
BEHAVIOR OF IODINE IN THE PRESENCE OF 
SODIUM OXIDE AEROSOLS* 

L. Baurmash 
C. Nelson 
J. Granger 
R. Koontz 

Atomics International, 
A Division of North American Rockwell Corporation 

Canoga Park, California 

ABSTRACT 

The agglomeration of iodine-131 and sodium oxide particulates has 
been studied for two types of hypothetical Liquid Metal Fast Breeder 
Reactor (LMFBR) accidents. In the first test, the iodine was in the form 
of sodium iodide-131, and was released simultaneously with sodium oxide 
aerosol produced from a pool fire. In the second, the sodium oxide aero­
sol was released into an atmosphere containing molecular iodine-131 
vapor. 

The first type of release simulates an incident in which the fission 
product iodine has reacted to form sodium iodide before the accident. 
The released aerosol consists of sodium oxide and sodium iodide-131. 
Observations of the airborne concentration, fallout rate, plating rate, 
and particle size show that the sodium iodide-131 was agglomerated with 
the sodium oxide, and the aerosol behaved as though it were one material. 
The second experiment simulates a fuel accident in which fission prod­
ucts are released separately from the oxide. As the sodium oxide aerosol 
particles were mixed with iodine-131 vapor, the oxide rapidly scavenged 
a large fraction of the available iodine, reducing the free molecular iodine 
concentration by a factor of 1 o3 in a few minutes. The molecular iodine 
activity was preferentially associated with the smaller sodium oxide 
particles. The sedimentation, filtration, and plating rates were meas­
ured, and the iodine and the mixed aerosol behaved as had been noted 
previously. A plating rate was also established for the iodine vapor 
before the oxide was released. A small residual amount of unagglom­
erated iodine was detected, which was not identifiable as molecular iodine. 
The particulate oxide-iodine aerosol was filterable, with an efficiency 
better than 0.99, while the unagglomerated iodine compound could not be 
filtered by a molecular membrane filter. 

I. INTRODUCTION 

The release of radioactive iodine following a hypothetical Liquid 
Metal Fast Breeder Reactor accident could result in excessive environ­
mental exposures, if the iodine were to remain as a vapor or as very 
small particles, and were to leak from the containment structure as air 
does. If, at the same time, the sodium coolant burns and produces a 

*Work performed under USAEC Contract AT(04-3)-701. 
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sodium oxide aerosol, the resulting mixture of sodium oxide and radio­
iodine should behave differently. Under these conditions, the aerosol 
particles and the iodine agglomerate with each other, and are removed 
from the airborne phase, mainly by gravitational settling. A series of 
tests have been performed to study these removal effects for radioiodine -
sodium oxide systems. 

Two types of reactor accidents were simulated in these studies. The 
first tests simulated an incident in which the fission product iodine had 
reacted to form sodium iodide, and was released during the pool burning 
of sodium coolant. The second group of tests simulated the release of 
fission products separately from the sodium oxide aerosol, which is sub­
sequently generated from a pool fire. 

II. EXPERIMENT AL DESCRIPTION 

The first type of incident was simulated by the pool burning of metal­
lic sodium containing sodium iodide-131, and the second by pool burning 
metallic sodium and the release of sodium oxide into an atmosphere con­
taining elemental iodine -131. All experiments were performed in the 
Laboratory Test Chamber (LTC), which has a height of 180 cm and a 
volume of 1.1 x 106 cm3. The chamber is instrumented for air sampling 
at a number of elevations, for automatic sequential fallout sampling, and 
for automatic sequential wall plating sampling.* In the sodium iodide re­
lease studies, air samples were taken with 0.2-fL "Gelman 11 millipore 
filters; while in the elemental iodine releases, the air samples were taken 
with 0.8-fL 11Gelman 11 millipore filter backed with 11 H. Reeves Angel 1

' Type 
AGB-1 charcoal filter paper. The activity was measured by means of a 
sodium iodide detector, and the sodium was measured with a flame photom­
eter. 

The sodium iodide aerosol releases were initiated by adding dry 
sodium iodide containing I-131 to metallic sodium. The sodium was 
heated to 1000 ° Funder an inert atmosphere. At the start of the release, 
the molten sodium was exposed to the air atmosphere of the chamber and 
ignited spontaneously, releasing a mixture of sodium iodide and sodium 
oxide. 

The pure elemental iodine was prepared by a molten- state oxidation 
of sodium iodide. An aliquot of the condensed iodine crystals from this 
oxidation was placed in a glass vial which could be heated separately in 
the test chamber. The test was initiated by first vaporizing the iodine 
crystals; then, after 20 min, the hot sodium was burned, releasing the 
sodium oxide. Prior to the release of iodine for Te st No. 2, the atmos­
phere in the chamber had been filtered and dried to ,..._ 1 nuclei/ cm 3 and 
1500 ppm of water vapor. 

A third test of radioiodine - sodium oxide agglomeration was evalu­
ated. In this test, the iodine was in the same form as for the iodine vapor 
study, but the atmosphere had not been precleaned, so that the elemental 

>!<C. T. Nelson, L. Baurmash, and R. L. Koontz, 11 Technique for Sampling 
Sodium Smoke and Fission Products, 11 Proc. 9th AEC Air Cleaning Con­
ference, AEC 660904 (1966) 
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iodine could agglomerate on naturally occurring atmospheric nuclei before 
the sodium oxide aerosol was produced. 

III. DISCUSSION OF RESULTS 

Air Concentration 

The sodium oxide and sodium iodide released from the burning mol­
ten sodium in the first type of experiment came off at the same rates, 
and, after the maximum concentrations, decayed at similar rates, as 
shown in Figure 1. The peak concentration of sodium, as sodium oxide, 
was 1.6 µ.g/cm3, and it took --40 min to decay to 50% of this value. The 
comparable data for the sodium iodide was 8.4 x lo-4 µ.Ci/cm 3, and 40 
min for the first 50% value. The concentrations were measured for 6 hr, 
when both sodium oxide and sodium iodide were O. 5% of their maximum 
values. 

In the iodine vapor - sodium oxide experiment, sodium oxide was 
not produced until 20 min after the iodine had been vaporized. The initial 
airborne iodine activity was --1340 dpm/cm3, or 6.1 x lo-4 µ.Ci/cm 3, 
which is equivalent to 148 mg of iodine in the test chamber volume (13 
µ.g/cm3) (Figure 2). During the time when only iodine vapor was present 
in the chamber (20 min), the concentration of activity collected on char­
coal filters decreased, with a half-time of 400 min. During this initial 
phase of the experiment, only 30% of the total activity was collected on 
the millipore filter. When the heated sodium in the pot was exposed to 
the air in the chamber, at about 20 min, 0.92 gm of sodium was imme­
diately released to the chamber as oxides of sodium, with the peak (sodium) 
concentration of O. 77 µ.g/cm3 occurring at "-21 min. As shown in Fig­
ure 2, the radioactive level which was airborne increased during the 
sodium release. Immediately upon the release of sodium oxide, '"'"99% 
of the total airborne activity was found on the millipore filter, while the 
balance was on the charcoal backup filter. The level of activity retained 
on the charcoal filter had immediately been decreased by about a factor 
of 100 by the addition of particulate sodium oxide, showing the rapid 
scavenging effect of the particulate oxide. After the peak concentration 
of sodium had been reached, both the sodium concentration and the iodine 
concentration decreased at the same rate. The initial h3.lf-time was 60 
min for both components. The iodine concentration collected on char­
coal filters leveled off at '"'"1. 6 dpm/ cm 3 (a reduction of the initial value 
by '"'"1 o 3 ). After 15 hr, the major fraction of the airborne iodine activity 
was on the charcoal filter. 

When elemental iodine is condensed on "Aitken11 nuclei, as in the 
third ex~eriment, the peak concentration of iodine-131 was 7. 5 x 1 o-4 
µ.Ci/ cm , and the half-time of the activity retained on the molecular 
filter was >l 00 min, as shown in Figure 3. During the time that only 
iodine was pre sent (20 min),'"'" 2 to 3% of the total activity was retained on 
the charcoal filter, as compared to 70% for the second test. Immediately 
after the molten sodium was ignited, the iodine concentration decreased 
more rapidly, with an air concentration half-time of 10 min. The peak 
sodium oxide concentration, as sodium, was 6.4 µ.g/cm3, with a half­
time of'"'" 15 min. The activity collected on the charcoal backup filters 

-375-



M" 
E 
~ 
u 
~ 
z 
0 
i'.= 
<( 
a: 
I-z 
w 
u z 
0 
u 
a: 
(( 
;;; -w 
z 
i5 
Q 

TIME (min) 

Figure 1. Air Concentration for Sodium Iodide -
Sodium Oxide System 
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Figure 2. Air Concentration for Iodine Vapor -
Sodium Oxide System 
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did not change markedly during the time the particulate iodine was de­
creasing; and, after 2 hr, the charcoal fraction was the dominant air­
borne component. 

Particle Size Studies 

Particle size studies of the airborne activity and sodium oxide, made 
by means of cascade impactors, showed that the radioiodine component 
was associated with sodium on all stages. For the sodium iodide - sodium 
pool fire, it was found that the distributions, whether measured by activ­
ity or mass of sodium, showed the same trends, and indicate a maximum 
AED of 3.3 was reached in"" 50 to 60 min, as shown in Figure 4. This 
effect is also typical for the iodine - sodium pool fire, which reached a 
peak size (measured by activity and mass) of 3. 7 at 50 min. 

In Test No. 2 (before the release of sodium oxide), cascade impactor 
samples had 94% of the total activity on the last stage, indicating that 
most of the airborne iodine was not associated with particulates with 
radii >O. 3 µ.. Immediately after the release of the sodium oxide, analysis 
of cascade impactor slides showed that the radioactive iodine was now 
associated with sodium. The activity and mass median aerodynamic 
diameters grew to a peak AED, at 50 min, of 3. 7 (Figure 5 ). Both sodium 
oxide and iodine distributions show the same trends with time, but the 
iodine activity median sizes were slightly less than those of the oxide. 
Figure 6 is a representation of the specific activity of sodium (dpm/µ.g Na) 
as a function of the collector stage constants (mean size collected) in 
aerodynamic diameter units, which shows that the iodine agglomeration 
is size dependent. As the size of the particles increased, the specific 
activity decreased. Figure 7 is a plot of the specific activity per stage 
constant. The specific activity per unit size is shown to be: 

where: 

SA = dpm/ µ.g on a collector stage 

d = aerodynamic diameter, AED 

a = proportionality constant 

K = constant. 

The slope of the curve in Figure 7, for stage constants with AED 
<2, is 0.9. The slope for larger stage constants is O. 7. The specific 
activity of particles with an AED <2 is therefore directly proportional 
to the diameter, while, for larger particles, the specific activity is 
proportional to the diameter to the 2/ 3 power. 

In the experiment in which sodium iodide and sodium oxide were 
released simultaneously from a pool fire, no attempt was made to iden­
tify the chemical form of the radioactive iodine, but it was assumed to 
be still in the form of sodium iodide. When iodine vapor was used in 
the experiment, an attempt was made to measure the elemental iodine 
pre sent in the aerosol. The iodine fractions collected on the charcoal 
filter papers and extracted with benzene were analyzed for elemental 
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iodine content by spectrophotometry. Benzene extracts of samples col­
lected before the sodium was released contained 20 to 30% of the activity, 
but analysis indicated that no elemental iodine (<2. 5 µ.g) was present. A 
sample of iodine, collected after sodium had been burned but late enough 
for most of the total airborne activity to be on the charcoal, was also ex­
tracted with benzene. The extract contained 75% of the radioactivity, but 
did not contain any detectable elemental iodine; 22% of the iodine activity 
which was in the fallout component was extractable, but again no elemental 
iodine was identified. In order to verify the initial chemical form of the 
iodine used in this experiment, an aliquot of the original material was 
analyzed and shown to be molecular iodine. 

