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SUMMARY OF PROGRESS DURING CURRENT YEAR

The principal objective of the research for the current year is to investi-

gate the performance of radioactive aerosol charge neutralizers, to measure the

resulting bipolar charge distribution on aerosol particles after being exposed

to the ionizing radiation from a radioactive source, and to investigate the uni-

polar charging of ultrafine aerosols below 0.1 micron diameter.

During the current year several Kr-85 aerosol charge neutralizers were

constructed with activities ranging from 0.5 to 10 millicuries.  The performance

of these neutralizers were studied and the resulting charge distribution on aerosol

particles were measured using ultra-uniform particles generated by the vibrating

orifice generator described by Berglund (1972) and Berglund and Liu (1972).  The

charge distribution was measured by means of the high resolution differential

mobility analyzer previously described by Bademosi (1971) and in all cases it was

found that the charge distribution conformed closely to the Gaussian distribution

predicted by the Boltzmann's law.  The median electrostatic charge was found to be

slightly negative owing to the higher mobility of the negative ions.  An approximate

theoretical expression was developed relating the required residence time of the

aerosol particles in the neutralizer to the initial charge on the particles, the

particle size,  and the concentration of bipolar,ions  in the neutralizer. Although

the theoretical expression is approximate, and further refinement is needed, the

expression does allow an estimate to be made of the required residence time for

neutralizing charged aerosols in a radioactive neutralizer.

The study on the unipolar charging of ultrafine aerosol particles was started

during the current year and a unipolar diffusion charger was designed, constructed,

and partially tested.  However, no detailed experimental data were generated at the

present time since the device was found to perform very satisfactorily as a charger

and was pressed into service in the Aerosol Characterization Studies being carried
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out by our laboratory in California.  The,charger was used in a portable elec-

5           trical aerosol analyzer to obtain particle size distribution data on smog and

natural background aerosols.  The same device is now being used in the smog

chamber studies being conducted at the Battelle Memorial Institute in Columbus,

Ohio.  The study on unipolar charging of ultrafine aerosol particles will resume

after the instrument returns to Minnesota in mid-December 1972.

This year also saw the completion of the low pressure aerosol filtration

study carried out by Dr. Hsu-chi Yeh as part of his Ph.D. thesis supported under

this program.  A copy of Dr. Yeh's thesis is appended to this report.
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DETAILED PROGRESS REPORT ON RADIOACTIVE AEROSOL CHARGE NEUTRALIZERS

AND THE BIPOLAR CHARGE DISTRIBUTION ON AEROSOLS IN BOLTZMANN EQUILIBRIUM

In performing laboratory aerosol experiments, it is often desirable to have

electrically neutral aerosols.  However, test aerosols generated in the laboratory

by atomization or other mechanical dispersion processes often carry a high electro-

static charge which must be minimized in order to avoid excessive electrostatic

charge effects.  An aerosol charge neutralizer is therefore needed for these

applications.

The electrostatic charge on aerosol particles can be reduced by creating a

mixture of bipolar ions in the gaseous medium around the particles by means of a

radioactive source.  The particle electrostatic charge is reduced as a result of  -

the combination of the charged particle with ions of the opposite polarity.  Ulti-

mately, the aerosol·particles will come to a state of charge equilibrium with the

bipolar ions and acquire a stationary charge distribution according to the Boltz-

mann's law.  However, the time required for this to occur depends on the particle

size, the initial particle charge, and the doncentration of the bipolar ions in

the gas medium, and ultimately on the nature and activities of the radioactive

source.

The Kr-85 Aerosol Charge Neutralizer

Figure 1 is a schematic diagram of the Kr-85 radioactive neutralizer used

in these studies.  The neutralizer was first described by Whitbf and Liu (1968)

but no detailed study of the device had been made previously.

The Kr-85 aerosol neutralizer consists of a radioactive source placed along

the center of a cylindrical metal container.  The radioactive source is in the form

of small diameter  (1/8"),  thin wall (0.003") stainless steel tube containing a

radioactive Kr-85 gas.  The radioactive gas is contained within this tube while the

B radiation emminating from the Kr-85 gas molecules due to radioactive decay can
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penetrate through the thin-wall stainless steel tube to ionize the gas molecules

around the source.  The outer metal cylinder serves two functions: (1) to confine

the B radiation from the Kr-85 source and (2) to provide the necessary neutralization

volume for the neutralizer.

