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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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INTRODUCTION

The deposition of ultrafine (d < 200 nm) particles on airway surfaces is an important determinant of
the radiation dose that results from inhalation of radon progeny. The activity median diameter of
particles to which radon daughters attach is small (10 - 140 nm).

In the absence of charge, deposition in the upper airways of the respiratory system occurs by
impaction for large particles and diffusion for small particles. Sedimentation is negligible due to the
high flow rates in these airways.

Experiments conducted in hollow casts and jn_vivg in humans have all shown an increase in
deposition due to the particle charge (14). |n vivo experimental results showed that there exists a
threshold value of charge on the particle (qc) above which the electrostatic charge enhances
deposition. These experiments were performed for particles for which deposition by diffusion is small
(d 2 300 nm).

Deposition of ultrafine particies in the airways may occur by a combined mechanism of diffusion and
electrostatic charge.

There are two electrical forces which cause particles to deposit on the airway surfaces. One is due
to interaction between the particle and the wall (image force) and the other is due to the mutual
repulsion between particles with like charge (space charge force). The image force is a single
particle effect and increases as the particle nears the wall. The space charge force on the other
hand depends on the particle concentration and is found to be much smaller than image force in the
lung due to low particle concentration (5-6),

1 Chan, T.L, Lippmann, M., Cohen, V.R., and Schlesinger, R.B. J, Aerosol Sci, 9: 463-468 (1978).
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EXPERIMENTAL METHODS

The deposition of charged and neutral ultrafine particles was compared in simple tracheal models.

Nebulized NaCl particles were passed through a 2 stage cascade impactor, then size classified with
an Electrostatic Classifier (ESC) to produce monodisperse, singly charged, particles with diameters
from 15 to 95 nm.

To “neutralize” the charges the particle stream was passed through a deionizer (DEI) consisting of a
3" diameter copper tube containing a radioactive alpha particle emitter, 21°Po. Particles are
neutralized to Boltzmann equilibrium. The resulting charge distribution is shown in Table 1.

Aerosol flow rates were monitored throughout each experiment by a mass flow meter incorporated
into the ESC.

For each particle size from 15 to 95 nm, tests were done for the singly charged particles then
immediately repeated with charge neutralized particles.

The monodisperse singly charged, or “neutralized”, particles were passed through a 1.9 cm diameter
conducting copper pipe 10, 23, or 30 cm long, or an equivalent path without the pipe, to either a
CPC (TSI Model 3025) or a Faraday cup. The test sections compare with tracheal dimensions
measured in lungs obtained at autopsy of 10 cm length, 1.9 cm diameter for a human, and 23 cm
length, 2.0 cm diameter for a mongrel dog.

Percent deposition was calculated as follows:

Cnt -
n = 100 "}:ic—l (1)

where, Ci = concentration at outlet of path with the tracheal tube;
Cnt = concentration at outlet of the alternate path (without tracheal tube);

For Faraday cup measurements, C is replaced by N, as the FC measured the total number of
charged particles collected per unit time. These were normalized for any change in flow rate when
necessary.



ANALYTICAL

The fraction deposited by diffusion was estimated from the equation of Cohen and Asgharian (7)

ng = 2.968 A0.5677 (104> A > 109) (@)
nLD
where A=Ts (3)

in which L is the airway length, Q is the flow rate through the airway, and D is the diffusion coefficient.

This empirically derived expression gives higher values than the analytical expression obtained by
Ingham (8) for fully developed laminar flow, however, it approaches Ingham’s as A increases.

The deposition efficiency due to image force alone, was calculated based on the expression of Pich
(9)

n; = (61¢)'® (4)
__Ba%t
where e = aneoR? (5)

in which q is the charge on the particle, t is the elapsed time in the airway, B is the particle
mechanical mobility, eo is the permittivity of air, and R is the radius of airway.

This expression is a simplified form of the expression obtained by Yu (5) for deposition of particles in
a cylindrical tube that applies when 1g «1.

Deposition by image forces for the charged particle fraction of the neutralized aerosol was accounted
for by applying equation 5 to the fraction shown in table 1. Then

o (Tlexg - 'ﬂc!)
" (1-na) )

7 Cohen B. S, Asgharian, B. J, Aerosol Sci, 21: 789-797 (1974).
8 Ingham, D. J. Aerosol Sdi, 6: 125-132 (1874).
9 Pich, J. Comments on the paper: .. Aerosol Sci, 9: 275-278 (1978).



CONCLUSIONS

Differences in deposition between charged and charge neutralized patrticles were detected for
particles < 30 nm in diameter in 10, 23 and 30 ¢cm long tubes, and for particles up to 95 nm for the
longest (30 cm) tube tested.

As expected, deposition efficiency increased with decreased particle size and substantially exceeded
that predicted for deposition from parabolic flow.

If total measured deposition is attributed to diffusive plus image forces these results suggest that
deposition of the charged particles by image forces exceed predicted values by an order of
magnitude.

For these experiments it is likely that convective eddies contributed to the excess deposition.

An increase in experimental sensitivity is needed for quantitative measures of the fraction deposited
by image forces.

Diffusion is the dominant mechanism for deposition of very small particles. The amount deposited in
the airways is generally very low amounting to a few percent for particles from 50 to 200 nm.
Therefore, even a small enhancement in deposition resulting from image forces on charged particles
can be significant.
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Experimental Setup
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