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ABSTRACT

The downstream behavior of fission products has been
investigated by injecting mixtures of CsOH, Csl, and Te into a
flowing steam/hydrogen stream and determining the physical and
chemical changes that took place as the gaseous mixture flowed down
a reaction duct on which a temperature gradient (1000° to 200°C)
had been imposed. Deposition on the wall of the duct occurred by
vapor condensation 1n the higher temperature regions and by aerosol
deposition In the remainder of the duct. Reactions in the gas
stream between CsOH and Csl and between CsOH and Te had an effect
on the vapor condensation. The aerosol was characterized by the
use of Impingement tabs placed 1n the gas stream.

INTRODUCTION

The objective of these studies was to determine the physical and chemical
processes which take place in the primary system of a reactor when volatile
fission products are released from the fuel and transported by a steam/
hydrogen stream from the overheated core to the cooler plenum as a result of a
loss-of-coolant accident. These studies have been done by injecting CsOH,
Csl, or Te or mixtures of two or more of these substances into a flowing
super-heated steam/hydrogen gas stream and determining the physical and
chemical changes that took place when this mixture flowed down a reaction duct
on which a temperature gradient (1000° to 200°C) had been imposed. The
concentrations were chosen so that all of the fission products were gases at
the highest temperature. As the temperature of the flowing gas stream
decreased, due to loss of heat to the wall, condensation on the wall of the
reaction duct took place. The chemical composition of the deposit depended on
the composition of the gas stream and the temperature. The rate of
condensation on the wall was found to be too low to reduce the concentration
in the gas phase fast enough to avoid supersaturation and the formation of
aerosols. Therefore, 1n the cooler region of the duct all of the deposit on
the walls was the result of aerosol deposition.

EXPERIMENTAL

The apparatus used 1n these studies consisted of a steam generator, a
steam superheater, an injection section, a reaction duct, and a steam
condenser. The steam generator was a Chromalex type CEC48 capable of
producing 136 lb/hr of steam at 100 psig. The superheater consisted of five
schedule 80 stainless-steel (type 310) pipes, l-1n. dia, 3-ft long, welded to
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headers. The tubes were heated by an external 14.8 kW heater (1200°C max),
which was covered by 5-1n. of Cerawool Insulation. The superheater raised the
steam temperature to 1000°C. The Injection section consisted of a lO-1n.
long, l-1n. dia stainless-steel pipe equipped with two ports. One of these
ports was used to Inject the fission products and the other was used as a
thermocouple well. The main duct was a 4-1n. d1a schedule 80 stainless steel
(type 310) pipe that was 12-ft long. It was surrounded by seven heaters, each
with separate controls. The first 10 ft was heated by five heaters (7.5 kW),
each 2-ft long, while the last two feet had two heaters of 1.5- and 0.5-ft
length, (6 and 2.1 kW, respectively). The temperature gradient was set by
controlling the power to each heater and the amount of insulation applied
outside the heaters. The reaction duct was lined with one-foot-long pipes
made of 28 gauge stainless steel (type 304). These liners overlapped at the
ends and fit very tightly into the duct. The actual Inside diameter of the
liners was, 3.68-in. (9.35 cm). The condenser was an American-Standard type
SSCF made of stainless steel (type 316) and was about 2-ft long. At the
maximum anticipated steam flow rate (5 g/s), 1t had about 20% more condensing
capacity than needed.

In a typical experiment, after Installation of the liners and the amount
of Insulation appropriate for the desired temperature profile, the duct was
heated to about 600OC at the hottest section with a slow (40 cu.ft/hr) stream
of nitrogen flowing overnight (a period of 12-15 hours). The gas purge was
then changed to argon (20 cu.ft/hr), and the temperature was rapidly raised to
the desired temperature profile, allowed to stabilize, and the steam flow
started. As soon as the steam flow had stabilized, as determined by a steady
flow of condensate from the condenser, the sample of fission products was
injected. After the Injection was complete, the heaters were turned off, the
steam flow was stopped, and a low flow of argon (20 cu.ft/hr) started. In
some of the earlier experiments, the steam flow was allowed to flow for up to
20 minutes after the injection was completed to aid in the cooling of the
superheater. This practice was stopped to avoid revaporization of the
deposits on the wall of the duct.

