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INTRODUCTION

Aerosol behavior within Liquid Metal Fast Breeder Reactor (LMFBR)
containments is of critical importance since most of the radioactive
species are expected to be associated with particulate forms and the mass
of radiologically significant material leaked to the ambient atmosphere is
directly related to the aerosol concentration airborne within the contain-
ment. Mathematical models describing the behavior of aerosols in closed
environments, besides providing a direct means of assessing the importance
of specific assumptions regarding accident sequences, will also serve as
the basic tool with which to predict the consequences of various postulated
accident situations. Consequently, considerable efforts have been
recently directed toward the development of accurate and physically realis-
tic theoretical aerosol behavior models.

These models have accounted for various mechanisms affecting
agglomeration rates of airborne particulate matter as well as particle
removal rates from closed systems. In all cases, spatial variations within
containments have been neglected and a well-mixed control volume has been
assumed. Examples of existing computer codes formulated from the mathema-
tical aerosol behavior models are the Brookhaven National Laboratory TRAP(l)
code, the PARDISEKO-II and PARDISEKO-III codes developed at Karlsruhe
Nuclear Research Center(2>3), and the HAA-2, HAA-3, and HAA-3B codes
developed by Atomics International(^-6).

Because of their attractive short computation times, the HAA-3
and HAA-3B codes have been used extensively for safety analyses and are
attractive candidates with which to demonstrate order of magnitude esti-
mates of the effects of various physical assumptions. Therefore, the
HAA-3B code was used as the nucleus upon which changes have been made to
account for various physical mechanisms which are expected to be present
in postulated accident situations and the latest of the resulting codes
has been termed the HAARM-2 code. It is the primary purpose of the HAARM
series codes developed at Battelle's Columbus Laboratories to provide
analyses which provide more physically realistic aerosol modeling and
consistently conservative predictions.

The HAARM-2 model differs from previous models in that it allows
temporal variation of containment gas temperature, pressure, and tempera-
ture gradient normal to the containment walls. Also, settling velocities
which are dependent upon the morphological properties of individual
agglomerates are corrected using an experimental dynamic shape factor(7).
In addition, wall deposition by thermosphoresis is included as an aerosol
depsoition mechanism and a calculated particle-particle collision effi-
ciency is employed.

GENERAL THEORY

Following is a description of the theory used to develop the
HAARM-2 code. The theory is identical to that used for the HAA-3B code
except in certain instances, where additional terms have been added to
account for physical mechanisms which are expected to occur in postulated
nuclear reactor accidents.

The governing integro-differential equation describing the
rate of change of particle concentration due to various agglomeration and
removal mechanisms may be written in the following form:
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n (x,t) = K Q [1/2 » (5, x-E) n(S, t) n(x-?,t) d?
CO

-n (x,t) J to (x, I) n(?,t) d? ]
(1)

where

-n (x,t) R(x) + S(x,t)

4>(x,5) = the normalized collision kernel predicting the
probability of collision between two particles
of volume x and 5 due to Brownian motion,
gravitational settling, and, if included,
turbulent gas motion

= 4kT/3n = the agglomeration rate constant

k = the Boltzmann constant

T = the gas temperature

n = the gas viscosity

x = 4-Trr3 = volume of particle with radius r

5 = 4 r = volume of particle with radius r'

n(x,t) = the size distribution function

R(x) = the removal rate of particles produced by gravita-
tional settling to the floor, diffusion to the walls
(wall plating), and leakage

S(x,t) = represents the source rate of particles input to
the vessel.

The first integral in Equation (1) represents the formation rate
of particles between the sizes x and x + dx as a result of collisions
between particles of volumes £ and x - 5- Similarly, the second integral
represents the disappearance rate of particles in the size range between
x and x + dx due to collisions with all other particles.