The choice of the Kr-85 source is based on several considerations. Among

these is the long useful-life of the source and its comparative safety.  The half-

life of Kr-85 is 10.3 years and the source is expected to have a useful-life of

several half-lives.  Since the B radiation from the Kr-85 has a maximum energy of

.695 mev, this radiation is easilv contained and can be completely stopped by the

1/16" thick aluminum cylinder  used  as the container. Further, since  Kr-85   is

chemically inert, it presents little health hazard if it should leak out from its

containing tube since the amount of radioactivity involved is quite small, being

typically on the order of a few millicuries.

Intensity of Ionization and Equilibrium Ion Concentration

To determine the rate of production of small ions in the neutralizer, the

radioactive source is held on insulated electrical terminals. and an electrical

voltage is applied across the air space between the radioactive source and the

outer cylinder as shown in Figure 1.  The corresponding current is measured by

an electrometer as a function of the applied voltage.  Figure 2 shows a typical

current-voltage curve for a Kr-85 source with a nominal activity of 2 millicuries.

The current is seen to reach a plateau, or a saturation value, for an applied

voltage of approximately 200 volts.  Also shown in Figure 2 are the corresponding

saturation currents measured for similar radioactive sourses with nominal activities

of 0.5, 1, and 10 millicuries.  It should be noted that the saturation current IS

is not strictly proportional to the activity of the source as one would expect.  It

is believed that the lack of proportionality between these two quantities can be

attributed to the normal manufacturing tolerances of these sources. The actual

activity of these sources therefore may be substantially different from their
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nominal values.

The saturation current, Is, can be used to estimate the average intensity

of ionization, q, in the neutralizer as follows.

I
4 =      s                                            (1)

1.6 x 10-19 V

where  1.6 x  10-19   is the elementary  unit of charge in coulombs   --  here we assume

that  the  ions are singly charged  --.·I.6  is the saturation current in amperes,  and

V is the active volume of the neutralizer.in which ionization takes place.  The

intensity of ionization is the rate of production of small positive or negative

ions in a unit volume of air and it is related to the equilibrium ion concentration,

N, in the neutralizer by the following equation.

q = aN2 (2)

Equation (2) follows from the fact that in the steady state the rate of ion pro-

duction in a unit volume of air is equal to the rate of recombination of small

ions in_the same volume.  From equations (1) and (2) and using a recombination

coefficient of 1.8 x 10-6 cc-1, we obtain for the equilibrium ion concentrations the

values 1.1 x 106, 1.3 x 106, 2.2 x 106, and 8.3-x 106 ions per cc respectively. for

the four radioactive neutralizers tested with nominal activities of .5, 1, 2, and 10

millicuries.  The active volume of the neutralizer is approximately 1380 cc.

Initial Particle Charge

The initial electrostatic charge on aerosol particles is an important factor

in the design of radioactive aerosol charge neutralizers.  The activity of the

radioactive source and the residence time required to neutralize an aerosol is'a

function of this initial electrostatic charge.  Two of the most important mechanisms

causing an aerosol to be charged during the aerosol generation process are briefly

considered below.

1. Charge on Atomized Drops:  The electrical charge on aerosol particles produced

by an atomization process can be estimated from the classical ionic fluctuation
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Lheory. According   to this theory, ionized molecules   in  a   liquid  will show random

fluctuations in concentration.  At any given instant of time, a small volume of

liquid may contain an excess of positive or negative ions as a result of this chance

fluctuation process.  Droplets produced by an atomization process therefore would

be electrically charged if the small volume of liquid at the instant of its detach-

ment from the main body of liquid contains an excess of positive or negative ions.

Bateman (1911) appears to be the first one to have considered this process.

Bateman showed on the basis of pure statistical considerations that the mean square      
charge on the atomized drops is equal to 2Nv where v is the volume of the individual

drops.  The statistical theory of Bateman was later improved by Smoluchowski (1912)

who  ..showed that owing to the mutual attraction between the positive and negative

ions in the liquid, the mean square charge would be less than the value 2Nv pre-

dicted by the statistical theory of Bateman, particularly for high ionic concentra-

tions N.  Smoluchowski gave the following expression for the mean square charge,

n2 = 2 N v a t k T
(3)a€k T+e 2 2 N v

where a is the droplet radius, e is the elementary unit of charge, E is the dielec-

tric constant of the liquid, k is the Boltzmann's constant, and T is the absolute

temperature.