The sample was Injected as either a solution of CsOH or Csl, a mixture of
the two, or as a CsOH/CsI solution containing finely ground Te metal in
suspension. From the composition of the aqueous solution and the rate and
time of injection, the amount of each compound Injected was computed. From
the flow of steam, determined by weighing the condensate at one-minute
Intervals, and the injection rates, the concentrations of the individual
substances in the gas stream were computed.

The temperature of the outside of the duct was measured at two-foot
Intervals for the first 10 feet and every foot thereafter. The steam
temperature was measured at the inlet to the duct and at the exit. The
temperature was computed at Intermediate points by estimating the cooling of
the steam by radiation and thermal conductance to the wall. The temperature
variation of the emissivity, heat capacity and thermal conductance of the
steam was Included In the computational method. A linear temperature gradient
between the measured points on the duct wall was assumed. The computed and
observed exit steam temperatures agreed to within about 20OC.



Removable sample tabs were placed 1n each Uner. In most experiments
these consisted of a 3/l6-1n. wide HCH-shaped piece of stainless steel (15-mil
thick) located so as to Intersect the gas flowing down the duct. Both
Impingement and deposition samples were obtained using these tabs. In a few
experiments, a small "window" frame holding four fine wires was located 1n the
center of the duct. The different diameters of the wires were Intended to
sample aerosol particles of different sizes. The tabs and wires were examined
with a scanning electron microscope to determine the morphology and
composition of the deposits. Samples of the deposits were also examined using
X-ray diffraction to identify the phases present.

The amount of material deposited on the walls of the duct was determined
by chemical analysis. The liners were leached first with water and then with
dilute nitric acid. The leachants were analyzed for cesium and tellurium and
the water solutions were also analyzed for Iodine. (Any Iodine in the acid
leachants would be rapidly air oxidized and would then be lost.) A quartz
wool filter was placed 1n the section of l-1n. pipe located between the end of
the duct and the condenser. This filter removed almost all of the aerosol
particles from the gas stream before 1t entered the condenser. All of the
downstream parts were also leached and the solutions analyzed to obtain a mass
balance.

Results and Discussion

Nine experiments have been done. The first two experiments used Csl to
test the apparatus and establish the experimental procedure to be used in the
remaining experiments. It was observed that the deposition of Csl started in
the duct liner whose temperature range included the saturation temperature for
the Csl-steam mixture computed from the Csl Injection rate and the steam flow
rate. X-ray diffraction analysis of samples of the material deposited on the
sample tabs showed the presence of Csl. Because the sample tabs were
completely covered with Csl, the size of any aerosol particles formed could
not be determined.

Cesium hydroxide was used 1n the third experiment. The major deposition
of cesium was observed to begin In the duct liner whose temperature range
Included the saturation temperature of the CsOH-steam mixture. CsOH was not
Identified in samples of the deposits from the sample tabs using x-ray
analysis; however, the monohydrate, CsOH»H2O, was identified 1n the deposit
from the sample tabs from the liners located at the end of the duct, I.e., the
coldest region of the duct. The water leachants were highly alkaline, as
would be expected 1f CsOH were present. Thermodynamic computations predicted
the possible formation of the monohydrate 1n the cooler regions of the duct.

To characterize the aerosols formed, experiments were done which employed
a small amount of Csl and CsOH, respectively. The rate of injection was the
same as In the previous experiments (~1.5 g/min), but the total amount of Csl
or CsOH sent down the duct was reduced by Injecting about 12 seconds. The
number and size distribution of the particles deposited on the sample tabs
were determined with a scanning electron microscope. Photographs were taken
of random areas of the sample tabs at different magnifications so as to cover
sizes from about



0.05 urn to over 50 pm. The observed size distribution was corrected for the
collection efficiency of the sample tab. Analysis of data from one tab 1n each
experiment has been completed. A simple lognormal size distribution was not
found, suggesting that more than one process was Involved 1n the aerosol
formation and growth. For the Csl experiment, a count mean diameter (CMD) of
0.35 pm was found. The mass mean diameter (MMD) was 7.9 pm. For the CsOH
experiment, the CMD was 0.17 pm and the MMD, 1.1 pm. However, the CsOH
particles were observed to be frozen puddles and, hence, the actual size of
the particles was probably smaller. The Csl particles appeared to be
spherical in shape. These preliminary results suggest that a significant
fraction of the aerosol particles formed are submicron 1n size and, therefore,
would be expected to be easily transported downstream.