The functional form of the collision kernel <|>(x,£) depends upon
the coagulation mechanisms present in a given system. In an enclosed
containment vessel, possible mechanisms causing relative motion between
particles, and thus coagulation, include Brownian motion of the particles,
gravitational settling, and turbulent gas motion. In most analyses where
more than one of these mechanisms is present, they are assumed to be
separable and additive such that

B(x,5) (2)

Although easily added to the model, turbulent agglomeration has not been
included in the HAARM-2 code because of its estimated small effect.

o I
O ;
00 i



Agglomeration Terms

Brownian Agglomeration

•^~&v , the plating coefficient

leak rate from the vessel.

(7)
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Current aerosol models use the Brownian collision parameter B
in a form which can be written as

Ko B (x,?) =
K | (r + r') • ( r + a + hl ^ - ^-+-.ajtb? Xr

where a, b, and X are constants defining the Cunningham correction factor
which accounts for the low Knudsen number effects present for small
particles.

Further, h is the vessel height, A w the wall area, the distance from
the wall over which a particle concentration gradient exists, and V the
vessel volume. In the HAARM-2 code the assumption has been made that the
final term in the slip correction factor is negligible and hence for both
gravitational settling and agglomeration the constant is taken as zero.

Method of Moments

Gravitational Agglomeration

The collision parameter for gravitational agglomeration is based
on consideration of the relative sedimentation rates for different sized
particles and is dependent on the collection of small particles from the
volume swept out by a large, rapidly settling particle. A general expres-
sion for the gravitational collision parameter will be presented and
deviations from this used in the various models discussed. The gravita-
tional agglomeration parameter is given by

K Q G ( X , O =
9n e ( X ) 5 ) . { | r a ( r ) _ r')

(r r')2] + b(r + r')2-|re Xra(r)-r' e"
Xra(r')|}

where
(x,£) = the particle-particle collision efficiency

a(r) = the particle shape factor

S = the density difference between the gas and
particle material.

Removal Terms

In Equation (1), R(x) represents the removal terms. HAA-3B
accounts for any of the three possible mechanisms: £1) removal at the
vessel floor due to gravitational settling, (2) diffusion to the walls
(wall plating), and/or (3) leakage out of the vessel. Mathematically
formulated

where

R (x) = GR r (r

2g a (r) 6

+ a + beXr) + PR ( r + a +

the gravitational setting constant

(5)

(6)

The method of moments was used to solve the governing equation.
Equation (1) was multiplied by x^ and integrated over x. After some mani-
pulation, the following general form for the moment equations resulted:

dx k
 K c"

17" f \>
n (C,C) <p CS.C)

Sk - (t)

where

R (5) ?U n (5, t) d?

(8)

(9)

(10)S k (t) = ^ S (S,T) ?K d? .

Due to the simplification of Equation (8) when k = 0, 1, 2,
these moment equations were solved simultaneously for the unknowns XQ, XI ,
and X2.

The solutions of Equation (8) were obtained in HAA-3B by assuming
that the airborne particle concentration may be represented by a log-
normal distribution function at all times. Hence, in terms of particle
volumes, the number distribution may be written

n (x,t) =
V2TT U (t)

exp
m (t)

2 u (t)
} i (ID

where

N (t) = the total number concentration of suspended particles

m (t) = the geometric mean particle volume

u (t) = the logarithmic variance.



XQ, XI, and X2 are related to the parameters in the log-normal distribution
by the following relations:

so that

(0 = ^ n (x,t) xk dx = N (t) m (t)k exp [̂  " (t)l -

XQ (t) =N (t)

Xx (t) =N (t)m(t) e
u

X2 (t) = N (t) m
2 (t) e 2 u ( t )

, and

Alternatively,

N (t) = X
0

(t) = x\ I

u (t) = en (xQ

, and

(13)

(14)

(15)

(16)

(17)

(18)

Details of the integration and numerical solution are given by Cohen and
Vaughan(8) and by Hubner, Vaughan, and Baurmash(°).

