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Introduction
The prospect that the continued development of fast 

reactors fueled with plutonium will result in an abundance 
of these reactor types requires careful consideration of their 
safety aspects. Numerous safeguards engineered into their 
construction and operation should cope with nearly all fore­
seeable accident conditions of the first and second level.

When consideration is given to the third level of reactor 
safety, i.e., to the highly unlikely occurrence of a simulta­
neous failure of all protective systems at the time of a 
reactor accident, it must be assumed that the coolant is 
expulsed from the core and gross melting and vaporization of 
the fuel occurs.

In the case of sodium cooled fast breeder reactors fueled 
with plutonium-uranium oxide, the hypothetical accident predi­
cates gross melting of the fuel, compaction of the core pro­
ducing a prompt critical reactor period, followed by vaporiza­
tion of fuel and coolant to the containment vessel. The 
resultant vapor will condense into an aerosol composed of 
and UC>2 mixed with Na. The time dependent behavior of the 
aerosol with respect to coagulation, settling, wall plating, 
particle size distribution, and particle density is of interest 
to persons concerned with the possible effect of such an acci­
dent on the rate of leakage from the reactor containment and 
its impact on siting considerations and salvage operations.

*This research was performed under the auspices of the USAEC.
**This paper was presented at the Symposium on Operating and 
Developmental Experience in the Treatment of Airborne Radio- 
Active Wastes, New York, Aug. 26-30, 1968. Sponsored by IAEA.
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The extremely low human tolerance for plutonium is for 
many situations the determining factor over the radiation 
effects of fission products--'-^; therefore, fission products 
have been excluded from the initial phases of this study.
Experimental Apparatus and Procedure

All of the experiments were carried out using a resistance 
heater to rapidly vaporize the materials into a flowing gas 
stream. The heater assembly consisted of a high resistance 
ribbon filament suspended between two water-cooled copper 
blocks. Utilizing a power-stat and a 12-volt a.c. power supply, 
a current of 500 amperes was passed through the filament on 
which the sample was placed. A temperature of 3000°C could be 
attained in 3 to 5 seconds. The compound PUO2 melts at 2390°C, while UO2 melts at a somewhat higher temperature of 2840°C.^ 1 
Therefore, the PUO2 vaporization experiments were carried out 
at «2700°C, while a temperature near 3000°C was required to 
vaporize equal quantities of UO2 and Pu02-U02 mixtures in simi­
lar periods of time. The vaporization usually required from 
30 to 45 seconds to be completed, depending upon the sample 
size. In some of the initial PUO2 experiments, the vaporiza­
tion was done in a small chamber and the aerosol transported 
by a gas stream through a duct to the settling chamber. In 
these experiments, the gas flow was maintained at ^50 cc/min 
during vaporization and was terminated after the visible aero­
sol fume was carried into the settling chamber. The fuel 
vaporization apparatus was installed directly on the floor of 
the main settling chamber for all runs with UO2 and the latter 
ones with PUO2•

Although experiments were carried out in which the sodium 
and fuel oxide were both placed on the heater filament, it was 
generally more satisfactory to vaporize the sodium with a 
separate resistance heater located adjacent to the main fila­
ment. Because of the widely differing vapor pressures of PuC^ 
and sodium, the sodium could be readily vaporized at tempera­
tures below 900°C, considerably lower than those required to 
vaporize the fuel. Experiments were done in atmospheres of 
argon, nitrogen, and air with relative humidities as high as 
70%. Numerous preliminary screening experiments showed tanta­
lum carbide to be the best filament material, producing no 
detectable aerosol in all "blank" experiments except in those 
of high moisture levels.

Several settling chambers were employed during the course 
of these experiments. Due to the health hazard associated with 
plutonium, all components of the apparatus were enclosed within 
a glove box. This severely restricted the maximum size of the 
settling chamber which could be employed in these studies and 
necessitated the use of chambers which could be readily removed
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from the glove box and replaced. Therefore, the larger cham­
bers of 1 cubic meter and 0.75 cubic meter in size were con­
structed of a specially treated polyethylene material, 0.006 
gauge Antistatic Polyethylene Film. The height of both of 
these enclosures is one meter. A Lucite settling chamber, 0.40 
meters in height, was also employed. The surface-to-volume 
ratio of each of these enclosures was 6.0, 6.6, and 30 m“^, 
respectively.