The downstream behavior of a mixture of Csl and CsOH was studied by
injecting Csl (9.0 g) and CsOH (43.7 g) into steam (144.6 g/min) over a period
of six minutes. Nine minutes after the end of the Injection the steam was
turned off and a flow of argon started. The system was allowed to cool to
room temperature. The individual liners were leached with water and dilute
nitric add. Both leachants were analyzed for cesium and the water leachants
were analyzed for iodine. The amounts of Csl and CsOH found on each liner and
the calculated wall and steam temperatures are shown in Fig. 1. It was
assumed that all of the iodine was present as Csl (the solutions contained
only Iodide ion). The total cesium was corrected for the amount of cesium
present as Csl to compute the amount of CsOH. Approximately 87% of the CsOH
and 91% of the Csl Injected were found downstream, either on the duct liners
or in the tall pipe filter or the condensate. Of the Csl found downstream,
12% was found on the duct liners, while 17% of the CsOH was found on the duct
liners.

The amount of Csl or CsOH on the last four liners 1s seen to be
approximately constant. At the gas temperatures for these liners, the
concentration of Csl or CsOH as vapor in the gas would be very small and the
amount vapor deposited on these liners would be Insignificant. It is
concluded that the Csl and CsOH found on the last four duct liners was
deposited as aerosol particles. A large part of the deposit on the fifth and
sixth liners was probably deposited as aerosol particles. Approximately 58%
of the CsOH found in the duct was the result of vapor deposition or reaction
with the wall; the remaining 42% was deposited as aerosol particles. In the
case of Csl, about 52% of the Csl found In the duct was the result of vapor
deposition (Csl does not react with the stainless steel wall under the
conditions of these experiments). When the large fraction of the Csl and CsOH
injected Into the duct found in the downstream filters and condensate is
combined with the amount deposited as aerosol within the duct, only a very
small fraction 1s deposited as a result of vapor deposition or reaction with
the wall.

From the concentration of Csl and CsOH in the gas stream, the saturation
temperature can be computed. At and below this temperature deposition on the
wall or the formation of aerosol particles would start. The calculated
saturation temperature Is 672°C and 677°C for CsOH and Csl, respectively.
Thus, a large deposit of both CsOH and Csl should be observed on the fifth
Uner, where the wall temperature varies from 690 to 610°C. As seen in Fig.l,
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the start of deposition of CsOH 1s 1n agreement with this prediction, but the
start of deposition of Csl was not observed until liner 6 whose temperature
varied between 610 and 510OC. There are two probable causes for this
discrepancy. The first Is the revapoHzation and transport downstream of Csl
during the nine minutes that the steam was allowed to flow after the end of
the Injection. The second 1s the possibility that Csl and CsOH Interact 1n
the gas phase to lower the dew point for Csl. Both of these explanations are
believed to be valid 1n this experiment.

The formation of a gaseous complex, CsI'CsOH, 1s highly likely since
dimers of both Csl and CsOH are known to exist and mixed dimer species have
been observed In mixtures of different gaseous alkali ha]ides. In a gaseous
mixture of Csl and CsOH, the following equilibria are expected:

2CsI(g) = (Csl)2(g) (1)

2CsOH(g) = (CsOH)2(g) (2)

Csl(g) + CsOH(g) = CsI»CsOH(g) (3)

The partial pressures of Csl and CsOH in the gaseous mixture can be
computed from the composition of the gas phase and the equilibrium constants
of the above reactions. As the temperature of the gaseous mixture falls while
the gas flows down the reaction duct, the partial pressures of both Csl and
CsOH decrease due to the Increase In the values of the equilibrium constants.
The saturation partial pressures of Csl and CsOH at the wall rapidly decrease
as the wall temperature decreases. For vapor deposition or aerosol formation
to start, the partial pressures of Csl or CsOH in the gas phase must be equal
to or greater than their partial pressures 1n equilibrium with the condensed
phase (liquid or solid Csl or CsOH).

Experimental values for the equilibrium constants for the formation of
the complex are not known. Studies of the equilibrium constants of similar
complexes involving pairs of alkali metal halides Indicate that a relation of
the form:

K3 = k(Ki K2)l/2 (4)

is valid. In this relation Ki, K2, and K3 are the equilibrium constants for
reactions 1, 2 and 3; the factor k has a value varying from 2 to 4. Under the
conditions of this experiment, the dew point for Csl was found to vary from
633OC for k=2 to 602OC for k=4. For the formation of the complex to account
for the observed deposition pattern of Csl, the value of k must be greater
than 3.3. Therefore, the formation of the complex could have lowered the dew
point of Csl enough to lead to the observed distribution of Csl. However,
during the nine minutes of steam flow after the Injection period, some
revaporization and transport downstream could have occurred.