SPECIAL FEATURES OF THE HAARM-2 CODE

There are several aspects of postulated fast reactor accident
conditions which require special consideration beyond that employed in
most previous aerosol behavior models. These include the possibility for
time dependent temperature and pressure variations in the confined space
being considered, the very high number concentrations of aerosols expected,
and time dependent wall temperatures. These factors were considered in
the development of deposition mechanisms to be included and in the
descriptions of aerosol behavior.

Temporal Pressure and Temperature Variation

where ri0 is the reference viscosity taken at a referpnce temperature
(assumed to be 2.009 x 10~4 dyne-sec/cm2 at 333.32 K) and S is a constant
(which for air has the value S = 110 K). The gas mean free path enters
the correction to mobility for slip and is adjusted for pressure and
temperature by using

L = kT/(4/2 Trpr0
2) (20)

where p is the pressure and ro is the gas molecular radius. Slip is then
accounted for in the equation

136

CmL/r (21)

where
C = Cunningham correction factor

C m = constant

L = mean free path

r = particle radius.

Thermal Wall Deposition

Particles, when suspended in a gas with a temperature gradient
in it, experience a force directed toward the cooler regions. Particle
motion resulting from this force is termed thermophoresis and is included
because of possible significance in accident situations. Thermophoresis
conceivably could exhibit effects on the aerosol behavior in an enclosed
volume in two ways. First, due to the dependence of the thermophoretic
velocity on particle size in the low Knudsen number regime, a thermophoretic
coagulation is expected similar to gravitational coagulation. And second,
since a strong temperature gradient is expected near the walls, a thermo-
phoretic plating effect similar to the diffusion plating is expected to
occur. However, temperature gradients are expected to be highest at
the wall and thermophoretic coagulation is expected to be of secondary
importance compared to thermophoretic deposition onto the cool walls.
Hence, the thermal plating effect was added to the diffusional deposition
mechanism as an additional wall plating term.

To include the thermal plating as a removal mechanism in the
governing integro-differential equation, the flux of particles to a unit
surface area of wall due to thermophoresis is defined as

= nUt (22)

In modeling certain accident sequences it is desirable to allow
the gas pressure and temperature to vary with time. This option is
included in the HAARM-2 code. Temporal variations of these conditions
have both direct and indirect consequences. Gas properties are calculated
for each computational time step using the input data provided to the
code. The affected properties include gas viscosity, mean free path, and
the density. Gas viscosity is calculated using E. R. van Driest'sO)
equation as

JL . (X}3/2(;
T + S ) (19)

Here, j t is the flux of particles toward the wall due to thermophoresis,
n the particle number concentration, ft the thermal force exerted on a
particle, b the particle mobility, and Ut the thermal velocity of a particle.
The total number of particles arriving at the wall per unit time, t, is then

so that

j A = nA UJt w w t

3n

(23)

(24)



A^ is the wall area of the containment vessel and V the containment volume.
Since the response time of a particle to changing temperature gradients
is known to be small(10)) transient effects are neglected and the steady
thermophoretic velocity, Ut, results immediately from the steady thermo-
phoretic force derived by Brock(H):

u = 3 JL L
Ct r + k s

2 c t 7

-) |VT|
_/ ' w (25)

Here,

Cj. - a constant associated with the thermal accommodation
coefficient at the particle surface,

kf/ks = the ratio of the gas and particle thermal conductivities,

|VT|W = the normal component of the temperature gradient
at the wall.

Ideally, Equation (25) would be substituted into Equation (24)
which would then be added to the removal mechanisms as an additional term
of R(x) in Equation (5). However, integration of R(x) over all x is
required in the method of moments as Equation (9) demonstrates. Exact
integration of U t is a difficult, if not impossible task. Numerical
integration is possible at each time step, but it was felt that an order
of magnitude estimate could be obtained by basing U t on the median particle
size, r^Q, as a function of time. This, in effect, makes U t a constant
and integration of R(x) straightforward. Integration yields

larger particle will actually collide with it. If we define the "sweep
out area" as the area of a circle with radius equal to the sum of the radii
of the larger and smaller particles, then the collision efficiency, e, is
defined as the fraction of the "sweep out area" in which a small particle
can be located and still result in a collision of the two particles.