Since the primary objective of these studies was an inves­
tigation of the quantity of plutonium oxide remaining airborne, 
emphasis was placed on sampling the airborne concentration and 
size distribution as a function of time. This was accomplished 
using thermal precipitators. Their principle of operation is 
based on the thermophoresis effect.!^] Briefly, a gas sample 
is withdrawn from the aerosol enclosure at the rate of cc/ 
min for several minutes. The gas stream containing the aerosol 
particles is drawn past a hot wire. The aerosol particles 
deposit on electron microscope grids located in the center of 
the plugs inserted in each precipitator. The carbon-coated 
microscope grids are attached to the face of each plug. These 
are then inserted into the hole adjacent to the wire for each 
sampling operation. The plugs are removed after the sample is 
taken and the grids are mounted in a Phillips EM 100B electron 
microscope for examination.

Pictures are taken of the representative particles depos­
ited on the carbon coating. The count mean diameter of the 
aerosol particles is determined using a Zeiss TGZ3 particle- 
size counter.

A number of calibration experiments showed the over-all 
particle collection efficiency of these precipitators to be 
better than 95% for the particle size ranges of interest in 
this study. The plutonium mass concentration data was obtained 
by alpha-counting of the plutonium deposited on the grids. In 
addition, plate-out sampling of the floor and walls of the 
QTclosure was done in some experiments.
Results

The vapor of both Pu02 and UO2 condenses into cubic crys­
tals that form into long twisting chains characteristic of 
metal oxides. See Figures 1 and 2. The experimental results 
showed that the nature of PuC>2 vaporized into nitrogen, argon, 
and dry air was essentially the same. In each case the indi­
vidual nucleated particles rapidly agglomerated into branched 
chains typified by those shown in Figures 3 to 5. Figure 3 is 
an enlargement of one opening of an electron microscope grid 
and shows the typical flocculent appearance of the particles 
and their widely varying size distribution. Figure 4, an
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enlargement of several of the agglomerates, shows the cubic 
structure of the individual particles making up the agglomerate 
with some sodium present. These structures are typical of 
oxide particles nucleating from a vapor phase.

Experiments in which sampling time and gas flow rate 
through the thermal precipitator were varied, clearly showed 
that these agglomerates accurately represent the character­
istics of the airborne material and are not built up on the 
collection surfaces. Unlike cascade impactor sampling, the 
thermal precipitators do not have the tendency to destroy the 
original gas phase agglomerate structures. Figure 5 reveals 
the three-dimensional nature of the particles. This photo­
graph is a shadow-graph of a aerosol deposit which was
made by vaporizing chromium oxide onto a collection grid 
tilted at an angle of 30° to the vaporizing source beam. The 
light areas are due to a lack of deposited chromium oxide 
caused by the vertical structure of the particle protruding 
between the vapor path and the inclined grid surface.

Visually, deposits of PuC>2 and UO2 aerosols appear to be 
similar as seen in Figures 6a and 6b. It is evident that both 
UC>2 and PuC>2 aerosols are composed of chainlike agglomerates 
made up of small cube-like particles. The UO2 agglomerates 
are usually somewhat larger in physical size than the cor­
responding PuC>2 ones, resulting in a more rapid settling of 
the pure UO2 as well as mixed PuC^-UC^.

A plot of the change in airborne plutonium mass concentra­
tion as a function of time is shown in Figures 7 and 8 for the 
17.4 liter and 0.75 cubic meter chambers, respectively. Invari­
ably, the aerosol mass concentration initially drops very 
rapidly, leveling off to a much slower rate of decrease after 
the initial period. Usually, several days of settling time 
are required before the airborne plutonium oxide concentration 
drops below 10~7 g/m^, the limit of detection. The behavior 
of pure PUO2 shown on Figure 8 indicates the concentration 
drops through three orders of magnitude in two days with a 
leveling off at 10-5 g Pu/rn-^ which is four times the back­
ground alpha count. This aerosol was generated directly in 
the chamber. The concentration reaches zero or background 
count after one week's time in the three-quarter m^ chamber.

