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In the hypothetical accident of LMFBR, it is assumed that nuclear
aerosol, mainly sodium oxide aerosol containing fuel material, is dispersed
in the reactor containment vessels. Decrease of the aerosol concentration
in the containment may be governed by settling of the aerosol. In analysis
of the aerosol behavior, the density of aerosol particles is important together
with the particle size distribution. The value of density of nuclear aerosol
is not available yet. The present work was undertaken to obtain the average
apparent densities of sodium oxide, uranium oxide and their mixed aerosol, using

the measurements of settling velocity and size distribution.
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1. Introduction

As a fast breeder reactor uses plutonium fuel, the behavior of
plutonium aerosol in the event of an accident constitutes quite an impor-
tant factor in the safety analysis of the fast breeder reactor. Assuming
that in the case of a hypothetical accident of an FBR, aerosol materials
(nuclear fuel materials, sodium coolant, structural materials, etc.)
disperse into the reactor containment, evaluation of its concentration by
the lapse of time is highly important for the evaluation of its leakage
inte the environment.

The velocity of aerosol concentration decrease in the reactor contain-
ment is largely dominated by the settling phenomenon of the coagulated
particles produced by the collision effect. Especially, as to the
apparent density of the mixed aerosol of nuclear fuel and sodium oxide,
though is closely related with the decrease of aerosol concentration by
its settling, there has been yet undertaken no experiment to determine
the data of its apparent density. Even the literature relating to the
neasured data of aerosol particle density is relatively scarce, except
those measured by use of MILLIKAN cell.l) Generally, the density of
aerosol particles is affected by frequency of collision agglomeration.
However, it can be seen that in the collision above 10 particles, its
density becomes constant with 0.63 relative density (apparent density/
theoretical density) in the case of spherical mono-dispersed aerosol
(stylene particle aerosol), but in dispersed aerosol, its agglomeration
2)

is rough and its relative density is extremely small. Generally, the

relative density of chain like aerosol particles is considered to be 1/10
for the theoretical density of its material.

The present experiment obtained the data of the average apparent
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density of aerosol particles of such sodium oxide and the mixture of
uranium oxide and sodium qxide which are the poly-dispersed aerosol by
Stokes' formula of sedimentation. The measured values can be used as the
input data of the computer code (ABC Code) to calculate the release of
nuclear fuel aerosol from the reactor containments_into the environment

under a hypothetical accident of FBRs.

2. Procedure of Experiments

The vessel which was used as the test apparatus in this experiment
is two meters in height and 0.8 meters in inner diameter. The total
capacity of this vessel is about 1 m®, Its inner wall surface is of
mirror-finish. Installed inside the vessel are a burning pot type
electric furnace to generate sodium oxide aerosol and an arc-melting unit
to produce uranium oxide aerosol. There is provided a sampling hole at
the bottom of the vessel for collection of settled aerosol particles.

The experiment was conducted by blowing air to metallic sodium, and
by arc-melting metallic uranium in argon atmosphere and burning the
produced vapor in air to produce Na,0 and UjzOgaerosols. The mixed aerosol
was produced simultaneously by changing the combustion rate of both sub-
stances, and aerosol was sampled when both kinds of aerosol were suffi-
ciently agglomerated. The relative humidity inside the vessel was
decreased from 62.6 % (26.5°C) (absolute humidity 25.1mg-H,0/liter) to
32.7 % (23°C) during this time. Filters were used for the sampling of
aerosol in gas phase, and for collecting of settling particles which were
placed at the lid of the sampling hole by opening it to correct the set-
tling particles. For the settling particle, there is placed an electron-

microscopic measuring grid onto the filters. The particle size distribution
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was measured by the electron—microscopic method which counted the number
of aerosol particles settled on the filters. The measurement of particle
size was performed by use of aCarl Zelss particle analyzer, by which the
photograph of aerosol particles taken by the electronmicroscopic camera
is projected by circular spot light, so that the pa;ticle diameters are
measured as equivalent to the projected area of spot. The measurement of
particle size was conducted on 1,000 aerosol particles by two persons,
each person measuring 500 aerosol particles, in order to reduce personal
errors to the minimum. For the chemical analysis of the mixed aercsol,
‘the atomic adsorption method was employed for sodium oxide and the photo-

electric calorimetry of arsenazo-1I1 was used for uranium oxide.