(12-19)A review of analyses for collision efficiencies of
spheres and estimates of the inertial efficiency were made. It was con-
cluded that for the size distributions of particles expected in accident
situations, the inertial collision efficiency for sedimentation was negli-
gible. However, interception could be of considerable importance. For

(19,20)
viscous flow about a spherical collector Fuchs presents an equation
for the collision efficiency which is valid for small ratios of r/R where
R and r represent a large and small particle in the size distribution.
Written in accordance the previously stated definition of e,

^ 3
— —

2
r + R

(27)

and 0 < e < 3/8.

The inclusion of e into the HAARM-2 code then requires reinte-
grating the gravitational agglomeration terms in Equation 1 with the above
expression for e inserted into Equation 4. This was done and the results
were reported(21). Defining an average collision efficiency e as the cal-
culated gravitational collision rate for the total size distribution with
e included, to that with e assumed unity, values for £ can be calculated
as functions of the mean size and geometric standard deviation for the
size distribution.
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(26)

Rk(t) from Equation (26) was included into HAARM-2 as an additional plating
term in the moment equations and also was included in the calculation of
the plated particle numbers and volumes.

Additional input data necessary for the thermal plating contribu-
tion include the temperature gradient at the wall, the gas density, and
the ratio of gas to particle thermal conductivities. An average value for
the temperature gradient normal to the inner containment surfaces may
either be read into the HAARM-2 code as a single value or in pairs of time
and temperature gradients. Similarly, the gas density, viscosity, and
mean free path may each be time dependent if T and p are to be time depen-
dent, as previously discussed.

Collision Efficiencies

Because of the differential settling velocity of particles of
various sizes, larger particles settling more rapidly than smaller ones
overtake and collide with the smaller ones as they fall. This coagulation
process is termed gravitational agglomeration. However, simply because a
small particle happens to be within the "sweep out area" of a larger
particle just above it, does not necessarily insure that a collision will,
in fact, occur. Because of hydrodynamic interaction between the two
particles only a certain fraction of those in the "sweep out area" of a

Agglomerate Shape and Density Correction

As the aging process of an aerosol system proceeds and agglom-
eration of the aerosol species occurs, new particles composed of aggregates
of the original primary particles are formed. Any real aerosol system
which has reached an advanced stage of coagulation then will be largely
composed of nonspherical agglomerated particles. Hence, corrections to
Stokes law must be made to account for the nonspherical behavior of
agglomerated aerosol particles. A general form of the equation describing
the settling velocity, Us, of a nonspherical aerosol particle is given by

1) Y
C (28)

where R is some characteristic length of the agglomerate structure, p e an
effective density of the agglomerate which accounts for differences in
packing and the fact that the agglomerate structure includes interstitial
"pockets" of gas, y the dynamic shape factor which corrects the drag force
for the nonspherical shape of the agglomerate and C' the slip correction
which accounts for gas slippage along the nonspherical particle.

Note that for a pure settling velocity correction it is possible
to combine these corrections into a single correction factor. Accordingly,
the settling velocity is rewritten as



(29)

where R is the radius of a sphere having volume equal to that of the
agglomerate p the actual material density, and a an overall correction
factor which corrects the settling velocity for nonspherical aerosol
behavior.

Experimental results by Kops et al. ^ indicate that a more
accurate empirical representation of a is obtained by dividing the
correction into two regimes. Accordingly,

a(t) 5 1.188 N(t)" 1 / 3 aR(0)]

for N(t) less than about 10^ primary particles and

a(t) = 0.067

(30)

(31)

for N greater than approximately 10 original particles. The exact
transition point depends on 0R(O) as well as N(t). To calculate a(t)
as a function of particle size in the HAARM-2 code, N(t) is based on the
ratio of the mean particle volume as a function of time to that of the
primary particles being emitted from the source. Hence,

N(t) 3 V(t)/V(0) (32)

where V(t) is defined as the mean particle volume for the particle size
distribution at the indicated time. N(t) is calculated at each time step
and ct(t) , as defined by Equations (30) and (31), is inserted into G^ and
GR as defined by Equations (4) and (6).