Fallout and Wall Plating 

Sequential samples of the fallout material and wall plating material 
were analyzed for sodium and for radioactivity. The results for the 
sodium pool fire containing sodium iodide are shown in Figures 8 and 9. 
The curves for the various components show that the radioactive sodium 
iodide and the sodium oxide show the same trends, and indicate that the 
aerosol particle is composed of both components. Table 1 shows the 
distribution of the sodium iodide and sodium oxide at the end of the ex­
periment. 

TABLE 1 

DISTRIBUTION OF SODIUM AND Il 31 FOR SODIUM 
OXIDE - SODIUM IODIDE RELEASE (Test No. 1) 

Material Total Floor Fraction Wall Fraction 

Sodium Oxide 
(as sodium) 2.1 gm 0.66 0.34 
I131 
(as sodium 
iodide) 1.13 mCi 0.54 0.46 

The results from Test No. 2 are shown in Figures 10 and 11, and 
indicate that, after sodium oxide is released into an iodine atmosphere, 
the iodine and sodium oxide behave the same, This again shows that the 
aerosol particle is composed of sodium oxide and radioiodine. A summary 
of the results is shown in Table 2. 

TABLE 2 
DISTRIBUTION FOR SODIUM AND I1 31 FOR SODIUM 

OXIDE - IODINE RELEASE (Test No. 2) 

Material Total Floor Fraction Wall Fraction 

Sodium Oxide 
(as sodium) 0.92 gm o. 78 0.22 
I131 

(as Iz) 0.91 mCi 0,60 0.40 
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IV. CONCLUSIONS 

Sodium oxide particles, generated in an air atmosphere at the same 
time that sodium iodide is released, agglomerate with the iodide to form 
a ,particle whose behavior is determined by the characteristics of the 
mixed aerosol particle. Similar behavior is exhibited when sodium oxide 
particles are released into an air atmosphere containing elemental iodine 
absorbed on atmospheric nuclei. The sodium oxide particles which are 
released into an atmosphere containing iodine vapor scavenge a large 
fraction of the airborne iodine. In this case, the iodine component which 
can be collected on a charcoal filter was immediately reduced by a factor 
of 100, which increased in time to a factor of 1000. The activity collected 
on the charcoal filter, for both Test No. 2 and No. 3, ultimately reached 
an equilibrium concentration, while the agglomerated component which 
could be collected on a molecular filter decreased in direct proportion 
to the sodium oxide. The airborne activity and sodium oxide, collected 
on molecular filters, decreased at the same rates, for each system, 
regardless of the original form of the radioiodine. 

Particle size data for sodium oxide and radioactive iodine aerosols 
show that the iodine is agglomerated by sodium oxide. In the second test, 
the elemental iodine has been shown to be preferentially agglomerated on 
small particles. This was verified by comparison of the specific activ­
ities of the plated and settled sodium oxide, which show that the plated 
material, which is composed of mostly small particles, has a higher 
specific activity than the fallout material. 

These studies indicate that the analyses of hypothetical reactor acci­
dents which could produce aerosols of radioiodine and sodium oxide, such 
as for LMFBR, should take credit for the reduction of the airborne con­
centration of the iodine due to its agglomeration with sodium oxide and 
subsequent fallout to the floor of the containment structure. The removal 
times due to this mechanism are shorter than radioactive decay, and will 
have a large effect on the amount of iodine which can leak from a contain­
ment building. 
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DISCUSSION 

BEATTIE: I do not quarrel at all with what Dr. Baurmash 
says. I'm in favor. What I'm raising now is a point of principal which 
I think is important. I'm not being nationalistic either this time because 
what I've got to say applies to Mr. Clough's paper which is coming up, 
and he is from my country. Dr. Baurmash, I think you said something 
about your DEA, or design basis accident, I think in some circles this 
is described as energy release or the energy released by a reactivity 
excursion. Right? I can go on from there, I've established that. The 
point of principal which concerns me is that all the papers around this 
part of the session seem to be concerned with iodine, and in the case of 
Mr. Clough, my good friend (sorry Bill) with Caesium. Now, we all know 
what this energy the release excursion means. It's a vaporization. So 
what about the plutonium was the one question, why has nobody mentioned 
plutonium? And finally, this is the nasty one, why has no one mentioned 
the mixed fission products? Long lived solid fission products. I believe 
that the plutonium is more important than the Iodine in the DEA, and I 
believe, going farther, that the long lived fission products are more 
important than Plutonium unless there are special factors such as 
deposition and filtration to produce differential effects. The problem 
that concerns me about these mixed fission products is the external 
radiation from the long lived activity deposited on the ground and I just 
really wanted to raise this general point of principal and bring it to your 
notice. I know I'm not the only person who has thought of this; I'm sure 
there is somebody else in this audience waiting to add something. It will 
be interesting to see who it is. 

BA URMASH: Can I discuss the point first about the plutonium. 
I don't think the intent was purposely to leave out the plutonium problem. 
I know that 2 years ago at the IAEA meeting in New York I gave a paper 
on uranium oxide experiments. The purpose was to study the removal 
factors that go with particle agglomeration, settling and wall plating 
using U02 or U303 as a simulant for plutonium (our facility can handle 
uranium oxide but not plutonium). There is other work going on in this 
field. I am not going to apologize for everybody else; I'm just going to 
tell you what our facility has been doing. We are using uranium oxide 
as a simulant for plutonium or the mixed fuel. We are also looking at 
the aerosol problem with sodium oxide aerosol. We are using at the time 
iodine as a simulant for the volatile fission product species. I'm not saying 
that this is the only reason for using iodine. 

The experiments that were described were J::asically 
confirmation or developmental experiments to get information about agglom­
eration of mixed aerosols, how they behave with one another and it is incidental 
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that it happens to be iodine which was selected. I could have made the 
Ruthenium oxide or Caesium, and reached similar conclusions. However, 
iodine is a hazardous material in reactor accidents and therefore the one 
that we have used to simulate other volatile materials. 

FIRST: I'd like to offer a little rebuttal here. I think the 
maximum accident you refer to is of course terribly important, an event 
to look at, but it's not the only kind of accident that may occur and I think 
the more serious the accident the more improbable it becomes. It is quite 
likely that there will be large numbers of accidental spills of sodium from 
all kinds of places and all kinds of activity which will not be contaminated 
with the products which you mentioned. These also must be handled in an 
expeditious manner and some of these experiments are designed to look at 
that aspect as well as to shed more light on the type of accident you describe. 

BA URMASH: I made a point about that. I think I'm going to agree 
with you on the DEA being important. Under the present state of licensing 
requirements, one must show the DBA is taken care of or one doesn't have 
a reactor. 

BEATTIE: I would agree with what Dr. Baurmash has said. 
I agree with everything you have said in reply. I would like to tangle with 
Dr. First, if he doesn't mind. You may know that the basis of the F. R. 
Farmer probability idea is that all accidents count, from the biggest to the 
smallest and we certainly in the United Kingdom Atomic Energy Authority 
take account of and examine very closely all these small accidents. The 
design basis accident is only one of many important accidents. So it seems 
to me you may become a "probability man" yet, Dr. First. 

CLOUGH: This isn't to defend ourselves Jack, I just want to 
say something. Everybody is talking about accidents here. I think it isn't 
necessary always to speak about accidents, hopefully we will one day run 
fast reactors without the fuel and in that case we are going release fission 
products both in the liquid sodium and in the gas phase. I think in this case, 
when this does happen the behavior of fission products like iodine and caesium 
may well assume importance from the economic point of view than from a 
nuisance value point of view rather than a large accident situation and any 
knowledge we have about the behaviors of these things in liquid sodium at 
this stage will be useful at that stage when we get to it. 

FIRST: I want to ask you a question that refers to the 
manner in which you determined gaseous iodine. Do I understand that 
you filtered a sample through a millipore filter and then put the effluent 
through charcoal paper to determine the nonparticulate iodine? How did 
you determine that you were not removing iodine on the particulate filter 
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because of very intimate contact between gas and the sodium collected on 
the filter? How can you be certain that you got the same iodine passage 
through the sodium-loaded filter as you had in the air mass in the chamber? 

BAURMASH: We had confirmation from our cascade impactor 
samples, taken before the oxide was released, in which the iodine pene­
trated to the eighth stage which was a charcoal paper filter. We had 
collected less than six percent of the iodine on the first seven stages 
and more than 94 percent of the iodine on the charcoal. 

FIRST: Even with a cascade impactor, the iodine-
containing air stream could be sweeping across a coating of deposited 
sodium or sodium oxide. 

BA URMASH: There is not enough oxide to filter the iodine. 
It is not really in very great contract because it is only the top of the 
deposit that will be exposed and besides there was no indication of any 
deposit on any of the glass slides. As I said in my paper, when iodine 
vapor was sampled 94 percent was collected on the charcoal filter stage 
of the impactor. Thirty percent was collected on the millipore filter of 
the millipore-charcoal combination after the oxide was released. In the 
experiment in which the iodine had agglomerated on "Aitken' 1 nuclei we 
get 99 percent collected on the millipore with no collection on the charcoal 
paper. Same iodine, same filter - in one case six percent on the millipore 
and the next case 99 percent. 
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CAESIUM BEHAVIOUR IN LIQUID SODIUM -

THE EFFECT OF CARBON 

W.S. Clough and S.W. Wade 

Health Physics and Medical Division, 
A.E.R.E. Harwell, Didcot, Berks. 

ABSTRACT 

On the basis of previous thermodynamic calculations and 
experimental work, caesium has been identified as the most volatile 
major fission product with respect to release from liquid sodium 
into the gas phase. Sorption of the caesium by graphite has been 
shown to be very effective in reducing the volatility of the 
caesium and the formation of stable caesium-graphite compounds 
reduces the escaping tendency of caesium to less than that of 
iodine in liquid sodium. The caesium forms two compounds one of 
which is relatively unstable in liquid sodium and is probably a 
surface adsorption compound. The more stable fraction of the 
adsorbed caesium is probably a lamellar caesium-graphite compound 
and is almost fully stable in vacuum at 5oooc in the absence of 
sodium. The rate of reaction for the break down of the more stable 
caesium-graphite compound in sodium has been measured over a range 
of temperatures and the corresponding activation energy has been 
calculated. Graphite has been found to be equally effective for 
caesium sorption when it is used in the gas phase above the liquid 
sodium. 

Charcoal has been shown to be even more efficient than 
graphite in trapping caesium and the caesium-charcoal compound 
which is formed is almost fully stable in sodium at 5oooc and in 
air at the same temperature. Pre-treatment of the charcoal with 
sodium at 5oooc for 3 days has little effect on its performance 
with respect to caesium sorption. 

1• Introduction 

The release of fission products from a fast reactor, either in 
accident conditions or in uncanned fuel operation, can be 
considered in three stages 

(a) Release from the fuel into the liquid sodium, 

(b) Partition of the fission product between the liquid 
sodium and the gas phase, 

(c) Transport in the gas phase. 
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Except in the unlikely event of a catastrophic accident 
involving the vaporisation of both the fuel and a large portion of 
the coolant, the liquid sodium can be expected to modify the fission 
product release. Data on fission product behaviour in liquid sodium 
will be of use in the assessment of the safety of the fast reactor 
and in deciding which fission products are of importance in the gas 
phase above the coolant. The chemical state of the fission product 
in the liquid sodium can have a profound effect on its release into 
the gas phase. Thus if caesium reacted with the trace amounts of 
oxygen in the reactor coolant then the oxide formed would be 
involatile and the caesium would be trapped in the liquid phase. If 
no caesium-oxygen reaction occurs the volatile caesium metal would 
be quickly released into the gas phase. Standard state thermo­
dynamic calculations have been used(4) to predict the chemical state 
of the fission products in liquid sodium and they can be used in 
conjunction with fission product concentration data to show that 
iodine will exist as sodium iodide, barium and strontium as the 
oxide and caesium as caesium metal. The calculations suggest that 
there is very little chance of forming a caesium compound of low 
volatility in the same phase as the liquid sodium. Even though 
involatile compounds can be found (e.g. CsI) which are stable in 
sodium when present in their standard state, in the real case the 
vast excess of sodium moves the equilibrium in favour of the sodium 
compound and free caesium (e.g. in dilute solution CsI breaks down 
to form NaI + Cs). 