3. Calculation of Average Apparent Density of Aerosol Particles

The gas inside the experimental vessel is uniformly mixed at the time
of aerosol generation, and both kinds of aerosol of uranium oxide and
sodium oxide may be assumed to have collision and agglomeration of more
than 10 particles, and that the mixed aerosol may settle down in the form
of log normal distribution in gas phase. Assuming also that the large
size aerosol particles produced by agglomeration may sediment at the
velocity of vs(rk), the weight per unit area A of derosol sedimented on
the filter during the time At is calculated by;

w®
Wep & L (% mEN (DY (r) Jot

k=1

+pOA by {iﬂ

3 2k (1)
r°N, (t) &— rAt 1
g 3 TRk 8g

Here, p_ is the average apparent density of aerosol particles; r) is the

radius of the k-th class particle, and Nk(t) represents the number of
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Here, Py is the average apparent density of aerosol particles; ry is the

radius of the k-th class particle, and Nk(t) represents the number of
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airborne aerosol particles per unit volume at time t in the vessel. While
Dy is the diffusion coefficient of the k-th éiass particle, and 6d
represents the thickness of its diffusion—boundary layer.

The effect of the diffusional plating of the 2nd term of Eq.(1l) is
dominant to micro-fine particles, and has no such large effect as its
sedimentation effect, and thus the term of diffusional plating can be
ignored. However, if the diffusion-boundary layer is assumed as
84 = 1,000 um, the apparent density becomes somewhat smaller value (at a

few % level) than the average apparent density considering gravitatiomal

‘sedimentation alone. In order to obtain the average apparent density

assumiﬁg Eq.{1) has the gravitational sedimentation effect alone, the
value of particle number concentration Ny becomes necessary. The value of
N, may be obtained by the following equation assuming aerosol has distrib-
uted in log-normal distribution:
2
Np(t) n (rk/rg(t))

Av
k 3v2 inog =P 28n Ué(t) Vi

Here, NT(t) is the number of the total aerosol particles floating per unit
volume at time inside the vessel, and rg(t), Ug(t) represent respectively
a logarithmic mean particle radius and a geometric standard deviation of
aerosol at time t. Av represents the minimum unit for dividing the volume
of aerosol particles.

When the aerosol particle distribution is log-normal, the total
particle number Np(t) floating per unit volume is established in the
relation with aerosol concentration C(t) in gas phase by the following

equation:’

C(t) (3)

4 3 2
3 Trrg(t)po exp(4.50n Ug(t))

NT(t) =
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Here, rg(t), Gg(t) and C{t) are the actually measured values, and the
value of NT(t) is introduced from Eq.{(3) and substituted into Eq.(2) to
determine the value of Nk(t).

Considering the sedimentation of aerosol particles depend on the
equation of Stokes, the sedimenting velocity of aerosol particles follows
the following formula:

ZQOg . Ak)\ .
Vs(rk)=_9p_rk(l+_r;) (4)

Here, vs(rk) is the sedimenting velocity of aerosol particles, g represents
the gravitational constant, U the air viscosity, A the mean free path
and A; 2 Cunningham's constant. By substituting Eq.(2) - Eq.(4) into

Eq. (1), the average apparent density of aerosol particles P is calculated

by;
A wn? (ry, /v, (£))
2g 2 k _ kitg
10000 oy, (D) A+ 0 expl- —rry ]
3 g Ar
po = W/AAt L rp(t) “r
k=1 32w fnogrd (t) exp(4.5 tn?og(t)) k
(5)
where, Ar : radius of the minimum unit

At : opened time of sampling hole.