Calculations with the HAARM-2 Code

Numerous calculations have been made with the HAARM-2 code to
study the sensitivity of airborne concentration and leaked mass to assumed
geometries, aerosol source characteristics, accident conditions, and code
parameters.' ' Further, calculations have been made for comparison with
experimental measurements and with other aerosol behavior models.(23,24; ^
few comparisons are shown to illustrate the nature of the results predicted
with the HAARM-2 code.

Figure 1 illustrates the effect on airborne number concentration
of aerosols for various assumptions regarding agglomerate shape or density
and particle-particle collision efficiencies. For the cases shown it is
assumed that the agglomerates are hard spheres (a = 1) or have a reduced
settling velocity as adjusted by Equations (30) and (31) [a = f(t)]. It
is seen that the reduced settling velocities lead to significantly higher
predicted number concentrations. Similarly, the effect of reducing the
collision efficiency [e = f(t)] by using Equation (27) also leads to
higher airborne number concentrations as compared with an assumed geo-
metrically derived efficiency (e = 1) based on "sweep out area" alone.

An example of comparisons with experimental data is given in
Figure 2 where the dashed curves represent experimental results and the
solid curves are predicted values. The experimental curves are airborne
sodium oxide aerosols i n a l r vessel"5) an(j the predictions are based
on the reported experimental conditions. The agreement is quite good
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FIGURE 1. EFFECTS OF a AND e VARIATIONS ON PARTICLE NUMBER CONCENTRATIONS

for the cases shown here with a possible indication that the predicted
values may be too low at long times. Otherwise, as intended, the
predicted values follow the experimental data but are consistently conser-
vative in that higher concentrations are predicted.

A comparison of HAARM-2 and PARDISEKO-III calculations are
shown in Figure 3. The input assumptions are identical for each code and
the agreement between predictions is excellent. However, the comparison
is for a low concentration case with simple assumptions regarding agglo-
merate structure. The primary conclusion to be drawn from this comparison
is that the computational procedures used in each code seem to be
satisfactory and for this case the assumed log normal size distribution
used in HAARM-2 appears adequate.

In general, the HAARM-2 code appears to give reasonably accurate
but conservative predictions of aerosol concentrations. It may under-
estimate concentrations at long times. Other comparisons with experimental
data(23) suggest that the major problems with the code are related to
inaccurate scaling with vessel size resulting from questions regarding
agglomerate structure.

SODIUM OXIDE AGGLOMERATE MEASUREMENTS

As noted previously, it is of importance to have for use in the
aerosol behavior models, descriptions of agglomerate structures as
dependent on agglomerate size. The purpose of the experimental studies
is to provide this information.



All aging aerosol populations are known to decrease in number
with time due to various coagulation processes. These processes result
in new particles composed of aggregates of the original primary particles.
Any real aerosol system which has reached an advanced stage of coagulation
will then be largely composed of nonspherical agglomerated particles
possibly with very open structures. A knowledge of the behavior of
agglomerated aerosol particles is, therefore, essential in understanding
and predicting the behavior of aerosol systems within containments. It
is our purpose here to present the rationale for experimentally measuring
the characteristics of sodium oxide agglomerates, to describe the
experimental apparatus that is required to perform these experiments,
and to outline the procedure which is used to analyze the experimental data.