The revaporization of fission product compounds from their original
deposition site and their movement further downstream play a potentially
important role 1n loss-of-coolant accidents. Revaporization 1s caused by the
flow over the deposit of a gas, which 1s undersaturated with respect to one or



more of the deposited compounds. The rate of the revaporization 1s determined
by the vapor pressure of the deposit, which 1s strongly affected by Its
temperature. The temperature of the deposit Is determined by a balance
between the rates of heat transfer from the gas, loss of heat to the
surroundings and generation of heat due to radioactive-decay. The effect of
radioactive decay heating has been experimentally simulated by forming a
deposit on the wall of the duct and then studying Its revaporization and
transport by heating the deposit 1n flowing steam.

Two experiments were dona (described 1n next paragraph). In the first
experiment, the deposition pattern on the wall of the duct before the
revaporization was determined. In the second experiment, the same deposition
pattern was established by duplicating the first experiment and then the
deposit was heated to a higher temperature in a flowing stream of steam. The
difference in the deposition patterns between the two experiments is assumed
to represent the effect of the revaporization.

A water solution of Csl (3.0 g) and CsOH (17.0 g) containing powdered
tellurium (3.0 g) in suspension was Injected Into steam (flow rate of 122.5
g/min) over a period of 80 seconds. The temperature profile of the duct was
adjusted so that most of the vapor deposition was expected on the third and
fourth liners. In the first experiment, the steam flow was halted as soon as
the Injection was completed. The deposit was then cooled In a slow flow of
argon. In the second experiment, the same amounts of the fission product
compounds were Injected over the same time Interval. After the injection was
completed, the steam flow was reduced to 34 g/mln and the temperature of the
third and fourth duct liners was rapidly increased. The heating up required
12 minutes. The steam flow was then increased to 112.2 g/m1n and continued
for an additional 34 minutes, after which the reaction duct was cooled.

The distribution of Csl, CsOH, and Te between the Inside of the duct and
the particulate filter located downstream of the duct 1s given in Table 1.
At the end of the Injection step, 25% of the CsOH, 22% of the Te, and 17% of
the Csl recovered was found 1n the duct on the liners. Approximately half of
the Csl and CsOH and a third of the Te deposited 1n the duct during the
injection step of the second experiment, If assumed to ba the same as found at
the end of the first experiment, was lost from the duct during the
revaporization step. The distribution of Csl on each liner for both
experiments, as well as the calculated wall and steam temperature profiles
during the Injection step, 1s shown 1n Fig. 2. (The calculated wall
temperature profile during the revaporization step 1s shown on Fig.3.) It is
seen that the amount of Csl deposited on the last six liners 1s approximately
constant. Since the vapor pressure of Csl either 1n the gas or at the wall is
very low for these liners, the deposit originated from aerosol deposition, not
vapor deposition. The larger quantities of Csl found on these liners at the
end of the second experiment Indicate that some additional aerosol deposition
occurred during the revaporization step. Thus some of the Csl revaporized
from liners located at the 3-, 4-, and 5-foot locations was converted to
aerosol. Only a small amount of vapor deposition occurred during the
revaporization step of the second experiment. Most of the revaporized Csl
was converted to aerosol and a large fraction of the aerosol pa&sed out of the
duct. Approximately 35X of the deposit found In the duct at the end of the
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TABLE 1. DISTRIBUTION OF Csl. CsOH. AND Te. IN REVAPORIZATION STUDIES

Compound
Experiment

Duct.g
Filter.g
Total,g

Input,g
Mass Bai.,%

Csl
A

0.46
2.28
2.74

3.03
90

B

0.24
2.64
2.88

3.01
95

CsOH
A

4.05
12.13
16.18

19.90
81

B

2.07
16.14
18.21

19.48
93

Te
A
0.42
1.47
1.89

2,73
69

B

0.33
1.93
2.27

2.74
82

Notes: A- Steam flow stopped after injection.
B- Third and fourth liners heated, steam flow continued 46 min.

after injection.

injection step was formed by aerosol deposition, while at the end of the
second experiment 76% of the deposit was formed by aerosol deposition.