Experimental work on the sodium-iodide system has shown that 
iodine volatility in liquid sodium corresponds to that expected 
for sodium iodide(5,1). The presence of oxygen in the sodium does 
not modify the iodine volatility but the effect of decreasing the 
iodine concentration is to increase its volatility. Attempts have 
been made to calculate the volatility of sodium iodide in liquid 
sodi'l}lll u~ing activity coefficients obtained from solubility 
data\ 1 ,6). The calculations agree wit'h the experimental results in 
indicating that the liquid sodium greatly reduces the volatility of 
fission product iodine released from the fuel. Caesium then 
remains as potentially the most hazardous fission product due to 
its high volatility from a large excess of sodium. Ffo~ vapour 
pressure data and by estimating activity coefficients 1) the 
relative volatility of caesium and sodium (a) has been calculated 
to be about 70 at 500°c. Experimental verification of the high 
volatility of caesium in liquid sodium has been obtained(1,7). It 
is about two hundred times more volatile than iodine and therefore 
requires careful consideration in the analysis of the early stages 
of a fast reactor accident or in deliberate release in uncanned 
fuel operation. A method for retaining the caesium in the liquid 
phase or trapping it in the gas phase would greatly reduce the 
hazard from caesium. 

2. Experimental 

The apparatus used was a bench-scale vacuum distillation 
apparatus shown schematically in Fig. 1. Its use has been 
described previously(5). 
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Radioactive caesium (as 137csCl solution) was placed in the 
distillation pot before the apparatus was evacuated. Pure sodium was 
transferred to the distillation pot by bursting the can containing 
the pure sodium and tilting the apparatus so that the sodium ran into 
the pot under gravity. The rate of distillation of the caesium was 
measured radioactively by the y counter shown. In the first 
experiments the rate of distillation of thy caesium was so high that 
the gravimetric techniques used previously~5) to measure the rate of 
sodium distillation could not be used. The sodium was labelled with 
Na24 and the rate of distillation of both the caesium and the sodium 
was measured radioactively. In later experiments, when graphite was 
used in the sodium, the rate of caesium distillation was slow enough 
to make the gravimetric technique again applicable. The pure 
graphite used was U .K.A. E .A. Pile G-raphi te "A". 

3. Results 

3.1 The volatility of caesium in pure sodium at 500°C 

Results typical of those obtained are shown in Fig. 2. These 
results were calculated from the measured values of the activity 
remaining in the pot at given times after the start of the 
distillation. In the case of Cs137 the y count originates in the 
decay scheme. 

Cs137 32a > Ba 137m 
~ 

2.6 min> Ba137 
y 

When distillation is in progress the Cs is removed by both physical 
transport and radioactive decay 

Cs1371 ~_A_1_D_:_s_t~i~l~~-:_::_.:_:_7_m~~~A-i>2> 
- )\ 3 'j> 

Ba137 

Where N1 and N2 are the numbers of atoms of the species shown and 
A.1 , and A2 and A. 3 are rate constants. 

Now dN2 = -dt 

- 'A N 
2 2 = A « 

1 

N1° is the value of N1 at the start of the distillation. Solving 
the above equation for N2 gives 

= A.2 
X -A 

2 2 

N o 
2 + N 

o - A 2t 
2 e 

Where N2° is the value of N2 at the start of the distillation. A.3 
can be calculated from this expression using the experimental values 
of N2 and t. The results are shown in Fig. 2 plotted as fraction 
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of caesium distilled against fraction of sodium distilled. The 
relative volatility (a) was found to be high (about 20) but n~t so 
high as that predicted from thermodynamic data by Castleman(1J and 
found experimentally by Pollock et al.(7) (see Fig. 2). 
Castleman(2) has shown that the diffusion rate of caesium in either 
the liquid or gas phase can limit the distillation rate of caesium 
in liquid sodium. It is probable that diffusion in the liquid phase 
or the presence of trace amounts of carbon in the apparatus (see 
next section) is responsible for the experimental results being 
smaller than the predicted maximum value. 

3.2 The effect of graphite on the volatility of caesium in sodium 

The distillation pot was contaminated with carbon and, even 
after prolonged washing, subsequent results obtained were like those 
shown in Fig. 3. The results can be analysed in two sections. 
Section A closely resembles the behaviour of caesium before the pot 
was contaminated. Section B was ascribed to the presence of 
graphite on the pot walls. Caesium is known to form inter-lamellar 
compounds with graphite and the break down of these compounds has 
been measured kinetically at 5oooc in vacuuml8). Sorption of 
caesium on graphite in a flowing sodium loop has been reported(3). 

The deliberate addition of graphite modified the caesium 
emission in the way shown in Fig. 4. 5.8 g of graphite was used in 
the form of 2 sticks with dimensions 4 cm x ~ cm in 48 g of sodium. 
While the sodium was distilling the caesium was evolved at a rate 
less than that measured previously for iodine (see ref. (5)) and 
when all the sodium was removed the remaining caesium was fixed in 
the graphite. The behaviour of the caesium in the presence of 
graphite and sodium is compared to that in pure sodium in Fig. 4. 
The graphite acts as an excellent hot trapping device for caesium. 

3.3 The rate of break down of the caesium-graphite compounds in 
sodium 

Further experiments using less graphite (1 g) provided 
evidence that the caesium forms two compounds with graphite in 
sodium. Thus Fig. 5 shows that one of the compounds, A, (possibly 
a surface adsorption layer) breaks down at a rate of about 120%/hr 
in sodium at 5oooc when the sodium is distilled. The more stable 
compound (probably a true inter-lamellar compound) breaks down at 
the rate of 6.5%/hr. Kinetic measurements of the rate of break 
down of the more stable compound B have been made over the 
temperature range 40ooc - 6oooc and the results are shown in the 
form of an Arrhenius plot in Fig. 6. The activation energy 
calculated from the graph is 14 K cal/mole. The spread.of results 
is probably mainly explained by the fact that each point was 
obtained from a separate experiment using different graphite 
samples. 

3.4 Caesium sorption from sodium by graphite in the gas Ehase 

In considering the possible use of graphite in fast reactor 
sodium some problems arise. 
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(i) Graphite is a neutron moderator and the use of massive 
quantities near the fuel is undesirable. 

(ii) The volatility of caesium in sodium is so high that the 
trapping system would have to be carefully designed to 
allow the graphite to react with the caesium before the 
caesium escaped to the gas phase. 

(iii) The presence of carbon in the liquid sodium may increase 
the rate of carbon transport between structural metals 
in the liquid sodium. 

Points (i) and (ii) might be effectively dealt with by careful 
design. However, in view of the difficulties which might arise 
from point (iii) it was decided to test the effect of graphite in 
the gas phase, in equilibrium with liquid sodium and its vapour at 
500°c. 

A piece of graphite (mass 1 g) was fixed to the lid of the 
distillation pot and the caesium sorption experiment was carried 
out in exactly the same way as in previous experiments. With the 
pot sealed the graphite was held at 5oooc in the gas phase above 
the sodium for three hours before the distillation was started. 
The results of the experiment are shown in Fig. 7 and should be 
compared with those in Fig. 5 where the conditions were the same 
except that the graphite is in the gas phase in Fig. 7 and in the 
liquid phase in Fig. 5. The similarity between the two results 
indicates that the graphite could be used, with equal efficiency, in 
the inert gas blanket of a fast reactor. 

3.5 The sorption of caesium by charcoal 

Experiments with solid and granulated graphite indicated that 
the formation of the more stable caesium-graphite (compound B in 
section 3.2) could be enhanced by an increase in the surface area 
of graphite used. It was therefore decided to investigate the 
effect of using high surface area gas absorption charcoal. 

A carrier-free solution of Cs137 was dried down in the pot and 
one gram of charcoal (surface area 1000 m·2) was added. Pure sodium 
was introduced and the pot was held at 5oooc for two hours before 
the sodium was distilled in the usual way. The results, shown in 
Fig. 8, demonstrate the very large retention of caesium which is 
possible using charcoal. The small increase in activity in the 
cell after all the sodium is distilled is probably due to 
migration of activity from the walls onto the charcoal. All the 
activity was found to be associated with the charcoal at the end of 
the experiment. The dotted line in Fig. 8 shows the rate at which 
caesium would be expected to distill out of the sodium in the 
absence of charcoal. The caesium deposited on charcoal is fully 
stable at 5oooc in the absence of sodium. 

The effect of charcoal in the gas phase was studied by 
placing one gram of charcoal in a steel cage fixed to the lid of the 
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distillation pot. The charcoal was then held above the level of the 
liquid while the distillation of the sodium containing active 
caesium was performed in the usual way. Results typical of those 
obtained are shown in Fig. 9. While the sodium was distilling the 
caesium was removed from the charcoal at the rate of 6%/hr. When all 
the sodium (60 g) was distilled 87/ of the caesium remained on the 
charcoal and no further reduction was obtained by heating and 
evacuating for a further three hours. 

Fig. 10 shows the results for the same experiment performed at 
6oo0c. In this case the rate of break down of the caesium-charcoal 
compound was 15~/hr and 67% of the caesium was retained after all 
the sodium was distilled. In both cases all the activity remaining 
in the pot was subsequently shown to be associated with the charcoal. 

If charcoal is to be of use for fission product trapping then 
it is essential that its absorbing properties do not rapidly 
deteriorate in the presence of hot sodium (e.g. by loss of surface 
area). Fig. 11 shows the results of an experiment to test the 
effect of pretreatment of the charcoal with sodium at 5oooc. The 
charcoal was fixed to the lid of the distillation pot as in the 
previous experiment but no activity was placed in the pot before 
the sodium was introduced. The pot containing sodium and charcoal 
was kept at 500°c for three days before it was cooled and the lid 
removed. The active caesium solution was dried down on a steel 
disc and placed on top of the solid sodium in the pot then the lid 
was replaced and the pot was heated and evacuated at 250°c before 
the bellows valve was closed and the sodiwn was heated to 5oooc. 
After two hours at 5oooc the valve was opened and the rate of 
distillation was measured in the usual way. Comparison of Fig. 11 
with Fig. 9 shows that pre-treatment with sodium had no discernible 
effect on the sorption of caesium by charcoal in the gas phase -
87/o of the cae·sium was retained on the charcoal at the end of the 
distillation. The method used to obtain the results shown in Fig. 
11 caused the sodium to be contaminated with oxygen to the level of 
651 ppm at the start of the distillation. The similarity of the 
results shown in Fig. 11 to those in Fig. 9 (oxygen level 302 ppm) 
suggested that oxygen has no great effect on the sorption of 
caesium by charcoal. The absence of any oxygen effect was confirmed 
by the results shown in Fig. 12 for which the oxygen concentration 
was 39 ppm. In this experiment charcoal which contained active 
caesium (from a previous experiment) was fixed to the l~d of the 
pot and pure sodium was run into the pot in the usual way. The 
charcoal containing the caesium was left for two days in the sodium 
vapour at 5oooc, during which time no loss of caesium from the 
charcoal occurred. When the distillation was started the rate .of 
break down of the caesium-charcoal compound was similar to that 
which had been obtained prev.iously (Fig. 9, Fig. 11) at much higher 
oxygen levels. When all the sodium had distilled about 91% of the 
caesium remained on the charcoal. Subsequent treatment of the 
activity fixed on the charcoal with air at 5oooc caused no further 
loss of caesium. 