If gas phase aerosol concentration C(t) at any time, the weight flux
(W/AAt) of the aerosol particles settled on the filter, and the aeroscl
particle size rg(t), Ug(t) are determined from this experiment, then the
value of average apparent density is calculated from Eq.(5). The integra-
tion of Eq.(5) was performed by dividing into 10,000 particles from k = 1

in order to minimize calculation errors.
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4. Sphericity of Aerosol Particles

The measurement of aerosol particle diameter is performed by use of
the radius of a circle which has the equivalent area as that of the
projected particle area. This particle diameter measuring method is
frequently used and is called Heywood diameter. Wadel (1933) thought
that two particles having equivalent surface area and equivalent volume

have the same spherical configuration, and defined the following formula

of degree of sphericity:

Surface area of the volume equivalent
sphere to the volume of the actual particle
Surface area of the actual particle

Yw =

Diameter of a circle equivalent to projected
. _area of particle (6)
Diameter of the smallest circle circumscribed
with the projected area of particle

The configuration of aerosol particles of uranium oxide is in the
form of chain, but as mixed with sodium oxide, it changes into near
spherical form (refer to photograph). Generally, the settling velocity
of non-spherical aeroscl particles is slower than the sedimenting velocity
by Stokes formula of Eq.(4). Here assuming that Stokes velocity as vg,
and that the actual measured settling velocity of particle as v, the
correction factor is given by K = vc/vs. Consequently, the settling
velocity of non-spherical aerosol is given by the following formula:

2KPg

v, = Kvg oM r> (1 + - ) (")

)

Here, it was defined as p_ = Kp. Pettyjohn (1948)3 actually measured
o y3

the settling velocity of various fine particles in water and discovered

that the following empirical equation can be used in the laminar flow
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region (Re < 0.05) between Wadell's degree of sphericity and correction

factor K:
Yo
K = 0.843 fLog 0.065 (8)
Here, if particles are in perfect sphere, it is YW = 1.0, and the wvalue of
K naturally becomes 1.0, thus showing good agreement with Stokes settling
velocity.

The degree of sphericity of uranium oxide and sodium oxide aerosols
as well as the mixed aerosol is expressed by the ratio between the pro-
jected equivalent diameter of particles and the circumscribed circle
diameter of particles as shown by Eq.(6). The degree of sphericity ¥, of
aerosol was obtained by double counts of 50 particles for each circular
equivalent diameter and the circumscribed circle diameter of the dispersed

aerosol obtained by microscopic photographing.

5. Results of Experiment

This experiment to measure the average apparent density p, of sodium
oxide (Na:0) aerosol was undertaken by reiterating four tests (Run 1-4)
by changing the combustion degree of metallic sodium inside the experi-
mental vessel. Fig.l shows the rate of Na:0 aerosol concentration
decrease floating in the experimental vessel. From this diagram, the
value of aerosol concentration C(t) was obtained for computation of
average apparent density. Fig.2 represents the sedimentation rate of
aerosol deposited on the‘filter with an area of A = 13.1 cm® at the
sampling hole of bottom in the vessel. From the values given in Fig.Z,
the settling flux (W/AAt) of aerosol was obtained in terms of its values.

Fig.3 and 4 show the measurement of particle distribution by sampling the
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the sédium oxide aerosol deposited on the electron-microscopic -grid
installed on the filter. As the result, the values of rg(t) and Gg(t)
were obtained.

By the above means, all the values of the gas phase concentration
C(t) at the time of the aerosol sampling, the deposited flux {(W/AAE) omn
the filter, logarithmic mean radius of particles rg(t), geometrical
standard deviation Gg(t), etc. were determined and thus by use of Eq.(5),
the value of their average apparent density was obtainea.

Fig.5 shows in the same diagram simultaneously the concentration
decrease rate inside the experimental vessel for the chain like aerosol
of uranium oxide (U30s) and the sedimentation rate of uranium oxide aeroscl
deposited on the filter installed at the bottom of the vessel. Fig.6 and
7 similarly show the aerosol particle size distributions of chain like
uranium oxide aerosol. The dotted plots in the figure represent the

cumulative percentage of aerosol vs. particle diameter measured by the

projected circle equivalent diameter up to 0.2 um. The circle plots

represent the cumulative percentage of aerosol vs. particle diameter
eliminating those below 0.2 um. The values of rg(t) and Og(t) obtained by
both straight lines are somewhat different from each other, and this
difference presents a considerably large fluctuation gap for the value of
the average apparent density (refer to Table 1-(b)}.