The aerosol particles within the agglomerates, as well as . 
the size distribution of the agglomerates themselves, are well 
represented by a log-normal distribution. That is, the number 
of particles per unit volume of diameter d, n^, are adequately 
represented by the relationship:
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where N is the total number of particles per unit volume, d 
is the count mean diameter (CMD) and a is the standard deviation. The individual particles o? an agglomerate range 
in size from 30 & to 0.04 |j and have a standard deviation 
around 2.0.

The count mean diameters of the PuC^ agglomerates were 
usually found to be within the range 0.15 to 0.20 p with a 
ranging from 1.7 to 2.0. Typical plots of the log-normal dis­
tribution of an aerosol sampled at 10 minutes, one hour, and 
seven hours are shown in Figures 9a, 9b, and 9c, respectively. 
The particle sizes for Figure 8 are initially 0.128 [i to 0.178 
microns after 27 hr. The geometric standard deviation went 
from 2.0 to 2.8 at 27 hr.

To investigate the nature of mixed PuC^-Na aerosols, an 
aerosol with a Na/PuC>2 ratio of 12.5:1 was generated in the 
0.75 cubic meter chamber containing dry nitrogen gas. The 
aerosol was found to consist largely of composite Na-PuC^ 
aggregates after one hour of settling. After 48 hours, no 
particles were observed in the samples, and the alpha count 
had dropped to about four times background. These results are 
similar to the ones obtained with a Na/Pu02 ratio of 75:1.
The variation of count mean diameter with time for this 
experiment is shown in Figure 10. The CMD is seen to reach a 
maximum between 0.6 and 0.8 microns in one to two hours of 
settling time. Subsequently, the larger particles settle leav­
ing airborne ones with a CMD of around 0.23 microns. A plot 
of the Pu02 mass concentration as a function of time is shown 
in Figure 11. The PuC^ mass concentration was found to 
decrease by three orders of magnitude in 24 hr from a measured value of 10 mg/m^ sampled at 5 min. The nominal initial PuC>2 
mass concentration was 56 mg/m^, based on the quantity of PuC>2 
vaporized into the chamber.

A picture of the PuC^-Na aerosol taken at a magnification 
of 224,000 clearly shows the cubic structure of the PuC^ crys­
tals as seen in Figure 12. A coating of lighter density sodium 
or sodium hydroxide along with larger sodium spheres is also 
visible. The PuC^ cubes range in size from <50 8 to about 0.1 
microns, and are generally smaller in size than the UC>2 cubes 
shown in earlier reports. The aggregates of Pu02 are composed 
of many of these small cubic particles.

The possibility of aerosol resuspension as a result of the 
agitated movement of the settling chamber walls was
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investigated. The chamber was sampled prior to and after the 
chamber was collapsed from the sides and bottom following a 
plutonium aerosol run. No particles were found on the thermal 
precipitator sample grids before or after the agitation, indi­
cating little or no resuspension due to movement of the cham­
ber sides. Therefore, the persistent nature of the airborne 
plutonium concentration is evidently associated with the 
physical characteristics of the aerosol.

A UC>2 aerosol was generated in the 0.81-m^ chamber con­
taining nitrogen gas with a relative humidity of 70%. The 
aerosol had an initial mass concentration of 30 mg/m3 and a 
CMD of 0.13 microns, with a of 2.4. A plot of the CMD 
measured over a period of two days is shown in Figure 13. The 
CMD peaked at five hours, reaching a maximum value of 0.365 
microns and leveling off to 0.088 microns at 52 hours. The 
nearly spherical agglomerates typical of high humidity are 
shown in Figure 14. This aerosol sample has a a of 2.49. 
These data are similar to those obtained in the Na-UC>2 experi­
ment at 27% R.H. In the earlier Na-UC>2 experiment, the parti­
cle size reached a peak value of 0.390 microns at 5 hours.