The experiments using graphite in sodium at 500°c (section 3.2) 
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provided evidence that the sorption of caesium occurs in two stages, 
one of which has been postulated as a surface adsorption and the 
other as a true inter-lamellar compound. In most of the experiments 
using charcoal in sodium the pot was held at 5oooc for at least two 
hours before the start of the distillation and no evidence for a 
weakly attached surface layer of caesium on the charcoal was found. 
However, in one experiment the distillation was started as soon as 
the temperature reached 5oooc and the result is shown in Fig. 13. 
The graph is similar in shape to those obtained previously using 
graphite (see for example Fig. 9) in that the break down of the 
caesium-graphite compound occurs in two sections, one fast (about 
10o,%/hr) and the other slow (10.5%/hr). The data in Fig. 12 are not 
sufficient to establish accurately the rate of break down of the 
weakly bound caesium charcoal compound but the value for the more 
stable caesium charcoal compound (10.5%/hr) can be compared to the 
values obtained in the same conditions for the graphite caesium 
compound (6-7%/hr see Fig. 6). These results indicate that the 
mechanism of caesium sorption by charcoal is the same as that for 
caesium sorption on graphite. Charcoal is more efficient because 
the rate of formation of the interlamellar compound from the 
surface adsorption layer is more rapid in the case of charcoal than 
for graphite. 

4. Conclusion 

Graphite or charcoal in liquid sodium or in the vapour phase 
above the liquid sodium, forms an efficient trapping device for 
caesium at temperatures at least up to 6oo0 c. The mechanism for 
the formation of the caesium-carbon compounds formed in sodium has 
been suggested and the rate of break down of the stable compound, as 
a function of temperature, has been measured. Oxygen has been 
shown to have little effect on either the formation or rate of 
decomposition of the caesium-carbon compounds and, in the absence 
of sodium, they are fully stable in air and vacuum at 500°c. 
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HEAT TRANSFER OF SODIUM COMPOUNDS DEPOSITED 
ON SURFACES FROM AEROSOLS* 
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ABSTRACT 

Methods and apparatus have been developed to measure 
the coefficient of thermal conductivity of layers of ele­
mental sodium combustion products deposited on heat exchange 
surfaces with an accuracy satisfactory for engineering design 
studies. 

I. INTRODUCTION: Need for Thermal Conductivity Measurements 
of Deposited Sodium Aerosol Particles. 

Heat dissipation from sealed spaces is a requirement 
for sodium cooled power reactors during no~~~l operations 
and following accidental coolant releases.l J Heat ex­
changers in sealed and inerted cells will absorb substantial 
amounts of heat when the reactor is functioning normally 
and this heat must be removed promptly to prevent an ex­
cessive temperature buildup inside the space which other­
wise would result in premature failure of electric motors, 
gaskets, bearings, etc. Current plans for dissipating 
this heat include: (a) continuous recirculation of cell 
air through an air cooling coil sized to match the es-
timated heat release rate and (b) inducing heat flow through 
metal cell walls, ceiling, and floor to cooling air cir­
culated in adequate quantities around all the exterior 
surfaces of the cell. No special difficulties are anticipated 
in designing systems for heat dissipation when there is clean 
air or nitrogen in the sealed spaces but sodium leaks of 
variable magnitude must be provided for in the design of the 
heat dissipation facility if the reactor is to continue to 
operate normally during and following minor sodium leaks. 
Sodium leaks will produce a mixture of sodium, sodium oxide, 
sodium peroxide, sodiu~2~ydroxide, and sodium carbonate par­
ticles in the cell air which will coat the heat exchanger 

*The work reported upon herein was performed under 
terms of Contract AT (30-1) 841 between Harvard 
University and the U.S. Atomic Energy Commission. 

**Now at Hitachi Research Laboratory, Ltd., Hitachi­
Shi, Ibaraki-Ken, 317, Japan. 
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surfaces, be they finned coils or cell walls, and inhibit 
the release of heat. The reduction in heat flow will be 
proportional to the amount of sodium coolant that leaks 
into the cell atmosphere and the effect will tend to be 
cumulative between service periods although the reaction 
of sodium products deposited on heat exchange surfaces 
for long periods is poorly understood at the present 
time. 

Following a major sodium release which would interfere 
with normal operations, it is planned that emergency cooling 
and fume collection systems will go into operation to mini­
mize release of radionuclides to the environment and hasten 
resumption of normal function. For these conditions, it is 
anticipated that large amounts of airborne sodium compounds 
will be generated and protection of heat exchange surfaces 
will become a major problem in the design of accident re­
covery systems. Installation of air filters upstream of 
heat exchangers is the protective measure most frequently 
specified for these recirculation systems. This appears 
to be satisfactory for handling small sodium releases 
as the heat generated by sodium reacting with atmospheric 
gases will not exceed the temperature limits of the materials 
of construction nor will the amount of airborne sodium 
fume exceed the dust holding capacity of the filter instal­
lation. For large sodium releases, high temperatures and 
high sodium particle concentrations will be generated inside 
the sealed spaces. This will call for filters having high 
fume holding capacity or, more likely, automatically cleanable 
filters resembling industrial bag filter units. Commercially 
available cleanable fabric filter untt~ have a maximum tem­
perature tolerance around 450°-550°F 3J although the upper 
temperature limit may be greater for brief service periods. 
Therefore, utilization of cleanable filters to protect heat 
exchangers is dependent upon the utilization of some method 
of protecting the filters from excessive temperatures. 

One possibility is to use a pebble bed heat sink up­
stream of the filter unit sized to prevent passage of hot ( 4) 
gases having temperatures in excess of the filter tolerance. 
Static beds or movable self-cleaning pebble beds may be 
utilized but in either case, the pebbles will become coated 
with aerosol particles and the heat transfer rate will decline. 
Therefore, the particle deposition rate and the heat transfer 
characteristics of the material deposited on the surfaces 
must be known if pebble bed coolers are to be designed on 
a rational basis. Identical considerations apply to heat 
releases from sealed cells through the medium of cooling 
air circulation around the outside of the metal cell walls 
in the manner outlined earlier. Necessary allowances for 
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additional wall surface or lower cooling air temperatures 
must be made to account for expected particle deposition 
on walls, floor, and ceiling and the resulting modification 
of the heat transfer characteristics of the coated metal 
surfaces. 

Although the thermal conductivity of elemental sodium 
and many of its common reaction products can be found in 
handbooks and similar sources, these values refer to the 
behavior of pure substances when compacted to their theoretical 
density and have no close or predictable relationship to 
the thermal conductivity of these same materials when 
deposited as highly porous films composed of finely divided 
particles of mixed chemical oxides and hydroxide. A familiar 
example will serve to illustrate this difference: ice with 
a density of 57.5 lb/cu.ft. has a thermal conductivity of 
1.3 Btu/hr(sq.ft.)(°F/ft.) whereas compacted snow has a bulk 
density of 34.7 lb./cu.ft. and a thermal conductivity of only 
0.27; showing the enormous change which occurs in heat flow 
characteristics when the bulk density of the material differs 
significantly from its true density. Freshly fallen snow, 
which often has a bulk density as low as 6 lb/cu.ft., will 
have even poorer heat flow characteristics, indicating the 
overriding influence of tiny occluded air spaces on heat 
transmission rates through porous materials. Therefore, it 
is necessary to measure the bulk density of deposited aerosol 
particles from sodium releases,as well as film thickness and 
thermal conductivity,to define fully the thermal characteristics 
of these deposits as it is anticipated that the density of the 
deposit will vary depending on (a) the temperature of the re­
leased sodium metal, (b) the rate of sodium emission (as this 
controls the rate of flocculation and the density of the 
resulting floes), (c) the amount of oxygen available for 
sodium reaction, and (d) whether the sodium release may be 
characterized as a pool fire or spray fire. 

II. EXPERIMENTAL METHOD 

A. Heat Flow Measurements. The apparatus shown in 
Figure 1 was constructed to measure the thermal conductivity 
of sodium reaction products deposited from the airborne 
state. The basic element (A) is a solid block of 303 
stainless steel having cross-sectional dimensions of 5 3/4 
in.x 5 3/4 in., a thickness of 3 1/4 in., and a thermal con­
ductivity of 9.4 Btu/hr.(sq.ft.)(°F/ft.). Thermocouples 
(B,C,D) were inserted in the steel block at three points 
3.0 in. apart to measure temperature at known distances along 
the heat flow path while the block was heated from below with 
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an electric heating coil (E). A one inch thickness of 
closed cell polyurethane insulation was foamed in place (I) 
around the four sides of the steel block to minimize 
heat losses through this pathway and the entire assembly 
enclosed in an aluminum channel frame (G) for structural 
strength and ease in handling. The top surface of the 
stainless steel block on which the fume would be de­
posited was machined flat and polished smooth. The 
polyurethane foamed insulation was poured flush with the 
top surface with one depression (F) in each of four top 
surfaces that was sized to accommodate a lx3 in. glass 
microscope slide with its exposed surface flush with 
the top surface of the steel block. These glass in-
serts were designed to be removed after the surface 
was coated with aerosol particles for measurement of 
(a) coating thickness, (b) weight per_unit volume, 
and (c) chemical composition. After coating the upper 
surface of the block with sodium fume particles, the en­
tire assembly was placed immediately inside a gloved box 
and maintained under an atmosphere of dry nitrogen to 
avoid oxidation and hydration of the deposit during 
measurement of thermal conductivity. After the initial 
heat flow measurements, the atmosphere inside the gloved 
box could be controlled by adding known amounts of water 
vapor and oxygen to the dry nitrogen stream flowing through 
the box and serial measurements of heat flow made as the 
chemical composition and density of the coating changed 
under the influence of the controlled environment. These 
serial measurements were considered especially important 
as it was observed that the deposited coating underwent 
rapid and profound physical and chemical changes when ex­
posed to ventilation air containing the usual amounts of 
water vapor. 

B. Heat Flow Calculations. Measurements of thermal 
conductivity were made by placing the side-insulated block 
on top of an electric heating coil (E, Figure 1) with the 
deposit up and heating the bottom of the stainless steel 
block. After suitable calibration, a simultaneous reading 
of the temperature near the bottom and top of the steel 
block,when steady state conditions have been reached,in­
dicates the total heat flow rate without the need for 
accurate control or measurement of the heat input to 
the bottom heating coil or the small heat losses through 
the insulated sides of the block and magnesia block in­
sulation around the electric heater (H). 

Knowing the thermal conductivity of the stainless 
steel block and the distance between the measuring thermo-
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couples, it is possible to calculate the total amount of 
heat flow per unit time (Q) by the formula 

Q = ~A( tit) 
R. 

(1) 

where 
k 

R. 
tit 

A 

= 

= 
= 

= 

thermal conductivity of the stainless steel 
block (Btu/hr)(sq.ft.)(°F/ft. of thickness) 
distance between thermocouples (ft.) 
temperature difference between thermocouples 
(OF) 
cross-sectional area at right angles to direction 
of heat flow (sq.ft.) 

In Equation 1, all factors on the right side of the Equation 
are known (k,R., and A) or measurable (tit). 

Heat flowing upward through the steel block leaves the 
upper surface by convective transfer to the air above it. 
The equation for this heat flow is 

( 2) 

where 
h = overall coefficient of convective heat transfer 

(Btu/hr.Xsq.ft.)(°F) 
Ate = temperature difference between the upper surface 

of the plate (ts) and the bulk temperature of the 
air mass(ta) in contact with it(°F) 

and the other symbols are as previously defined. 

As the quantity of heat (Q) flowing through the steel 
block is the same as the amount lost from the upper surface 
by convection and the area through which the heat flows is 
the same in both cases, it follows that Equations 1 and 2 
are equal and the value of h may be calculated from Equation 
3. 