Fig.8 shows the decrease of aerosol concentration in the case of
uranium oxide and sodium oxide mixed aerosol (85 wt.% in terms of U3Os
converted weight percenﬁ), and the plot C) represents sodium oxide aerpsol
and " plots are uranium oxide aerosol, while the plot A represents the
total C(t) of the concentration of both aerosols. Fig.9 shows the sedi-
mentation rate of éach type of aerosol deposited on the sampling filter.

Fig.10 shows the particle size distribution of the mixed aerosol in the
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case of Ui0s weight percentage being 85 wt.%Z. Each of them is compatible
with the log-normal distribution.

Fig.1ll also shows the concentration decrease of sodium oxide and
uranium oxide in the gas phase for mixed aerosol. Run 8 shows the uranium
oxide (U303 converted)} weight percentage is 21 wt.%_agéinst sodium oxide,
and Run 7 shows it is 6.7 wt.%. Similarly, Fig.l12 shows settling sodium
oxide and uranium oxide deposited on the filter in the case of Run 7 and
Run 8 respectively. The particle size distribution of the mixed aerosol
deposited on the grid in the case of Run 7 maintained log-normal distri-
bution as shown in Fig.l13. But the particle size distribution shown in
Run 8 was not compatible with straight lineality as shown in Fig.l4. The
reason is considered that either the aerosol particles deposited on the
electron-microscopic grid installed on the filter failed to sample the
mother group of the accurate particle size distribution, or it might be
that the coagulation of sodium oxide aerosol and the uranium oxide aerosol
had not preogressed well. Consequently, the average apparent density
values obtained by Run 8 fluctuated so largely that no constant value was

obtained.

6. Discussion

The photographs show the aerosol particles sedimented on the electron-
microscopic grid installed on the sampling filter at the bottom of the
vessel, and respectively represent the deposited particles of Na:0
aerosol, mixed aerosol and U30s aerosol. U30s aerosol indicated a trend
to become spherical as increased the mixing percentage of Nap0 aerosol.
There is a case that the height of the deposition of aerosol particles on
4)

the grid has been measured by a shadow method. It is thought that even
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the measurement of particle size by the projected area technique may
present no much errors.

The value of degree of sphericity ¥ of aerosol is ¥ = 0.833 for
Nas0 aerosol and ‘Pw = (0.659 for U30s aerosol in the form of chain, while
their mixed aerosol takes the intermedium value. The value of Y 1s
necessary for improving the accuracy of the average apparent density of
aerosol.

Table 1 lists the settling flux (W/AAt) in respect of aerosol parti-
cles as shown in photographs, aerosol concentration C(t), rg(t), Ug(t),
and the lapse of sampling time At as well as the values of average apparent
density obtained by calculation of Eq.(5). At the same time, the values
for degree of sphericity of aerosol particles ¥y of each composition are
also listed. The fluctuation of the average apparent density p, as given
in Table 1 pursued the following statistical processing procedures,

Firstly, (1) the arithmetic mean value (x) of the average apparent
density was obtained, (2) the standard deviation ¢ of each density (mean
square errors) was obtained, (3) then the maximum error A = 30 of each
individual density was obtained, and confirming that they are not deviate
more than A from the value of (x - xi),'and {4) the standard deviation
0, of the sample average was obtained. The aerosol particles of average
apparent density p corrected by use of Eq.(8) have of course substantial
voids or crevices in the particles, and in the case of the chain like
U30g aerosol, the value of its relative density (apparent density/true
density) was about 1/10. It must be noted in the case of 85 wt.% |
(28.9 mole %) of.Usog that the value of average apparent density has
become considerably large. The reason for this is considered that the
chain like U30p aerosol has shrunk with the presence of Nay0 aerosol.

Generally, many of the aerosol density measuring methods use MILLIKAN
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cell. The values obtained by the present experiment are lower in measure—
ment accuracy compared with those obtained by use of MILLIKAN cell. But
no high experimental technique is required in the former case, and even
the fluctuation of obtained values is relatively small. Héwever, the
value of the average apparent density p, is substantially affected by the
values of rg(t), Gg(t). Therefore, sufficient caution must be taken in
determining the particle size distribution.

