC and Royco agree quite well in the size 
range where they overlap. However, for the 
indoor aerosol the Royco shows a mode a t  about 
0.5 p and a higher count in the size range where 
they overlap. From calculations and experi- 

PbRTICLE DIAMETER (4, P 

FIQ. 11. Number and mass distributions of atomizer- 
impector generated 1 % uranine aerosols sized by 
electron microscopy (EM) and electrical particle 
counter (EPC). Collector voltage = 20 KV; Aerosol 
flow = 28 I/m. 
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108 , 1 
0 DEMINERALIZED WATER 

D l3/ PWYSTYRENE 
LATEX BEADS 

10' - 
(rh N U C L E I  COUNTER 
O A  E L E C T R I C A L  COUNTER 

106 @A R O l C O  COUNTER 
- 4 

PARIICCE 0 AMETES IDp' MICRON 

FIG. 12. Size distribution of the residue from the 
atomization of distilled water and distilled water 
suspension of 1.3 p polystyrene latex. 

ments to be discussed in a future paper it is 
believed that this is an apparent mode and the 
size shift is due to scattering from the large 
number of particles less than 0.3 p in size. The 
mode in the indoor aerosol distribution at 
0 . 0 4 ~  was apparently caused by oil aerosol 
from a vacuum pump operating in the labora- 
tory. 

An atomizer-impactor generated aerosol hav- 
ing accurately known number and weight-size 

p 20 
D 0- ELECTRICAL PARTICLE 

CLASSIFICATION 

0 -  ANDERSON IMPACTOR :L .os PARTICLE .I DIAMETER I .5 Dp ) t.J I 2 

FIG. 13. Sulfate mass distribution classified from 
24-hour sample of outdoor aerosol March 26, 1965. 
Weather was clear, cold and with low wind velocity. 

D,- MICRONS 

FIG. 14. Fraction of aerosol consisting of sulfate 
computed from number distribution and the sulfate 
maaa distribution of Fig. 13. 

distributions was sized with the EPC and the 
total aerosol count obtained with the CNC 
counter. The number-size distribution was mea- 
sured electrically by the same procedure aa that 
described above for the airborne dusts. The 
weight-size distribution was obtained by fluoro- 
metric analysis of the amount of dye on each 
collector segment and the mass distribution 
computed as shown in Table 4. Results are 
shown in Fig. 11. It will be noted that agreement 
with both the number and weight distributions 
is good. Also, the total number concentration 
of 40,450 measured by the EPC agrees well with 
the value of 40,000 measured by the CNC 
counter. 

Fig. 12 shows the size distribution of the 
aerosol from a small glass vaponifrin atomizer 
used to generate a t  1.3 p polystyrene latex aero- 
sol from a distilled water suspension and the 
aerosol generated from the distilled water alone. 
It will be noted that the distribution below 
0.2 p is practically the same with and without 
the latex. It is obvious that the large number 
of submicron aerosol particles present with the 
latex would have to be taken into account if 
such an aerosol was used for nucleation experi- 
ments or for the calibration of optical counters 
when the total light scattered by these particles 
is an appreciable fraction of the magnitude of 
the light scattered by a single particle in the 
counting range. 

On March 26, 1965, a 24-hour sample of out- 
door aerosol wa4 classified and analyzed for 
sulfate by the Laboratory of Physical Sciences, 
USPHS Div. of Air Pollution, Cincinnati, Ohio, 
to  determine the feasibility of using the EPC 
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TABLE 5. Practical particle sizing and clusaifk- 
tion characterirrtica for the EPC. 

Aerosol flow, llm 

Characteristic 28 57 

Min. D, 0.015 y 0.015 p 

Max. D mass classification 0.6 0.4 
Max. D, electric sizing' 1.2 0.8 

U~ n u m L  classification 
U~ mass classification 1.3 - 1.6 1.3 - 1.6 

a For natural aerosols having size distributions 

1.3 - 2. 

and concentrations similar to Fig. 10. 

in series with a cascade impactor for analysis of 
atmospheric pollutants. An Anderson impactor 
was used in series ahead of the EPC. At the 
sampling rate of 28 l/m the lower cutoff of the 
Anderson was estimated to be 0 . 4 ~ .  The data 
was corrected with an 8 hour blank run. Total 
sulfate collected was 474 p gm. 