The surface temperature at the top of the block is 
virtually identical with the temperature measured at the 
upper thermocouple but, if desired, a correction for the 
depth of the measuring point below the surface can be made 
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from Equation 1 and noting the distance between the top 
of the plate and the upper thermocouple, e.g., 

k 
Q = -a,-AAtl-2 

1-2 

k 
= -1 -AAt 2_s 

2-s 

where the subscripts (1-2) and (2-s) refer to the 
distance and temperature difference between the upper 
and lower thermocouples buried in the block, and the 
upper thermocouple and the surface, respectively. Thus, 
the unmeasured surface temperature, (ts) becomes 

R. 

(4) 

ts = t 2-s At 
2 - R,1-2 1-2 

(5) 

When a layer of particles is applied to the top 
of the steel block, heat must flow from the steel 
block to and through the particle layer by conduction 
and then from the top of the particle layer by con­
vection. Since the rate of heat flow is necessarily 
the same through all three zones, the following 
equation may be used: 

h(At ) 
s-a (6) 

where 
k' and R.' are the coefficient of thermal conductivity 
and thickness of the deposited particle layer, res­
pectively. ts now refers to the upper surface of the 
deposited par~icle layer. 

It is not possible to determine the temperature of the 
top of the particle layer without additional measurements 
of the values of both k' and ts,which are related,but 
this difficulty may be avoided by using an overall co­
efficient of heat transfer for the combination of serial 
heat flow by steel block conduction, particle layer con­
duction, and particle layer to air convection in the 
following manner: 

1 
u-1-a 

t, R.' 1 
= k + k'+ h 
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where 
U = overall coefficient of heat transfer from the 

bottom of the steel block to the air above 
the block in the same units as h. 

The value of "h", the convective heat transfer co­
efficient from the top of the bare steel block to the air 
can be measured precisely using Equation 3 and was found 
to be 1.6 Btu/hr.(sq.ft.)(°F). It has been assumed that 
the same value of "h" may be applied to the heat release 
to the air from the top of the particle deposition layer. 
This assumption has not been tested but it is believed 
that whatever differences exist in the texture of the 
top of the particle layer will not result in a sig­
nificant deviation from the value derived experimentally 
for the bare steel block. 

Using the overall coefficient of heat transfer, 
the design equation for measuring the heat transfer co­
efficient of a deposited layer of sodium reaction particles 
is: 

1 
u---
1-a 

and the value sought, k', the heat transfer coefficient 
of the deposited layer,may be determined from Equation 
10 for which all of the quantities on the right side of 
the equation are known or measurable: 

k' = 

kt [Atl-a - lJ- hl 
lltl-2 

c. Deposition of Particle Layers. It is possible 
to generate airborne sodium reaction products in many 

(8) 

(9) 

(10) 

ways and to simulate a variety of real accident situations 
very realistically with respect to the size, shape, porosity, 
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and chemical composition of the products that are formed. 
Four situations of major concern are pool and spray fires 
in air and in reduced oxygen atmospheres. 

Particle deposition on the surface of the stainless 
steel block may be accomplished in a number of ways, in­
cluding gravitational settling, electrostatic precipitation, 
and thermal precipitation, but perhaps the most realistic 
and the most useful method of deposition is to impact the 
particles on the measuring surface in the manner shown in 
Figure 2. This deposition method produces thick coatings 
of uniform density and thickness which are excellent for 
measurement and simulates closely the mode of deposition 
on pebble bed cooler packings, finned cooling coils, etc. 
Figure 2 illustrates aerosol generation from a small pool 
fire but the apparatus is equally useful for depositing 
particles from a spray fire. An air jet containing sus­
pended particles impinges on the face of the steel block 
which is located 3 jet diameters downstream in a large 
plenum chamber which reproduces conditions resembling the 
discharge of a free jet. Air flow measurements indicate 
that the jet impinges on the far.e of the plate with a 
very nearly uniform velocity in excess of 2000 fpm. A 
more highly agglomerated particle can be deposited on 
the surface of the plate by moving the generating source 
farther away so that the particles will have longer to 
age and agglomerate before entering the apparatus. As 
a general rule, greater agglomeration results in a more 
fluffy and porous deposited layer but if the delay is 
greatly prolonged, the opposite effect will be noted 
because the largest floes will settle out of the air 
rapidly and entrain many lesser floes in the process. 

III. RESULTS 

Measurements have been made of the coefficient of 
thermal conductivity of layers of particles deposited on 
surfaces by impaction, electrostatic precipitation, and 
thermophoresis from aerosols generated by exposing hot 
sodium to air in a small pool-type sodium fire. The 
thickness of the deposited films has ranged from .oo4 
to .025 in. Air temperature during particle deposition 
ranged from 88 to 110°F and the air had a dew point of 
40°F, equivalent to 0.005 lbs. moisture per pound of 
dry air. When the deposit was exposed to these tem­
perature and humidity conditions, it was noted that hy­
droxide formation occured within 30-40 minutes of exposure 
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and this produced a wet sludge having obviously altered 
physical characteristics. Therefore, an experimental pro­
cedure was developed whereby an initial charge of sodium 
was burned in the exposure chamber (3500 cu.ft.) to tie up 
the remaining water vapor and then a second charge was 
ignited and the resulting aerosol drawn through the deposi­
tion apparatus, shown in Figure 2. Immediately after 
deposition, the steel block with its deposited layer was 
placed in a gloved box filled with dry nitrogen and heat 
flow measurements were begun. The test plaques in the upper 
surface of the foamed insulation were removed for thickness 
measurement, weighing, and analysis of chemical composition 
{oxide, peroxide and carbonate). 

IV. SUMMARY AND CONCLUSIONS 

Methods and apparatus have been developed to measure 
the coefficient or· thermal conductivity of layers of ele­
mental sodium combustion products deposited on heat exchange 
surfaces with an accuracy satisfactory for engineering de­
sign studies. 

Measurements of surface deposits derived from small pool 
fires in air show that freshly formed deposits have a bulk 
density of 20 lb/cu.ft. and a coefficient of thermal conduc­
tivity equal to 0.52 Btu/hr(sq.ft.)(°F/ft.). After exposure 
to humid air (dew point, 60°F) for 30-45 minutes, water ad­
sorption and chemical reaction change the appearance of the 
deposit to that of a moist paste. Thermal conductivity in­
creases and approaches that of water as deposit becomes wetter 
and wetter. 

More measurements are needed to explore all of the 
situations under which sodium aerosols may form and deposit 
on heat exchange surfaces and this study is continuing. 
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OPTICAL PROPERTIES OF SODIUM AEROSOLS 
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ABSTRACT 

One of the consequences of burning metallic sodium is 
the production of a dense white smoke. This paper discusses 
the optical properties of this aerosol, developing the rela­
tionship between visibility, aerosol concentration and time, 
as well as identifying light scattering properties of the 
cloud. 

Black discs on white targets were used to determine visual 
range at different cloud concentrations. Light transmission 
measurements were made using a laser. At high aerosol concen­
trations multiple scattering was evident. Angular light scat­
tering measurements were made which showed that the aerosol 
particles scattered light very strongly in the forward direc­
tion. All data indicate the opaque nature of the aerosol cloud. 
At concentrations above one gram per cubic meter, vision would 
be restricted to four meters or less, making walking through 
the cloud difficult and potentially hazardous. With concentra­
tions of 0.1 gram per cubic meter, maximum visibility would 
be limited to about 40 meters, or roughly into the middle of 
a 200 foot diameter containment vessel. Typical overhead 
lights could be distinguished at distances three to four times 
greater than nonlit objects in the same cloud concentration. 

At low concentrations, transmission measurements could 
be used to deduce the apparent aerosol particle density, 
which was found to be 1.2 grams per cubic centimeter. Scanning 
electron microscope photographs appear to confirm this conclu­
sion. 

Introduction 

One of the consequences of burning metallic sodium is the 
production of a dense white smoke comprised of Na2o, Na2o2 and 
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perhaps some NaOH and Na CO . If radioactive metallic sodium 
coolant burns in a close6 s~ace, the usual limitation on entry 
caused by the hazardous nature of the radioactive sodium aero­
sol is compounded by the practical limitations imposed by the 
very poor visibility in the resultant cloud. Low visibility 
greatly increases the risk factor in the risk-benefit analysis 
of when to enter the chamber. Two visibility considerations 
are important. The first is the visibility required to safely 
walk within the cloud without falling, getting lost, etc; 
while the second is the visibility required to see objects in 
a room which contains the cloud, when viewing from outside 
the room. In a reactor accident examples would be to see 
where damage occurred, whether valves are open or closed, or 
if anyone is still inside the room. 

It is the purpose of this paper to discuss the optical 
properties of the aerosol produced by burning sodium in order 
to develop relationships between visibility, aerosol concentra­
tion and time, as well as identifying light scattering proper­
ties of the aerosol which could lead to methods for improving 
visibility in the cloud at a given aerosol concentration. 

Experimental 

a. Aerosol generation 

The test aerosols for all experimental work reported here 
were generated by heating 1 to 2 pounds of sodium to ignition 
temperature in an open pan and then allowing the sodium to burn 
itself out. This burning took place in a closed room approxi­
mately 5 meters high, having a volume of about 94 cubic meters. 
Runs were made at initial relative humidities within the room 
of 20, 22, and 46 percent. 

The initial room temperature in all cases was about 85°F. 
Most work was carried out at 46% relative humidity which was 
felt to be representative of potential accident conditions. 

The total burning time for the three runs was 30 to 50 
minutes, the end point being impossible to judge because the 
extremely dense cloud completely obscured the intense sodium 
flame. Concentrations were measured gravimetrically from a 
sampling port approximately two feet above the chamber floor 
using fiberglas filters (MSA type 1106B). Figure 1 is the 
aerosol concentration time history of the cloud in the chamber. 
It can be seen that after about 100 minutes for the quantities 
of sodium we used, the aerosol concentration becomes indepen­
dent of the initial conditions and the shape of the curve is 
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similar to the data of others(l, 2 ). The initial variability 
of the data was most likely due to concentration fluctuations 
as the cloud descended to our sampling height. 

Samples of the aerosol cloud were collected for electron 
microscopy using a point-to-plane electrostatic precipitator. 
Figure 2 is a typical electron micrograph of the collected 
particles at 195 minutes following the start of a burn. In 
subsequent analysis it was assumed that this distribution was 
preserved over the time 100 to 300 minutes. Size analysis 
studies of the aerosol showed a fairly close fit to a log­
normal distribution with some tailing off at the h~gher and 
lower ends of the curve as shown in Figure 3. From this curve 
a count median diameter of 1.6 microns was determined with a 
distribution having a geometric standard deviation of 2.3. 

No chemical composition data were collected on the aerosol. 
However, the white-yellow color of all samples collected for 
weighing indicated a predominance of sodium peroxide. This is 
consistent with data collected from other runs so that we assume 
in th~)following that the aerosol is principally in the peroxide 
form(j . 

b. Visibility studies 

A series of observation targets were placed in the aerosol 
chamber at distances of 0.5, 1, 2, 3, and 4 meters from a viewing 
window. Each target consisted of a dull-finished white sheet 
on which were painted two black discs, one 8~5 centimeters in 
diameter and the other 2.5 centimeters in diameter. Visibility 
was then defined as that point where there was sufficient con­
trast between the large black disc and its background so that the 
large disc could be distinguished, although the small one could 
not. This visibility was related to aerosol concentration. As 
an aid to making this judgment, we used two discs; the smaller 
one being used to insure that the visibility was not greater 
than the target range since the little disc could be distinguished 
only at a slightly lower concentration than the larger one. 

Figure 4 shows the data from the two runs on which visibility 
information was recorded. It is interesting to note the small 
amount of spread in the data points, even though visibility measure­
ments had to be made at specific distances, or, at best, estimated 
as half the distance between two specific distances. 