Many researchers have examined agglomerates of aerosol particles
by studying their settling velocities. The settling velocity of a

spherical aerosol particle is obtained by equating the frictional drag 1QQ
force exerted by the surrounding gas on the particle to the gravitational
force causing its downward motion. Accordingly,

67rurUs' 4
— - -S pg (33)

where
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HAARM-2
JAERI Test 10
vT=0 K/cnrA
A= l

HAARM-2
JAERI Test 13
vT=OK/cm\

10' 10 10" I05

Time, sec
10'

FIGURE 2 . COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS FOR
SODIUM OXIDE AEROSOLS IN SMALL VESSEL

u

p = particle material density

r = spherical particle's radius

u - gas viscosity

C = the Cunningham correction factor which accounts for
gas slippage at the gas-particle interface

settling velocity

gravitational acceleration.
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FIGURE 3 . COMPARISONS OF HAA-3B AND PARDISEKO CALCULATIONS



Utilization of Equation (33) to describe the settling velocity
of a nonspherical aerosol particle immediately demonstrates that there
are at least four basic corrections that can be defined to completely
describe the behavior of a conglomerate of primary particles. Accordingly,
we may define the following correction factors: R which represents some
proper characteristic length of the agglomerate structure; y, termed the
dynamic shape factor, which corrects the drag force for the nonspherical
particle shape; and a, the density modification factor, which accounts
for differences in the packing of agglomerates and the fact that the
agglomerate structure includes interstitial "pockets" of gas. Further,
the constants in the Cunningham correction factor C are altered to
account for the varying gas slippage along irregularly shaped particles.
Accordingly, C' which is a function of R replaces C. Equation (33), with
the inclusion of these correction factors, then yields a general form
for the settling velocity of an agglomerated aerosol particle

Us 9 VY
(34)

Clearly, if the settling velocity of the agglomerate gave a complete
description of its behavior, then these corrections could be combined
into a single correction factor which simply describes the variation in
settling velocity due to nonspherical particle structures. Effectively,
a single correction to CR^p could be defined. This, indeed, has been
done by a large number of aerosol researchers and so long as their
results are interpreted properly no serious errors are induced. However,
for accurate modeling of dynamic aerosol systems, further information
concerning the" morphology of the aerosols is required. In addition to
predicting proper settling rates, correct coagulation modeling requires
knowledge concerning the shape of the aerosols so that accurate collision
cross sections for the particle-particle interactions are utilized.

Therefore, a minimum of two corrections are required to insure future
modeling accuracy.

Experimental Equipment

The experimental apparatus required for measuring agglomerate
characteristics is composed of two major sections: a sodium oxide aerosol
generation system and a Millikan-thermal cell in which the actual measure-
ments on the aerosol particles are to be performed. A sodium oxide
aerosol generation scheme has been devised and the appropriate apparatus
designed and constructed. In the apparatus sodium is heated well above
its melting point and oxidized. The sodium oxide aerosol is then
directed into a variable volume mixing chamber where agglomerates at
various stages in their coagulation aging process can be selectively
introduced to the Millikan cell apparatus. The system is designed for
nominal mass concentrations up to approximately 100 yg/cc and sodium oxide
aerosols of all possible sizes are to be examined.

The actual measurements that are to be performed on the indivi-
dual sodium oxide aerosols are done with the Millikan-thermal cell.
The Millikan cell apparatus has a space of adjustable height between two
parallel, horizontal plates where the particles are observed. An
electrical field can be formed between the plates to facilitate handling
of the particles and also to produce accurate measurements of required
balancing forces in various phases of the experiment. Furthermore, a

well-defined temperature gradient can be produced in the air gap by
heating the upper plate and cooling the lower, thus allowing precise
measurements of the thermal forces on suspended sodium oxide agglomerates.
The space between the plates can be maintained at various pressures so
that gas mean free path effects may also be studied. A flow diagram of
the entire experimental system is depicted in Figure 4.

The thermal cell in which the actual measurements on the sodium
oxide agglomerates are performed is similar in design to those used by
previous investigators. Chromel-alumel thermocouples are attached to
each cell face for temperature measurements. The cell faces are parallel
with a 3.505-mm space between them. The faces have diameters of 31.7 mm.
To provide balancing forces in the thermal cell an electrical potential
is applied across the parallel faces with high voltage supply which has
a range of 0 to 1200 volts in steps of 0.10 volts. The light scattered
from the aerosol particles is visible through a long focal length (50 X)
microscope.