The cumulative % of sulfate less than size is 
shown in Fig. 13, and the fraction of the total 
aerosol represented by the sulfate is shown in 
Fig. 14. This latter curve was computed from 
the number distribution of the aerosol deter- 
mined electrically with the EPC, the total mass 
of sulfate and the sulfate mms distribution. 

Because this data is the result of only a 
single run, not too much significance should 
be attached to these results. However, it  does 
suggest that the EPC-impactor combination 
should be useful for the classification and ana- 
lysis of air pollutants. 

Sizing and clusaificatwn limits 
From the analysis of the electron micrographs 

used in the determination of the np versus D,, 
curve and from comparisons such aa those 
shown in Figs. 10 and 11, the sizing and classifi- 
cation characteristics summarized in Table 5 
have been determined. 

The smallest particle that may be collected 
with useful efficiency is about 0.015 y for rea- 
sons discussed in the section on the charger. 

The maximum size particle which can be 
sized electrically or classified depends on the 
aerosol characteristics, the accuracy required 
and the EPC operating conditions. From Fig. 3, 
Curve B, it will be noted that the absolute slope 
of the 2, versus D, curve decreases from 1 a t  
0.3 p to 0.156 at 1 p. This decrease in slope, 
coupled with the statistical nature of the charg- 
ing process, determines the maximum D, 
which will be resolved with acceptable accuracy. 
The maximum 0, is about 1 y for electrical 
sizing but only about 0.5 y for classification 
because the fact that no is approximately pro- 
portional to Dp means that the measured current 
per particle and, hence, the sensitivity is greater 
for larger particles than for small. When using 
the instrument as a classifier, it is recommended 
that the deposit collected at collector lengths 
greater than those corresponding to 0 . 0 ~  at 
28 l/m and 0.4 p a t  57 l/m be pooled because of 
the decreased resolutions for larger sizes. A 
cascade impactor may be used ahead of the 
EPC to classify the larger particles. 
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B3MEPBTEJIbHAR CHCTEMA AJIFI CYETA H PACHPEAEJIEHBR IIO PABMEPAM 
3JIEKTPBYECKH 3 A P R X E H H b I X  qACTHYEK A3P030JIR B A H A H A 3 0 H E  

PA3MEPOB OT 0,015 a0 1,O p. 

OnmaHa cacTeMa noncqeTa A onpeneneHm 

XapaKTepklcTaKaMW. 
pa3MepOB 3aPRXeHHbIX qaCTHJl CO CJleRylolrlWMIl 

1. A ~ l a n a a o ~  m ~ e p e ~ n f i  OT 0,015 no 1,2 p. 
2. KnaccHaaKaqm qacTWq no p a 3 ~ e p a ~  B 

~ ~ a n a a o ~ e  OT 0,015 no 0,6 p npn C K O ~ O C T H  
aapoaoneil B 28 JI/MWH. 

3. CBOeO6pa3HbIfi YHUIIOJIRpHbI f i  nH@(Py3klOH- 
HbIfi 3apRXaTeJIb, KOTOpbIfi RBJIReTCR YCTOfi- 
YklBbIM I4 KOHTPOJIWPYeMbIM B pa6OTe W II03BO- 
JIReT pa60TaTb B 6 ~ 1 x 3 ~  OT OIITBMaJIbHOrO pe- 

4. M06HnbHHfi a ~ a n ~ 3 a ~ o p  IIOnBklHcHOCTW 
n03BOJIReT KJIaCCW@WqWpOBaTb qaCTHUbI C no- 
ABklXHOCTblo OT 0,01 n0 0,0002 CM*/CeK.  IIpW 
C K O P O C T H I l O T O K a a 3 p 0 3 0 J I e f i B I l J I O T b ~ O ~ 7 J I / M H H .  

m m a  ~ ~ P R X ~ H H F I  sacmq. 
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