The visibility, or more accurately the visual range, can 
be approximated by a straight line having the form 
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when C is in grams per cubic meter, D is expressed in meters, 
and alSha has a value of 4.65. This equation implies that 
when the aerosol concentration is halved, the visual range is 
doubled. 

Figure 5 shows the experimental arrangement of the obser­
vation targets and their relative visibility at various aerosol 
concentrations. 

c. Light extinction 

Light extinction measurements were made using a one milli­
watt He-Ne laser which emitted monochromatic light having a 
wavelength of 0.6328 µ. This beam was directed across the 
aerosol chamber onto a photodetector, and the intensity of 
light reaching the detector was measured as a function of 
aerosol concentration. The beam can be seen in the lower 
part of Figure 5d. To insure that only extinction and not 
forward scattering was measured, the acceptance half angle was 
limited to 4 milliradians by one millimeter diameter apertures. 
This acceptance angle is consistent with the recommendations 
of Hodkinson(4). 

The data for two runs are shown on Figure 6. There does 
not appear to be any significant difference between the data 
points for these two runs. The dotted line indicates expected 
transmittance if only single scattering occurs, and it is a 
straight line in accordance with Bouguer's Law. Deviations 
from the dotted line begin ~t a transmittance of about 70%, as 
pointed out by Van de Hulstt5). The effect of multiple scattering 
on transmittance is illustrated by the difference between the 
solid and dotted lines. As the aerosol concentration increases, 
the effect becomes more pronounced. 

Bouguer's Law can be expressed in the form(6) 

T = 100 exp (-3CmQt/2pd) 

where T is the percent transmission, C the aerosol concentration 
in grams per cubic centimeter, t the p~th length in centimeters 
through which the beam must travel, d the mass median diameter 
of the aerosol particles, and p the aerosol particle density. 
The latter two terms have the units of centimeters and grams 
per cubic centimeter, respectively. Q is the extinction coef­
ficient which, according to Hodkinson\7) has a value of 2 for 
irregular particles larger than about 1.0 microns in diameter. 

From the slope of the dotted line in Figure 6, and the 
measured particle mass median diameter, it is possible to estimate 
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b. Cm = 4.1 Qm/ M 3 

c. Cm= 2.6 gm/ M3 

FIG.5 - PHOTOGRAPHS OF VISIBILITY TARGETS AT 

VARIOUS AEROSOL CONCENTRATIONS 

-433-



100 ~ 
~ 

~ ~ 

"'--
~ ... 
v~ ~ .... \ ........... _ 

-'\.I ''-., .--- LINE FOR SINGLE SCATTERING .. 
0 ... ,_ , 1/1

0 
= EXP(-0.73 Cm) -

~~ 
......... 

.... z 
w 
0 
a:: 
w 
Q. 

wlO 
0 
z 
~ 
t-
~ 
Cf) 

~ 
~ 
.....J 
<( 
Q .... 
Q. 
0 

--

0 

... 
........... ..... .._ 

\ .... ... .... ....... 

~ 
.......... 

.... 

'\ 
'\ 
\. 
o\ 

\ -\v 

\ 
6- 20°/o R.H. 

\~ 0- 22 °/o R.H • 

f\ 
0.5 1.0 1.5 2.0 2.5 

AEROSOL CCX\JCENTRATION, GRAMS/ METER3 

FIG. 6 - TRANSMITTANCE AND MASS CONCENTRATION 
THROUGH SODIUM PEROXIDE CLOUDS 

-434-

' .... ... , 
....... 

3.0 



particle density, i.e., 

p = 2.05 Qt/d 

Using this relationship, a particle density of 1.2 grams per 
cubic centim~ter was deduced, which can be compared to a density 
of 2.8 gm/cmj for solid sodium peroxide. This reduced density 
(density ratio of 0.43) would be expected for aerosol particles 
produced by burning, although reDQrted ratios for oxides of 
other metals are sometimes lower\~). It is possible to partly 
explain this difference by considering methods of measure~9~t 
used previously. For example, Whytlaw-Gray and Patterson 
discussed experiments where density was determined from weighings 
of electrically precipitated smokes. The precipitated material, 
being an agglomeration of agglomerates, would have greater void 
space than the airborne particles. Thus, lower densities would 
be expected. When samples of our test aerosol were precipitated 
and tbe density determined in this manner, densities of 0.54 
gm/cm3 were determined, which g~ve a density ratio of 0.19, also 
consistent with reported dataC5J. However, we feel that use of 
the light extinction technique is more representative of the 
airborne particles. 

Samples of the test aerosol were collected on glass slides 
using a point-to-plane electrostatic precipitator and were then 
examined in a JELCO scanning electron microscope using secondary 
scattered electrons. Figure 7 shows the particles at a macnifi­
cation o! about 2000X. The flocculant nature of the particles is 
clearly evident, and they apnear to be isometric floes made up 
of many smaller, sphere-like particles. A density ratio of 0.43 
does not appear to be inconsistent with the structure of these 
particles. 

d. Light scattering 

Light scattering measurements were made on the sodium 
peroxide aerosol using a Brice-Phoenix Light Scattering Photo­
meter, modified for aerosols. Data were collected at twelve 
points within the interval of 7° to 140°, and included both plane 
and perpendicular polarization for green and white light. 

Figure 8 shows a plot of the scattering intensity of the 
aerosol as a funciton of scattering angle for different times. 
The relative smoothness of these curves when compared to similar 
curves for spherit1T' nonabsorbing particles, is consistent with 
data of Hodkinson for irregular particles having a broad size 
distribution. The experimental data are well represented by 
calculated points based on the measured stze distribution at 
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FIG. 7- SCANNING ELECTRON MICROSCOPE PHOTO 
OF COLLECTED AEROSOL PARTICLES 
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190 minutes and Mie theory using refractive indices of 1.43 
and 1.52 for the aerosol particles. 

The strongly forward scattering tendency of the sodium 
peroxide particles is apparent from Figure 7, with intensity 
variations of over three orders of magnitude. This variation ( 6 ) 
is roughly the same as that reported for polydisperse coal dust . 

Dlacussion of Data 

In order to see an object, whether it is emitting light 
or not, there must be some degree of contrast between the object 
and its background. For an isolated object suf18Ynded by a uni-
form and fairly extensive background Middleton gives as a 
definition of contrast, C, the expression 

B c = B' - 1 

where B is the luminance of the object and B' the luminance of 
the background. When the luminance of the object and background 
are the same, the constrast is zero and the object can't be seen; 
if the object is less luminous than its background C is negative, 
reaching a value of minus one for an ideal black object against 
a white background. When the object is brighter than its back­
ground, C can have any value up to infinity. For example, a 
light at night represents a case where C has a large value. 

The minimum amount of contrast necessary for an object to 
be seen is the subject of much speculation, depending to a great 
extent not only on the physical properties of the medium through 
which the viewing is taking place, but also on the psychological 
state of the observer, the adaptation of his eyes to the general 
background light, etc. Therefore, the minimum contrast is diffi­
cult to predict without experimental visibility measurements for 
a given aerosol. Even the experimental numbers which we developed 
should be taken only as rough guides because of the human varia­
bles involved. Nevertheless, these data are consistent enough 
to be useful in estimating visibility at various aerosol concen­
trations. 

It is possible to estimate the value of B/B' for a black 
object against a white background through the use of K?i8~mieder's 
Theory, which in its simplest form may be expressed as 

B/B' = 1 - e-ot 
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where a is the extinction coefficient, defined as 

Replacing Koschmieder's equation for B/B' in the contrast equa­
tion gives 

C = - e-at. 

This equation says that with a short viewing distance (t <<l) or 
a very low aerosol concentration, (Cm <<l), C is equal to minus 
one, and we would have perfect viewing of the black object. 

Suppose now we define a limiting value of C as e, the threshold 
of brightness contrast; that is the contrast level at which we 
can just see a black object against the white background. Then 
using visibility data from Figure 4 and measureld properties of 
aerosol size and density e can be calculated for the sodium 
peroxide aerosol. These data are shown in Table 1 

Table 1 

ESTIMATED THRESHOLD OF BRIGHTNESS CONTRAST, e 

Visibility, Meters 

4.0 
3.5 
3.0 
2.0 
2.0 
1.5 
1.0 

Aerosol Concentration 

1.00 
1.25 
1.60 
1. 85 
2.32 
2.55 
4.90 

Average e is 0.44 

-0.468 
-0.436 
-0.402 
-0.495 
-0.414 
-0.483 
-0. 39 5 

For viewing distant objects through haze or fog, a value fnr 
e of 0.02 is often used f~b daylight conditions although, as 
pointed out by Middleton ), there is a great deal of variability 
in this number. Target size, type and amount of illumination as 
well as the relevant aerosol properties all affect this value, 
as do many psychological factors. The value which we determined 
of 0.44 is not unreasonable compared to the variety of values 
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reported in the literature, although it probably also reflects 
the extreme opacity of the sodium peroxide aerosol. It was 
mentioned earlier that the particles scattered light very strongly 
in the forward direction. This property would tend to reduce 
contrast around an object and thus require more contrast for 
viewing. 

To answer the question of how to best improve visibility 
in a chamber containing sodium peroxide particles, we should 
consider the definition of C, the contrast. Since C can have 
very large positive values when viewing a light source, if 
objects, which are important to find after an accident, such 
as major valves, emergency switches or exits, were provided 
with strong light sources, their location could be more easily 
determined, even though the objects themselves still could not 
be seen. Even these lights would be esse~tially useless in 
aerosol concentrations above about 5 gm/M . If emergency workers 
were also provided with lights when they entered a dense aerosol 
cloud, these lights would aid them in keeping track of each 
other or signaling each other in the cloud, but the lights, 
or even strong flashlights, would be of little use to the indi­
vidual in locating non-reflecting objects. Searchlights would 
also be of little value since the light would increase the rela­
tive illumination of the background as well as the target. One 
exception would be highly reflective surfaces. Since in strong 
illumination these surfaces are equivalent to sources of light, 
a flashlight or searchlight would help in locating them. 

Summarv 

Tests were conducted with a sodium peroxide aerosol produced 
by open pan burning to investigate the dense optical nature of 
the resultant cloud. Aerosol concentrations ranged from 0.01 
to 10 grams per cubic meter in a closed room which had a volume 
of about 100 cubic meters. 

Samples of the cloud were collected for electron microscopy 
using an electrostatic precipitator and from these samples a 
count mean particle diameter of 1.6 microns was determined, with 
the log-normal distribution having a geometric standard deviation 
of 2.3. 

Black discs on white targets were used to determine the visual 
range in the cloud. An empirical estimate of the range is given 
by: 

D = 4.65 C-l 
m 
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where D is in meters, and C is in grams per cubic meter. 
m 

Light transmission measurements were made using a laser 
light source. At high aerosol concentrations, multiple scattering 
was evident. At low concentrations, Bouguer's Law could be used 
to deduce the apparent aerosol particle density, which we found 
to be 1.2 grams per cubic centimeter. Scanning electron micro­
scope photographs appear to confirm this conclusion. 

Angular light scattering measurements were made, which 
showed that the aerosol particles scattered light very strongly 
in the forward direction. The angular pattern did not change with 
aerosol concentration, implying a reasonably constant particle 
size distribution at the different concentrations. Experimental 
data agree with calculated values when refractive indices of 
1.43 and 1.52 were used for the sodium peroxide aerosol along 
with the measured particle size distribution. 

All data indicate the opaque nature of the aerosol cloud. 
At concentrations above 1 gram per cubic meter, vision would be 
restricted to four meters or less, making walking through the 
cloud difficult and potentially hazardous. With concentrations 
of 0.1 gram per cubic meter, maximum visibility would be limited 
to about LIQ meters, or roughly into the middle of a 200 foot 
diameter containment vessel. Typical overhead lights could be 
distinguished at distances three to four times greater than 
nonlit objects in the same cloud concentration. 
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DISCUSSION 

BEATTIE: A scientific question this time. Can you say Mr. 
Hinds how these figures for visual range compare with those for water 
that is the visual range in clouds and so on with which I'm fairly familiar, 
please? 