Equation (3) predicts that for droplets of a specific radius, a, and for small

values of N, the mean square charge will first increase with increasing N in accor-

dance with Bateman's relation, i.e., n2 = 2Nv.  For a highly ionized liquid solution,

 2 will eventually tend to a constant value a e k T/e2 independent of N.  At some

intermediate value of N, the mean square charge will attain a maximum value.  This
*

maximum can be found by differentiating equation (3) with respect to N and equating

the resulting expression to zero.  The result is

N    =ask T                                                    (4)
max    2v ez

Substituting the value of N from equation (4) into equation (2), we obtain formax

the maximum mean square charge on atomized drops,

n2    =g a.k T                                               (5)
max 2 e2

In comparison, an aerosol after having been brought to a state of charge equilibrium
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with bipolar ions in a radioactive neutralizer will acquire a stationary charge

distribution closely approximating a Gaussian distribution with a variance of

2=a k T                                                    (6)n      e2

Comparison of equations (5) and (6) shows that the maximum rms (root-mean-square)

charge on atomized drops is higher than the corresponding rms charge on the same

drops in charge equilibrium with bipolar ions by the factor (E/2)1/2.  For water

drops with e = 80, this factor is (40)1/2 = 6.33.  These two rms charges are

compared in Figure 3.  Also shown in Figure 3 for comparison is the charge at the

Rayleigh limit,

4   4-T-   a31 2
n =                                                             (7)e

The Rayleigh limit is the limiting charge a liquid drop can carry.  At the Rayleigh

limit, the mutual repulsive forces between the surface charge on a drop is sufficient

to overcome the normal surface tension, T, of the liquid to cause the drop to lose

its stability and to disintegrate.

It has been demonstrated by a number of investigators (Vonnegut, 1962; Abbas

and Latham, 1967) that an evaporating drop does not lose its charge except at the

Rayleigh limit where the drop becomes dynamically unstable and disintegrates.  Thus,

drops produced by an atomization process carrying a moderate level of charge as

predicted by the statistical theory would become a highly charged aerosol in relation

to the particle size if the individual drops are allowed to evaporate, since the

same charge would be concentrated on the same particle which is becoming smaller

and smaller due to evaporation.  The process is illustrated in Figure 3.  For
r

instance, 50 micron diameter drops produced by an atomization process would typically

carry 130 units of charge (rms charge) at the time.of atomization.  The drops are

moderately charged since this charge is only about a factor of six higher than the

rms charge on the same size drops in Boltzmann equilibrium.  However, if the same

50 micron drop is allowed to evaporate to a diameter of 2.5 microns, the same 130
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units of charge would remain. In comparison,a'2.5 micron diameter aerosol  in

Boltzmann equilibrium would have a rms charge of only 1.5 elementary units.  Thus,

the 2.5 micron diameter aerosol obtained by the spray-drying process would carry

a charge that is a factor of 89 higher than the minimum charge predicted by the

Boltzmann's law.  Therefore, it is not surprising that aerosols produced by the

spray-drying process are often highly charged and they generally require neutrali-

zation in order to avoid excessive electrostatic charge effects.

2. Contact Electrification:  Aerosol particles produced by the mechanical"abrasion

of a solid or by the dispersal of solid particles in powder form are often found

to be electrically charged.  The mechanisms leading to the appearance of an elec-

trical charge on solid particles formed by these processes are not very well under-

stood, in spite of the fact that it is among the oldest phenomena known to man.   '

The fact tham amber, jet,'and a few other objects, can be charged by rubbing against

such materials as cat's fur, thus acquiring the ability to attract light objects,

is said.to have been known to Thales of Miletus in 600 B.C. (Wilson, 1946).

The static charging of solid by contact or rubbing has been referred to with

some degree of interchangeability as contact, friction, or tribo (from the Greek,

"tribein", meaning  "to rub") electrification. However,  the term contact electrifi-

cation, or contact charging, is preferred because contact is always involved in the

process whereas in some cases charging is known to result from contact alone without

friction or rubbing.