Experimental Measurements

In order to ascertain the aerodynamic behavior of agglomerated
sodium oxide aerosols, several detailed measurements are performed in the
Millikan-thermal cell. The aerodynamic experimental measurements are
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divided into two categories. The first category involves experiments in
which spherical sodium oxide particles were examined. The results from
these measurements provide basic information required for direct analyses
of results obtained from the second category of experiments in which
agglomerates are to be examined.

In the first category of experiments, sodium oxide aerosols
were produced in a manner such that there were large numbers of primary
aerosol particles created. A small amount of sodium was burned in a
large auxiliary combustion chamber (1.91 x 10^ cufi) and air was passed
directly over the burning sodium to disperse the oxide aerosol cloud
immediately. Electron micrographs indicate that spherical primary
particles were indeed created in this process.

Following the introduction of the spherical sodium oxide
aerosol particle into the Millikan-thermal cell, several measurements were
performed. Initially a vertical electric field was established in the
cell which either opposed or assisted the downward directed gravitational
force on the particle. If it opposed the gravitational force, a suffi-
cient voltage gradient was applied so that the particle rose in the
electric field and its rise velocity was recorded. The field was then
reversed and the particles' fall time was measured. The difference in
the particles' rise and fall velocities is directly related to its mass.
The number of charges on the aerosol is then altered by radiation ioni-
zation of the surrounding gas. Rise and fall velocities are again recorded.
After several charge variations and rise and fall velocity measurements,
it is possible to deduce exactly the number of charges on the aerosol
corresponding to each rise-fall combination. The rise and fall velo-
cities are performed at several pressures in order to determine the
Knudsen number dependence of the particle mobility.

rise velocity at pressure p ^ and X. the gaseous mean free path at
pressure p.. Similarly, when the field is reversed the electrical and
gravitational forces are balanced by the drag force and the following
equation results:
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neV
S

6TTJJR U,

1 + C X./R
m 1

+ mg = 0 . (37)

Here Uf is the falling velocity of the particle at pressure p.. We note
at this point that Equations (36) and (37) contain three unknown quanti-
ties: R, m, and C . An additional independent equation is supplied
when either a rise or a fall velocity at a new pressure, p«, is determined.
For a rising particle, Equation (24) is rewritten for pressure p_:

neV
S

6TTUR U

1 + C A /R
m L

= 0 , (38)

where Uj., is the measured rise velocity at pressure p, and X, the corre-
sponding gaseous mean free path.

These three equations yield the following expressions for the
three unknown quantities, m, R, and C :

Data Reduction Scheme

The primary objective of the measurements on the spherical
sodium oxide aerosol particles was to permit an accurate estimate of the
first order slip correction factor for the sodium oxide-air particle
material-gas combination. For spherical aerosols, the slip correction
may be written to first order as

(U - U )
neV 1 1
gS (U + U )

1 r l

(39)

C = 1 + C X/R
m

(35)

where C is the slip correction to Stokes law, C a dimensionless constant
dependent only upon the gas and aerosol particle material, X the gaseous
nean free path, and R the sphere's radius. When, at a given pressure
Pj, an electric field of sufficient magnitude to raise the particle
against the force of gravity is established, a steady motion of the
particle results as the electrical force on i t is just balanced by the
gravitational and drag forces. Accordingly, the following equation
describing the particle motion applies:

and

ufl)(x2/x1 -
(40)

(41)

neV
S

6iruR U

1 + C X/R
m

- mg = 0. (36)

Here n is the number of electronic charges e on the aerosol, V the applied
voltage difference, S the plate spacing, m the particle's mass, Ur i the

Results of the slip coefficient measurements for several sodium
oxide aerosols are presented in Table 2. The average slip coefficient was
found to be 1.37 for the sodium oxide aerosol in air.



TABLE 2. RESULTS OF SLIP COEFFICIENT MEASUREMENTS

Particle
Number

Particle
Radius, pm

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17
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0.244

0.254
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