HINDS: We attempted to, in fact get some information on 
this affect to compare our results with, but we were unable to. So, I 
can't really say. My subjective evaluation is that at concentrations of 
about 1 gm per cubic meter the opacity exceeds the densest fogs possible. 

BEATTIE: I could just add that I think that was my impression, 
thank you very much. 

MOREWITZ: Was there any deposition on the visual targets you 
were looking at and might that not have affected your apparent range? 

HINDS: We did not find such deposition, even after 2 runs, 
we buffed them off; there was insignificant a.mounts present. 

CLOUGH: Could I a·sk you whether you consider the conse-
quences of the chemical form of the particles which you've made and 
whether you're sure of their chemical form. Let me tell you why I ask. 
If you take a normal atmosphere with normal humidity, normal amount 
of carbon dioxide in it say 0. 0003 at. pressure and you do the calculations 
for the rate of arrival of water vapor and the carbon dioxide, onto the 
particles and you assume the sticking probability is 1 then you can show 
that the rate at which sodium peroxide should be converted to hydroxide 
in the particle is less than a few seconds. If you go on to do the calculation 
for the rate of conversion of that particle into a solution, in fact it can be 
shown the sodium hydroxide would make itself into a drop at a relative 
humidity above 35% in a very short time. If you would then go on to do 
the next calculation for the rate of reaction of carbon dioxide with that 
droplet you will find that the rate of formation of sodium carbonate is 
controlled not by diffusion of the C02 gas in the atmosphere but by 
diffusion of the C02 gas in the liquid phase of the sodium hydroxide 
droplets. However, you still find that the rate of formation of the 
sodium carbonate is of the order of seconds. So what I'm saying is 
that in the normal atmosphere this is all very rapid and from the calcu­
lations one might expect that a sodium peroxide particle would almost 
immediately form itself into sodium hydroxide droplets; this is above 
relative humidity 35 percent. If the relative humidity wasn't above 92 
percent the sodium carbonate formed in the droplet would subsequently 
cause the droplet to dry out again into a sodium carbonate particle. 
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That is more a statement than a question but I would appreciate some 
comments on it. May I just ask, do you know that those electron micro­
scope pictures which you showed are sodium oxide particles and not 
tried-out hydroxide or carbonate? 

HINDS: In answer to your last question -- we took 
electron-microscope, I mean electrostatic precipitator samples and 
kept them in dry nitrogen at all times to prevent any contamination. 
We feel they are representative of what existed in the chamber. As 
far as the chemical nature of the aerosol we didn't make any evaluation 
apart from observing the whitish yellow color of the filter sample which 
is the color of sodium peroxide. The chemical composition doesn't affect 
this analysis, if the particles are dry it doesn't make too much difference 
what they are except for the calculation of their density ratio and use of 
refractive index. In fact one set of points the refractive index used is 
1. 43 which is fairly close to that of the carbonate. I believe the other, 
1. 52, is what we think is correct for sodium peroxide. Both yield 
similar scattering diagrams. 

FIRST: May I add a few words to what Mr. Hinds has said 
because his experiments were piggyback on some of mine and I know how 
the aerosols were generated. Your supposition is well founded. To 
overcome the problems which you have brought up, we would dehumidify 
the closed chamber before setting up the aerosol, getting down to a dew 
point of about 40°F. This was one way. In some of the later experiments 
we would, first, introduce a small amount of sodium and allow it to scavange 
the moisture and co2 out of the atmosphere as it settled and then start the 
experiment. 
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ABSTRACT 

Industrial cleanable cloth filters have important advan­
tages for sodium fume collection following accidental releases 
from liquid metal cooled fast breeder reactors. Glass filter 
fabrics have superior temperature resistance, but are attacked 
chemically by strong alkalies and are difficult to clean by 
gentle backflow. Teflon fabrics are stronger and can be cleaned 
of accumulated filter-cake by vigorous mechanical shaking. In 
addition, they have excellent chemical resistance and good 
cleaning characteristics. When Teflon is pretreated with an 
asbestos filter aid, it has high initial collection efficiency 
and may be cleaned satisfactorily for many cycles. This permits 
total filtration of large amounts of sodium fume per square 
foot of filter cloth. 

I. INTRODUCTION 

Accidental loss of coolant to the containment vessel spaces 
from any part of a sodium cooled nuclear reactor will result in 
rapid vaporization and oxidation of the hot metal (500-1050°F) 
to produce an airborne fume. The chemical nature of the reac­
tion products will be determined by the partial pressures of 
oxygen and water vapor in the spaces affected and the quantity 
of sodium released. The fraction of the escaping sodium that 
becomes airborne will be influenced primarily by the method of 
release; sprays producing more airborne particl~s than spills.(l) 
Rapid capture and removal of sodium fumes is essential if the 
facility is to continue to operate in spite of minor malfunctions 
and avoid release of radioactivity to the environment in the 
event of a major, multi-ton spill. 

Heat must be removed continuously from sealed cells con­
taining primary and secondary sodium loop heat exchanger equip­
ment and associated machinery to avoid equipment failures from 
overheating. Heat removal is also an important aspect of accident 
control in the fuel rod inspection cells and in the main contain­
ment area during fuel rod changing to avoid sudden severe tempera-

*The work reported upon herein was performed under 
terms of Contract AT (30-1) 841 between Harvard 
University and the U. s. Atomic Energy Commission. 
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ture increases following large sodium spills which may result 
in interior pressure increases that exceed structural safety 
limits. Recirculating contained air or nitrogen through 
refrigerated coils is a satisfactory method for extracting 
excess heat and reducing gas pressure, but airborne sodium 
particles that accompany the gas are likely to be deposited 
on the cooling surfaces by impaction, interception, and ther­
mopho~e~is and interpose a severe interference to rapid heat 
flow.l2J Even moderate contamination of the air cooling heat 
exchanger surfaces can produce failures by the corrosive attack 
of the strong sodium hydroxide which may form on cold sodium 
oxide coated surfaces, even when humidity is maintained at a 
low level. Therefore, it is necessary to protect cooling sur­
faces and other equipment from sodium deposition by introducing 
a particle collecting device, such as a filter, upstream of the 
air cooler, air blower, etc. 

Sodium aerosol particles, even when generated by different 
methods, usually have a mass median diameter between one and 
two microns when freshly formed and a wide spread of sizes 
(i.e., large geometric standard deviation)C3,4). Agglomeration 
and flocculation occur spontaneously and rapidly when high parti­
cle concentrations are generated by oxidation of hot metallic 
sodium and this process produces an even greater spread in the 
sizes of particles that are present. When collected on filters, 
the particles produce rapid resistance rise because of their 
tendency to compact under slight pressure and the detrimental 
effects on porosity of even small chemical changes brought about 
by absorption of water vapor. These characteristics of sodium 
aerosols (i.e., small particle size, high concentration, and 
marked blinding or plugging characteristics when deposited in 
filters) require filters possessing high efficiency for small 
particles and the ability to store large quantities of material 
in the pores with only moderate pressure rise. 

Previous studi{~)of high efficiency, high capacity filters 
for sodium aerosols have demonstrated that when deep bed 
filters are assembled so that the various grades of fibrous 
media are arranged in graduated fiber diameters and packing 
densities, and when followed by a pleated absolute filter, they 
are capable of collecting elemental sodium and sodium oxide 
fumes at high efficiency and storing large amounts of fume in 
the filter with acceptable resistance increases. One filter 
pack design is capable of collection efficiencies greater than 
99.9% and sodium fume storage in excess of 0.5 lb of sodium per 
square foot of filter face area with filtration velocities of 
6-12 ft/min and a terminal filter resistance of 20 in.w.g. 
Sodium storage values in excess of 0.75 lb/sq. ft. of filter 
face area were obtained when filtration was conducted at lower 
velocities, but the face area and total space requirements 
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increased proportionately. Although it is possible to install 
deep bed fixed filters of this type with high temperature resis­
tance (~l,000°F) and adequate holding capacity for the largest 
design basis sodium spill, the space required for installation 
will probably exceed the amount available for this function. 
Therefore, there is considerable interest in the use of indus­
trial cleanable cloth filters for protecting heat exchangers 
from fouling after large sodium spills. These filters are 
commercially available, are designed to handle heavy dust 
loadings, and are cleanable automatically without interrupting 
filtration. In addition, accessory equipment of many kinds is 
available to remove the collected material from the filters 
and convey it in enclosed tunnels to a prepared disposal site. 
This is an especially important safety measure when the collected 
aerosol particles contain a high percentage of unreacted elemental 
sodium. Cleanable fabric filters have other advantages over 
the deep bed single use filter, including lower cost and reduced 
space requirements,and seem abetter choice for large reactors 
whereas the deep bed filter seems better adapted to research 
and test facilities in which the amounts of sodium in use are 
small and the size of the sodium spill is similarly limited. 

Cleanable cloth filters are inferior to deep bed filters 
in temperature resistance. Glass filter fabrics are able to 
tolerate t~mperatures up to 550°F and have the best temperature 
resistance of all available fabrics*, but they are fragile and 
are rapidly degraded by strong alkalies such as sodium hydroxide. 
When the glass fiber surfaces become etched by contact with 
strong alkali, it becomes more difficult to clean accumulated 
filter cake during the cleaning cycles. Teflon fabrics are 
resistant to chemical attack by all concentrations of sodium 
oxides and hydroxide, they release the filter cake easily, 
are much stronger than glass (so they can be cleaned by vigorous 
shaking), and are superior in every respect except temperature 
resistance. The maximum temperature exposure for this fabric 
is approximately 450°F. Little is known about brief period 
heat resistance as industrial cleanable fabric filters are de­
signed to have a service life measured in years under normal 
service conditions, but it seems unlikely that a significant 
increase in temperature will be compatible with dependable 
service and high collection efficiency. The worthwhile charac­
teristics of cleanable industrial cloth filters make them of 
potential value for application to LMFBR reactors for control 
of accidental sodi1:lffi releases. 

*This temperature limitation is not because of the softening 
point of the glass (approximately 1000°F) but the loss of 
the silicone-Teflon lubricant which makes it possible to 
shake the filter bags without fracture of individual glass 
fibers. 
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II. EXPERIMENTAL ARRANGEMENTS 

A. Generation of Sodium Aerosols 

Sodium aerosols were generated by heating elemental sodium 
to 1000°F or higher in an inert atmosphere, sweeping the vapors 
out of the heated zone with heated nitrogen or other inert gas 
purge stream, and permitting condensation of sodium vapor to(

3
) 

occur in a cool zone with or without the presence of oxygen. 
Under these conditions of aerosol formation, particulate loading 
was low (<0.5 gm/M3), pressure drop increase of the filter was 
rapid per gram of sodium deposited (per square meter of filter 
cloth), and filter cloth cleaning was difficult. 

Other sodium aerosols were generated by spraying molten 
sodium at a temperature in excess of 500-600°F into an air atmos­
phere. Under these conditions, hot sodium droplets vaporized 
and burned to form particle loadings of sodium and sodium oxides 
in excess of 10 grams per cubic meter of air. Mean particle 
size was considerably greater than one micron but large numbers 
of submicron diameter particles were present, even though they 
represented but a minor fraction of the total weight of air­
borne sodium. Based on color, it was estimated that the tempera­
ture of the sodium flame produced by atomizing hot sodium with 
compressed, heated nitrogen through a two-fluid pneumatic nozzle 
was in excess of 2500°F. Atomization of hot sodium under 
pressure into a 3500 cu. ft. chamber resulted in high sodium 
airborne particulate loadings which most accurately reproduce 
anticipated accident conditions. 