Although considerable progress has been made during the past few decades in the

study of contact charging, many details involved in the process remain unclear.  The

magnitude and often the polarity of the charge cannot be predicted.  Only the case

involving pure metal-to-metal contact is understood in considerable detail both

qualitatively and quantitatively.

For a pure.metal-to-metal contact involving a sphere and a plane-surface, the

process is as illustrated in Figure 4.  In (a) the particle is shown to be in actual
contact

/ with the surface.  Because of the difference in the electrochemical potential (theA
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Fermi level) of the metals, electrons are transferred spontaneously, producing

a potential difference, the usual contact potential between metals.  As the particle

begins to separate from the surface as shown in (b), the electric potential between

the particle and the surface rises, causing a back flow of electrons by the

'·'tunnelling effect".     At a certain critical distance of separation, which  is  on  the

order of 25 A, the return flow of electrons due to tunnelling drops quickly to zero

and the charge remaining on the particle at that point becomes permanently separated

as shown in (c).  A formuld derived by Harper (1951) and experimentally verified by

him can be used to calculate the final charge obtained upon complete separation,
.

n= &0  a (1.151 log a+ 8.56) (7)
P    300 e

where n   is the charge on particle upon final separation in elementary units,

80 is the contact potential between particle and surface in volts, and a is the

radius of particle in centimeters.  The relationship is shown in Figure 3.  It should

be noted, however, that equation (7) has not been verified experimentally for small

particles in the aerosol size range.

When complex materials, such as natural and man-made fibers, plastics, metal

oxides, etc., are involved in contact, the mechanisms usually become quite complex.

Separation of charge can then result either from the transfer of electrons or from

the transfer of ions.  Back flow of charge during separation can be due to either

electron tunnelling or due to corona discharge.

Residence Time

The residence time required for an aerosol to be brought. from an initially
*

charged state to a final state of charge equilibrium with bipolar ions in a radio-

active aerosol charged neutralizer depends on a number of parameters including the

initial particle charge.  Gunn (1954) showed that the time required for an initially

neutral aerosol to acquire a stationary charge distribution according to the Boltz-

should be
mann's law is on the order of 1/wNeZ where Z is the mobility of ions. It - noted
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that the Gunn's equation applies only to the case of an initially neutral aerosol

and may be in substantial error when a highly charged aerosol is to be brought to

a state of charge equilibrium with bipolar ions in a radioactive neutrilizer.  A

more exact analysis is given below.

Consider a spherical particle carrying n  elementary units of charge in a

gaseous medium containing equal concentrations of positive and negative ions.  With-

out any loss of generality, let us suppose that the particle charge is positive.

According to the classical ion diffusion theory, the flux of positive ions flowing

toward the particle is given by

(np e2/a k T)

4= 4  Da N                        (8)enp e2/a k T-1

and the flux of negative ions flowing to the particle is given by

(np e2/a k T)
J_ =4 1 r D a N (9)

e-np e2/a k T-1

where D is the diffusion coefficient of small ions.  Equations (8) and (9) are

special cases of the classical Fuchs-Pluvinage equation (Fuchs, 1947; Fuchs and

Lissowski, 1956; Pluvinage, 1945-46-47) and they apply to the steady state diffusion

of ions to a particle in the continuum regime (particle radii >> mean free path of

the ions) neglecting the effect of the image force.  Thus,

3 = 3_- 3+ (10)

where J is the net flux of negative ions flowing toward the particle.  The particle

electrostatic charge is therefore reduced at the same rate J.  Examination of equa-

tions (8) and (9) shows that for moderate to high levels Jf charge on the partible

(large n ), the positive ion flux J  is much smaller compared to the negative ion

flux J_ because of the exponential term in the denominator.  Thus, as a first

approximation, we can write

J= J =41rDNnne2 (11)
-          kT '

where we have also neglected the exponential term in the denominator in equation (9).
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Using Einstein's relation,

kTZD=- (12)e

equation (11) becomes

J=4 A N n ··eZ (13)P

Since

dn
J =-' P (14)

dt

we have

dnP= -4 1 r N n e Z (15)
dt             P

Separating variables and integrating between appropriate limits, we obtain the time,

t, required to reduce the particle charge from some initial level n to some final
P1

level, np2'

t =     1 ln :1 (16)
4 K N Z e

LAP 2

Except for the logarithm term, equation (16) is identical to the original Gunn's

equation.