Considering the deviation from the log-normal distribution as shown
in Fig.l4 has happened only in the case of the experiment of mixed aerosol,
it is assumable that, at the time of aerosel sampling, beth types of
aerosol in gas phase have not completed satisfactory because of coagulation
vet.

The theoretical density of Na,0 is 2,27 g/cm?, and that of U30g is
7.31 g/cm®. Consequently, their relative density is 1/6 for Nap0 and 1/10
for Uas0g aerosol, The value of this relative density of Na,0 aerosol is
gsmaller than the expected value of the éverage apparent density. In
respect to Us;0g aerosol, it has agreed well with the apparent density of

1/10 of the chain like aerosol as generally accepted.
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Data on density of aerosol particles

Sodium oxide aerosol (Naz0)

U3g0eg wt.Z = 0 LPW = 0.833

Settling flux Airbone conc. Ty Og Sampling time o
(g/cm’sec) (g/cc) (um) — - (min.) (g/cm®)
3.26 x 107° 6.90 x 1077 0.46 1.45 8.5 0.58
3.48 x 107° 5.60 x 1077 0.42 1.78 25.0 0.20
3.85 x 10™° 2.80 x 1077 0.71 1.77 302.5 0.17
1.47 x 107° 5,50 x 10”8 0.78 1.66 232.0 0.47
5.03 x 10~*% 5.60 x 1077 0.39 1.76 7.5 0.34
4,95 x 10™*? 4,96 x 1077 0.44 1.61 31.0 0.68
4.63 x 10™° 3.05 x 1077 0.58 1.76 102.5 0.29
3.67 x 10™° 1.29 x 1077 0.80 1.81 234.5 0.24
3.97 x 10™° 1.17 x 10”°¢ 0.93 1.73 33.5 0.31
3.40 x 1071 9.60 x 1077 0.83 1.82 51.0 0.27

Mixed sodium oxide (Na20) aerosol containing uranium oxide (Usz0s) particles
U30g wt.% = 6.7 ¥, = 0.820

8.15 x 107° 4,95 x 1077 0.62 1.81 38.0 0.22

7.50 x 1072 2.81 x 1077 0.67 1.83 103.0 0.28

4.75 x 1072 1.74 x 1077 0.67  1.88 160.0 0.24

3.05 x 107° 0.89 x 1077 0.63 1.78 2440 6.51




Table 1(b)
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Data on density of aeroscl particles

Mixed sodium oxide (Naz0) aeroscl containing uranium oxide (U3;0g) aerosol

Uiz0g wt.? = 85.0

¥, = 0.810

Settling flux Airborne conc. Iy Jg Sampling time Og
(g/cm?sec) (g/cc) (yum) —) (min.) (g/cm®)
5.79 x 107° 4.85 x 1077 0.18 1.78 25.0 2.17
5.12 x 107° 2.90 x 1077 0.24 1.77 72.0 1.84
3.78 x 107°? 1.53 x 10~7 0.26 1.70 186.0 3.13
3.10 x 10~° 1.07 x 1077 0.32 1.61 249.0 3.72

Uranium oxide (U305) aerosol U30s wt.% = 100 WW = 0,659
6.83 x 10710 2.05 x 1077 0.28  1.60 50.0 0.34
6.83 x 10710 2.05 x 1077 0.27 1.86 50.0 0.57
7.97 x 10717 1.78 x 1077 0.29 1.68 126.0 0.59
7.97 % 10747 1.78 x 1077 0.34 2.18 126.0 0.60
8,97 x 10°1°0 1.37 x 1077 0.27 2.04 238.0 0.68
8.97 x 1071° 1.37 x 1077 0.27 2.04 238.0 0.94
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Fig.5 Concentration decrease of uranium oxide (UzOsg )
agerosol and its deposition rate on the sampling

filter in the chamber
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Fig. 10 Particle size distributions of mixed

Na, O-Us Qg aerosol in the case of
Uz Og content. of 85.0 wt.% in the chamber.
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