A log-normal size distribution is observed in 
nearly all runs as shown in Fig. 15 with pure UO2 at 70% 
humidity at 5 hr 18 min; however, after 28 hr 18 min, an 
anomaly is found (see Figure 16). There is a break in the 
curve below the 50% point, the sigma increases to 3.47. This 
was also observed in a Na-UC^ run at 70% humidity below the 
20% point when additional high magnification photographs of 
the smaller particles were analyzed (see Figure 17a and 17b) . 
This size distribution is not produced by separate Na and UO2 
particles but by combined Na-UC^ particles as shown in Figure 
18. The break is at about 0.3 microns and continues below 0.1 
micron at which point the curve resumes its original slope. 
Less than 2% of the particles are below 0.05 microns. It is 
possible that with high humidity chemical reactions occur 
and spherical agglomeration with moisture absorption lead to 
a particle size distribution that is not log-normal.
Discussion

It is a well-known fact that high number density aerosols 
rapidly coagulate. Most experimental evidence indicates that 
coagulation results in nearly every collision. Consequently, 
the reduction in airborne plutonium concentration is mainly 
due to settling, while plateout on walls generally accounts 
for only 10 to 15% of the total material in our experiments. 
Airborne particles are known to settle according to Stokes 
equation for Reynolds numbers below 0.1. The Stokes velocity 
is given by the equation;



i_
s 18 n

where d is the diameter of the particle, p its effective den­
sity, g the acceleration due to gravity, and r\ the viscosity 
of the gaseous medium in which settling is occurring.

Following the work of others a computer program was
developed to solve the equations expressing the simultaneous 
agglomeration and Stokes settling of an aerosol. Using the 
experimental data on the particle size distribution and num­
ber density of some PuC>2 aerosols, agglomeration coefficients 
were evaluated. Values ranged from 3xl0“9 to 9x10“-*-^ cm-^/sec. 
For the particle radius, r^, dependence versus time, the com­
puter predicted trend was in general qualitative agreement with 
the experimental data. In addition, the time dependence of the 
total airborne mass concentration was evaluated by integrating 
the product of the number density, the individual particle 
volumes and the particle density over all values of the parti­
cle radii. The calculated mass concentration behavior with 
time did not quantitatively agree with the leveling off 
observed experimentally, indicating that the particle density 
varies with time.

Due to the relatively large different time scales in which 
the two processes operate, it is possible to use simplified 
equations in a semiquantitative manner. That is, initially 
agglomeration is very rapid while settling is relatively unim­
portant; for intermediate times of several minutes to several 
hours, settling is the dominant process while relatively little 
agglomeration takes place.

Sinclair^] hag developed an approximate solution to an 
equation expressing the time dependence of the airborne mass 
concentration accounting for the settling of heterogeneous 
stirred aerosols.

d_
dt In Mt S.OxlO5 (where (V t)/h«l) .O

In this relationship, h is the height of the enclosure in centi­
meters, p the particle density, and dg is given by the equation

log dg = 2 log d^ + 18.424 log^ Cg.
The use of the diameter dg, in conjunction with Stokes law, 
adequately accounts for the distribution of particle sizes. 
The use of the mass mean or count mean diameter is not appro­
priate. Integration of (d In Mt)/dt yields an equation for 
the fraction, f, of an aerosol remaining airborne as a func­
tion of time. Therefore,
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t) .f = exp(-3.0x10^ h
CGS units are to be employed here. Consequently, the settling 
behavior of an aerosol can be determined from the product pdg .

In our experiments, the initial behavior of the pure 
Pu02 and the mixed PuC^-UC^ aerosol is in good agreement with 
the approximate theory. Figure 19 shows that all of the 
PuC>2 data, within experimental scatter, can be represented by 
a single semilog plot of the fraction of PuC>2 remaining air­
borne as a function of t/h. The deviation from a straight 
line after a decrease of approximately one order of magnitude 
is undoubtedly due to a decrease in the product pdg with time. 
Although in theory the particles are growing with time, they 
are forming chain-like "fluffy" agglomerates whose density is 
much less than the theoretical (11.46 g/cm^). The particles 
are likely to be of theoretical density immediately following 
nucleation. Particle densities ranging from 4 g/cm^ to <1/2 
g/cm^ were experimentally observed after several hours of 
agglomeration.