To simulate reactor operatine conditions as closely as 
possible, molten sodium releases were made intermittently 
into the test chamber so that initially, the filter was sub­
jected to a high sodium dust concentration, but this declined 
progressively as particles settled to the floor, deposited on 
walls and ceiling, and were removed by filtration. When the 
sodium concentration declined to 1-2 grams per cubic meter 
(g/l'~j), a fresh charge of molten sodium was atomized into the 
chamber to elevate the concentration again. Cycle time for 
sodium introductions was about one hour. 

B. Cleanable Fabric Filter 

Fjgure 1 shows a diagram of the dual filter installation 
used for the sodium aerosol studies. The two filter bags,measuring 
12 cm in diameter and 1.6 meters long, were sometimes used 
alternately so that one unit could be on stream while the 
other was being cleaned but at other times,the two were used 
in parallel to double the available filter area. The mechanical 
shaking arrangement is shown in Figure 1. When filtering with 
glass fabric bags, the shaking mechanisms were inactivated, and 
the bags were cleaned by back flow air, only. 
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III. EXPERIMENTAL RESULTS 

A. Glass fabric filters cleaned by reverse air flow 

Filter bags were tested without prior application of 
filter aids and after precoating with fine asbestos fibers 
called "floats 11 (5). Initial studies 2were made on glass bags 
with an asbestos coating of 156 gm/M of bag sur3ace and a 
constant air flow rate through the bag of 0.37 M /min at NTP*. 
The air to cloth ratio was 0.61 M3jM2 and this was also the 
superficial filter face velocity in M/min. Inlet partic~late 
sodium oxide concentrations ranged from 750 to 1900 mg/M of 
air measured at NTP. A maximum pressure drop across the bag 
of 15 cm of water was selected to avoid str~tching the fabric 
or fracturing the fibers and stitching. Following this prac­
tice, an initial run of 137 minutes was obtained on a new 
glass fabric bag preflocked with asbestos. After backflowing 
with clean air to remove the sodium deposit and reduce filter 
resistance, a second run of 64 minutes was obtained (without 
recoating the bag with asbestos). A third run (again, without 
new asbestos) lasted 10.75 minutes before the maximum pressure 
drop was reached. Removal efficiencies (calculated as Na) for 
this series of tests varied from greater than 99.79% for the 
initial cycle to greater than 99.40% for the third cycle, 
reflecting the substitution of an excellent particle retention 
sodium oxide filter cake for the asbestos filter aid as the 
filter fabric continued in service. The dashed lines of 
Figure 2 show the filter pressure drop data related to gas flow 
through the clean cloth, the application of asbestos filter 
aid, deposition of sodium oxide, and the three cleaning cycles. 
It will be apparent from Figure 2 that removal of the filter 
aid at the time of the first cleaning cycle permitted sodium 
oxide particles to penetrate into the interstices of the filter 
fabric during the next filtration cycle and to form a tenaceous 
surface cake that could not be cleaned satisfactorily. This 
resulted in a third and subsequent filtration cycles which 
were too brief to be of value. 

Next, studies were conducted to explore the performance 
of glass fabric filter bags precoated with an asbestos filter 
aid and recoated with asbestos following each cleaning cycle. 
The objective was to extend the period of satisfactory bag 
service by maintaining an asbestos "parting layer" between 
fabric and deposited aerosol particles to prevent penetration 
of particles into t·he fabric structure where they become entrapped 
and, after chemical and physical changes, resist cleaning. The 
solid lines of Figure 2 show the results of filtration with ~­
this method of operation (i.e., with a precoating step preceding 
each filtration cycle). As may be noted, this procedure did 

*20°C and 1 atm. 
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FIGURE 2 GLASS FILTER BAG PERFORMANCE (PRESSURE VS. SODIUM DEPOSITED) 
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not result in any significant improvement in the performance 
of the bags. 

During the final cleaning cycle, the glass fiber filter 
bag ruptured. It has not been determined if chemical damage 
to the glass from sodium oxide and hydroxide deposition was 
an important contributor to this failure. Nonetheless, based 
on this factor and the data obtained in the filter studies, 
it was concluded that glass fiber filter bags may not meet 
the needs of a cleanup system for a major sodium fire. 

B. Teflon fabric filters cleaned by backflow air 

Figure 3 shows that Teflon filters can be operated 
satisfactorily with only a single preflocking (to obtain 
initial clean bag high efficiency filtration) and that 
filters composed of this fabric, when compared with glass, 
will give twice or more the number of useful cleaning cycles 
without reflocking. 

C. Teflon fabric filters cleaned by mechanical shaking 

When using Teflon filter bags, it was possible to clean 
the filter cake from the bag surfaces by mechanical shaking. 
This proved more effective than gentle backflow air cleaning 
without shaking, which is required for glass fabric bags. As 
a result, it was possible to greatly reduce filter resistance 
each time the bags were cleaned and to permit a longer filtra­
tion cycle before reaching the maximum pressure drop of 15 cm 
of water. 

A typical series of filtration cycles during a period 
when there were four sodium fires in the chamber is shown in 
Figure 4. It is particularly pertinent to note the greatly 
increased filtration cycles (numbers 8, 9, and 10) which resulted 
from vigorous bag cleaning. The last 3 cycles exceeded the 
initial cycle in length even though the bags were flocked with 
asbestos floats only before the first cycle. For this series, 
the total amount of sodium deposited was 750 gm/M2 (one bag 
only) of filter face area. Filtration efficiency was in excess 
of 99% for all tests. 

IV. DISCUSSION AND CONCLUSIONS 

Experimental results show that aerosol particle size has 
an important effect on filter resistance increase per weight 
of particles deposited. High loadings (e.g., up to 30 grams 
per cubic meter of air) were associated with larger mean particle 
size and low pressure drop increase across the filter bag. At 
sodium fume loadings substantially below one gram per cubic 
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meter of air, the mean particle diameters were close to one 
micron and a rapid filter pressure drop increase per unit of 
sodium deposited was observed. At sodium loadings well above 
10 gm/M3, a very high weight percentage of the particles were 
from 10 microns to well into the visible range (> 100 microns). 
These very highly agglomerated and porous particle clusters 
produced only modest pressure drop increases per unit of 
aerosol particle deposited. It is fortuitous that the higher 
the sodium compound loading on the filter, the slower the 
rise in pressure drop. This phenomenon is now being studied 
more closely because it has important implications for the 
design of accident control systems. 

Also to be noted is the fact that withdrawal of 1% of 
the chamber gas volume per minute through the pilot-plant 
filter system (and return of the cleaned air to the chamber) 
had no perceptible effect on hastening the clearing of sodium 
particles from the chamber air. This tends to confirm the 
wisdom of using local exhaust ventilation rather than general 
ventilation for controlling the spread of sodium throughout 
the facility. This would prevent airborne sodium from depositing 
on surfaces and, by confining the evolving fumes to a small 
area and a limited air dilution, maintain very high dust loadings 
to the filter which should result in porous filter cakes and 
long filtration cycles between cleanings. 

Studies are in progress to produce sodiu~ fume loadings 
inside the test chamber up to at least 30 g/M5 by both spray 
fires and pool fires to test the effect of loading on particle 
size, particle shape, and filterability. In addition, studies 
are being conducted to evaluate quantitatively the benefits to 
be derived from preflocking Teflon filter cloths with asbestos 
floats. 
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DISCUSSION 

PALMER: I'm wondering if these filters would have any 
application for an accident in which organic coolant is burning? Here 
again we have quite a sticky mess. Could you comment on this? 

FIRST: I believe it might if it had a coating of filter aids 
which would be selected to handle it. The reason I say this is that some 
years ago the Southern California Edison Company decided to make an 
installation for removal of the cloud that was emitted from their heavy 
oil burning stations. This white plume was largely sulfuric acid mist 
and, as you can imagine, when this material gets into a filter cloth it 
produces a very sticky wet mass. They found, however, that if they 
blew powdered limestone or dolomite into the fire box and let that go 
through the system, it not only had a beneficial effect on the corrosion 
of the boiler tubes, but when it came out and was deposited on the glass 
fabric it acted as a filter aid, The sulfuric acid was soaked up on the 
calcium-magnesium oxide mass. In this manner, they were able to use 
the bags successfully for many years. For this reason, I think it is 
possible, by using a system of filter aids, to handle many things which 
could not be handled with just a bare cloth. 

BEATTIE: I've listened to what you have to say with great 
interest Dr. First, and to what your Mr. Hinds said before you. And I 
haven't come to pick a quarrel with you this time, I just wanted to add 
one or two thoughts that occurred to me which seem to carry some of these 
facts about sodium clouds together for me, In a fast reactor there are usually 
some sodium feed pipes. There have to be some in sodium equipment. At 
any rate, in the Dounreay fast reactor the one that has been operating for 
about 10 years, there were such pipes and the operators were worried about 
the possibility of a burst. And of course the system is pressurized with 
Argon so they were worried about what they called a gusher, which would 
be burning sodium coming out of a burst pipe. And if you think that a burst 
pipe in these circumstances is incredible, well, we don't believe in incredi­
bility, and strange things do happen, as Dr. Epler of Oak Ridge has shown 
recently, in some papers. However, the Dounreay people did an experiment 
to satisfy themselves. Dounreay is in the northern part of Scotland, so there 
are very few people. They waited for a day when the wind was blowing towards 
the North where there was nothing but sea, icebergs, and the North Pole. And 
they took out onto the shore a vessel filled with I think, a kilogram or so of 
inactive sodium, heated and pressurized, opened the tap and stepped back 
smartly. What was observed was indeed a gusher, and the kind of dense 
cloud that your Mr. Hinds mentioned and here it would have the sort of 
density, particulate density that you were mentioning. Much denser than 
water clouds, that is optically dense. Denser than even the densest cumulus 
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clouds. And of further interest is the fact that the cloud drifted off over 
the sea depositing very very slowly indeed. It drifted a long way and was 
lost from sight, thinning out all the time. This takes me back to other 
papers on the deposition of sodium vapor in containment; of course this 
was in the open air, the experiment at Dounreay. But I did reflect then 
that if the deposition took so long in the open air, it could very well take 
a long time in a containment, if the concentration were low enough. 

FIRST: I quite agree, of course. For the very rapid 
agglomeration and flocculation situations that we have been discussing, 
we refer to concentrations of grams per cubic meter. It's quite obvious 
that the rate at which the sodium is released is a very important factor in 
the size distribution which can be expected. By that I mean the total quantity 
of sodium lost is not the only important factor but, rather, the rate at which 
it is lost. Very slow evolution produces small particle sizes because the 
particles will deposit continuously by settling, thermophoresis, etc., and 
will only just be replaced by the slow rate of generation. I wonder if there 
is any significance to the fact that you British conducted the experiment just 
off the coast of Scotland? 

BEATTIE: 
disapprove of it! 

Being that I am a Scot myself, I did of course 

RIVERS: I believe you said that you did not measure efficiencies 
or penetration because they were uniformly very high, and therefore did not 
seem to be a matter of much concern. 

FIRST: Let me clarify that. I said that I didn't report the 
results here, but we did measure collection efficiency and it was uniformly 
high. I thought it would not be interesting to show a lot of nines after the 
decimal point. 

RIVERS: We have done a great deal of work in this line, 
measuring the performance of fabric collectors on metal oxides (chiefly 
zinc oxide). It always appears that there is an intimate relationship between 
the pressure rise across the cloth and the system operating parameters -
the frequency of cleaning cycle, method of vibration and the penetration 
level considered acceptable. Generally engineers ignore penetration, 
because it is small in industrial situations. In nuclear applications, we 
may be required to deliver specified penetrations, and this factor will 
affect the design of the equipment. I would like to see penetration data 
for your experiments, and I want other people to understand that pene­
tration is a design parameter. 

FIRST: I quite agree with you. The efficiency or pene-
tration is very important. I hope you will find that information in the pre­
print. If you do not, I will be glad to get the information for you and to 
repair that omission in the final copy that goes to the printer. It should 
be there of course. 
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