It is seen that the required residence time to reduce the particle charge
some

from initial level to some final prescribed level is inversely proportional to the

ion concentration N.  Thus in the design of radioactive aeroaol charged neutralizers,

the product Nt is important.  According to equation (16), the required Nt product

for the nentralization of aerosol particles is given by
n

Nt =    1    ln _Pl (17)
4 Tr Ze np2                                r

Table I shows the calculated Nt products needed to bring an aerosol from an initial

charged state to an equilibrium to a final charged state having a charge equal to

the rms charge at the Boltzmann equilibrium for particles of 1, 10, and 100 microns.

It is seen that the required Nt product is on the order of 5 x 106 ions per cc

sedond.
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Figure 5 shows the Nt product needed.to bring an aerosol from various initial

charged levels to a final charge level equal to the rms charge level for an aerosol

in Boltzmann equilibrium.  According to Figure 3, for an aerosol carrying an initial

charge at the Rayleigh limit, the charge ratio npl/np2 is typically between 104 to

106.  For this case, the required Nt product for neutralizing the aerosol ranges

from approximately 3.5 x 106 to 5.5 x 106 (ions/cc)(sec).  On the other hand, the

charge ratio npl/np2 for atomized drops not undergoing further evaporation is

typically on the order of 10, in which case, the required Nt product is on the

order  of  1 x1106 (ions/cc) (sec) .    Thus, for design purposes,  an Nt product between

1  to  5.5  x  106  may  be used depending  on the initial level of charge  on the aerosol

particles.
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STATIONARY CHARGE DISTRIBUTION ON AEROSOL PARTICLES

IN CHARGE EQUILIBRIUM WITH BIPOLAR IONS

The stationary charge distribution has been treated figorously by theory

but has received only limited experimental study.  As early as 1937, the problem

was investigated theoretically by N. S. Fuchs, whose theoretical results were later

verified by the experiments of Lissowski (Fuchs, 1963).  Lissowski's experiments

included measurements on 2697 individual oil drops ranging in diameter from 0.28

to 4.2 w and the results were found to conform to Boltzmann's law.  Harper (1949),

Pluvinage (1946), Bricard (1949), Gunn (1954), Junge (1955), all treated the problem

as one of the diffusion of ions to particles.  Keefe, Nolan, and Rich (1959), on the

other hand, considered that because of the frequent collisions with small ions, paF-

ticles could be considered to be in charge equilibrium and Boltzmann's law could

be directly applied.  Kunkel (1950), Gillespie and Lnagstroth (1953), and Gunn (1955)

measured stationary charge distributions on dispersed dusts.  And Whitby and Peter-

son (1965) measured the charge distribution on aerosols generated by the spinning

disc and atomization aerosol generators following exposure to bipolar ions produced

by a sonic-jet ionizer.

In the present experiment, monodisperse aerosols generated by the vibrating

orifice generator were passed through the Kr-85 radioactive charge neutralizer and

the resulting charge distribution was measured by means of the high resolution

differential mobility analyzer described previously by Bademosi (1971) using a

Bausch & Lomb Model 40-1 optical particle counter as a particle detector.  Some

typical results are shown in Figures  65  7,  and  8.    Also  slTown in these figures  are

the distribution curves predicted by theory.  The theories predict that for par-

ticles larger than a few tenth micron in diameter, the stationary charge distribution

can be approximated closely by a Gaussian distribution with a standard deviation of

0 = (a k T)1/2 (18)
e
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The close agreement between theory and experiment shows that under the experimental

conditions, the aerosol particles have indeed been brought from its initial charged

state to a state of charge equilibrium with the bipolar ions in the radioactive

aerosol charge neutralizer.  It should be noted that in these experiments the flow

rate through the neutralizer is comparatively low, on the order of 1 to 3 liters

per minute, thus giving a residence time on the order of 0.5 to 1.5 minutes.  Further

experiments are being planned to determine more precisely the performance character-

istics of these radioactive charge neutralizers.  These experiments will be conducted

in the coming year.

'.