Our preliminary work indicates that the time dependence 
of UO2 and mixed PUO2-UO2 aerosol mass concentrations is some­
what different from that of pure PUO2• This difference is 
shown in Figure 19 for the case of a 20 wt % PUO2-8O wt % UO2 
aerosol. The U02 and Pu02-U02 aerosols settle more rapidly, 
probably due to a larger over-all pd^. It is not too sur­
prising to expect UO2 and PUO2 aerosols to differ somewhat in 
behavior since the vapor pressure relationships for these two 
oxides are considerably different, and they vaporize by dif­ferent processes. ^^^ 1

The fraction remaining airborne shown on Figure 19 indic­
ates the effect of mass concentration on settling rate. At 
0.050 g Pu/m^ the fraction decreases one order of magnitude 
before leveling off. At 2.0 g Pu/m^ the fraction decreases 
two orders of magnitude; however, the initial pd^ line remains 
constant at 0.458xl0"6. Therefore, the product of the initial 
densities and diameters are equal. The lower mass concentra­
tion gives smaller particle sizes after several hours by a 
factor of two and the sigma increases to 2.8. No peak in CMD 
is observed as it was in the Na—PUO2 run (Figure 10). It is 
evident that the Na contributes to the peak at 0.78 microns, 
while in PUO2 alone, the range of values is 0.128 to 0.22 at 
the end of the run. A slight peak at 0.275 |a is observed at 
three hours.

A conservative estimate of the product pd^ can be obtained 
from the slope of the dotted straight line shown in Figure 19. 
This value should be adequate for estimating the first one to
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two orders of magnitude drop in concentration. It is worth­
while noting that the product of the theoretical density and 
d^ calculated from experimental dg(CMD) and Og values is in 
good agreement with that obtained from the figure. Obviously, 
whenever possible, it is preferable to use the product pdg 
deduced from the time dependence of the airborne mass concen­
tration. Since this value is based on the aerodynamic char­
acter of the particles, no correction for their nonsphericity 
is needed.

The presence of sodium has some effect on the PUO2 aero­
sol mass concentration behavior as seen in Figure 20. For 
sodium to PuC^ ratios of 1, the long-time behavior of the 
aerosol is very much like that without sodium. However, with 
larger sodium-to-PuCU ratios, the experimental results indi­
cate that the aerosol remains airborne for a much longer period 
of time. This observation is not unexpected. Since the den­
sities of both sodium and its oxide are quite low compared with 
PUO2, the composite agglomerates, although larger in size, have 
a smaller density than the agglomerates of pure aerosols. This 
leads to a smaller value of pdg and a more persistent aerosol.

At this time, we recommend the use of the following equa­
tion for making conservative estimates of the fractional 
decrease in aerosol concentration with time. In the absence 
of large excess of airborne sodium,

/-1.37xlO-3 A
f = exp v—h— 7-

Where large quantities of sodium (or its oxide) are vaporized 
together with PuC^, this relationship may be a valid conserva­
tive estimate for very short times. In this.equation, h is 
the height of the reactor vessel in meters and t is time in seconds.
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FIG. 12
Cubic Pu02 aerosol particles 
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Figure 11
Na-Pu02 aerosol.
Mass concentration variation of Na-PuC^ aerosol

Figure 12
wtih time m 0.75 m chamber
Cubic P11O2 aerosol particles with NaOH spheres.

Figure 13 Variation of Count Median Diameter with time for

Figure 14
UO2 aerosol in 70% relative humidity.
Typical spherical UO^ agglomerates in 70% relative

Figure 15
humidity.
Particle size distribution of UO2 aerosol in 70%

Figure 16
relative humidity at 5 hr and 18 min.
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Figure 17 a 
and 17b

Figure 18

Figure 19

Figure 20

Particle size distribution of Na-U02 aerosol in 
70% relative humidity at 5 hr and 18 min and 
28 hr hr and 18 min, respectively.
Combined Na-U02 particles produced in 70% 
relative humidity.
Behavior of pure Pu02 aerosols and mixed Pu02~ 
U02 aerosol.
Behavior of mixed Pu02-Na aerosols.
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