- 15 -

Literature Cited

1.   Abbas,   M.   A.   and J. Latham, "Instability of Charged Drops", J. Fluid  Mech.
30:663 (1967).

2.  Bademosi, F., "Diffusion Charging and Related Transfer Processes in Knudsen
Aerosols", Ph.D. Thesis, University of Minnesota, 1971.

3. Bateman, H., "Some Problems in the Theory of Probability", Phil. Mag. 21(126) :
745 (1911).

4. Berglund, R. N., "Basic Aerosol Standards and Optical Measurement of Aerosol
Particles", Ph.D. Thesis, University of Minnesota, June, 1972.

5.  Berglund,  R.  N.  and  B.  Y.  H. Liu, "Generation of Monodisperse Aerosol Standards",
submitted to Env. Sci. Tech. Journal, 1972.

6. Bricard, J., "L'Equilibre Ionizque de la Basse Atmosphere", J. Geo. Res. 54(1):
39-52 (1949).

7.   Fuchs,  N.   A. "The Charges  on the Particles of Aerocolloids", Investiya  Acad.
Nauk USSR, Ser. Geogr. Geophys. 11:341 (1947).

8. Fuchs, N. A.
"On the Stationary Charge Distribution on Aerosol Particles in a

Bipolar Atmosphere"; Geofis.  Pura Appl. 56:185-193  (1963) .

9. Fuchs, N. A. and P. Lissowski, "The Charging of Aerosols by Ionic Diffusion",
J. Coll. Sci. 11:107-8 (1956).

10.  Gunn,  R. , "Diffusion Charging of Atmospheric Droplets  by  Ions,  and the Resulting
Combination Coefficients", J. Meteor. 11: 339-351  (1954) .

11.  Harper,  W.  R., "The Volta Effect  as a Cause of Static Electrification",  Proc.
Roy. Soc. London 205A:83-102 (1951).

12. Keefe, D., P. J. Nolan, and T. Z. Rich, "Charge Equilibrium in Aerosols According
to the Boltzmann Law", Proc. Roy. Irish Acad. 6OA:27  (1959) .

13. Pluvinage, P. "Etude Theorique et Experimentale de la Conductibilite Electrique
dans les Nuages non Orageux" Theses, Faculte des Sciences   de   l' universite Paris
(1945); and Annals de Geophys. 2:31 (1946)  and 3:2  (1947).

14.   Smoluchowski,   M. von, "Experimentally Demonstrable Molecular Phenomena which
Contradict Ordinary Thermodynamics", Phys. Zeit. 13:1069  (1912) .

15. Vonnegut, B., D. R. Moffett, P. M. Sliney, and A. W. Doylel "Research on Electrical
Phenomena Associated with Aerosols", Final Report  to Army Chemical  Corp.,  A.  D.
Little, Inc., Cambridge, Mass. (1962).

16. Whitby, K. T. and B. Y. H. Liu, "Polystyrene Aerosols -- Electric Charge and
Residue Size Distribution",  Atm. Env. 2:103-116  (1968) .

17. Wilson, H. J., "Electricity", Ency. Brit. 8:182-217  (1946) .



--·   16

Table 1

Nt Product Required to Bring an Aerosol from an
Initial Charge Level at the Rayleigh Limit to
a Final Charge Level Equal to the RMS C4arge
for an Aerosol  in Bolt zmann Equilibrium

Particle Diameter, microns                    1           10        100

Initial Charge at Rayleigh Limit 4.43 x 104 1.4 x 106    4.43 x 107

Final Charge at RMS Charge Level              3            9.5       30
at Boltzmann Equilibrium

Nt = 3.95 x 105 ]n (npl/%2) 3.8 x 106 4.7 x 10 5.6 x 106
6

'.
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Figure 2 -- Typical Voltage-Current Curve for the Kr-85 Neutralizer
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Figure 4 Charge Seperation Process in Contact Electrification
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Figure 6 -- Theoretical and Experimental Charge Distribution on an Aerosol in Boltzmann Equilibrium
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Figure 7 -- Theoretical and Experimental Charge Distribution on an Aerosol in Boltzmann Equilibrium
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Figure   8 -- Theoretical and Experimental Charge Distribution  on an Aerosol in Boltzmann Equilib rium