The rate of vapor deposition, Q, on the wall 1s dependent on the mass
transfer coefficient,ho, the wall area, A, and the difference between the
concentration at the wall, Cw, and in the gas, Cg:

Q = hDA(Cg - Cw) (5)

The mass transfer coefficient is a function of the steam flow velocity, the
gas viscosity, and the diffusion coefficient of gaseous Csl in steam. This
same relation governs the rate of revaporization, but in that case the
concentration in the gas is less than at the surface of the wall and so the
value of Q Is negative. A significant rate of vapor deposition is only
observed over a relatively small range of temperature due to the rapid
decrease 1n the concentration 1n the gas phase with temperature after
saturation 1s reached. In Fig. 2 1t can be seen that most of the vapor
deposition occurred on one liner, where the wall temperature varied from 680
to 510OC and the gas temperature from about 900 to 780OC. Most of the Csl
vapor deposited during the Injection step, I.e., on liners 3, 4, and 5, was
revaporized during the revaporization step. The Increase in the temperature
of the wall (see the upper temperature curve in Fig. 3) during the
revaporization step raised the vapor pressure at the wall and increased the
rate of vaporization. Since the entering steam did not contain Csl,
revaporization would have occurred even 1f the temperature had not been
raised, but, It would have occurred at a lower rate. Only a very small part
of the Csl deposit left 1n the duct after the revaporization step was
originally vapor deposited. The large fraction of the Csl revaporized
Indicates that the vapor pressure of the Csl present 1n the deposit was not
significantly lowered by the presence of a large excess of CsOH on the liner,
suggesting that the formation of a solution was hindered.

The distribution of Cs, corrected for the amount present as Csl and
calculated as CsOH, on each liner for both experiments and the temperature of
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the wall during the Injection and revaporization steps are shown 1n F1g. 3.
The Cs present on the first two liners 1s probably the result of a gas phase
reaction of CsOH with the oxide layer on the surface of the stainless steel
liners. The large deposit on the third Uner, where the temperature varied
from 860 to 680OC, does not appear to be due entirely to the vapor deposition
of CsOH, since the vapor pressure of CsOH 1s too high over most of the
temperature range. The revaporization Is also not consistent with the deposit
being pure CsOH, since the high vapor pressure of CsOH would be expected to
lead to a greater revaporization than observed for Csl. To understand the
behavior of CsOH, the behavior of tellurium, shown 1n Fig. 4, must also be
considered.

The tellurium used in these experiments was a mixture of elemental
tellurium and the oxide. The oxide would be expected to deposit at a higher
temperature than elemental tellurium. Two peaks in the deposition pattern
were expected: a high temperature peak associated with the deposition of the
oxide and a lower temperature peak associated with tellurium. This is not
observed in Fig. 4, which has a single peak. This single peak corresponds to
the peak in the cesium plot (Fig. 3). It 1s suggested that the tellurium
oxide and tellurium react with CsOH to form a tellurite:

TeO2 + 2CsOH = Cs2TeO3 + H2O (6)

Te + H2O + 2CsOH = Cs2TeO3 + H2 (7)

Cesium tellurite 1s known1 to form a volatile species but the vapor pressure
of the solid 1s not known. Since the vapor pressure would not be expected to
be high, cesium tellurite would be expected to deposit, if formed, at high
temperatures. Thus, it is believed that the large deposit of both cesium and
tellurium on the third Uner Is due, In part, to the deposition of cesium
tellurite. Additional evidence for the existence of the tellurite 1s the fact
that part of the tellurium was found in the water leachant. Neither TeO2 nor
Te are soluble in water. The revaporization behavior of both cesium and
tellurium suggests the presence of a compound in the deposit less volatile
than CsOH, TeO2, or Te. In the case of tellurium, it is also possible that
gaseous Te will react with the liner surface. However, the time of contact
(the injection time was about 80 sec.) was too short to allow much reaction,
and the liner surface in the hot region was highly oxidized before the
injection was made (elemental Te 1s more reactive with metals than oxides).
The lack of complete revaporization of the Te in the hot region indicates that
a stable compound is formed. It 1s likely that cesium tellurite will react
with the oxide layer on the surface of the stainless steel liners to form
complex mixed-oxide compounds.

1. See paper by Bowsher et al. given at this symposium.
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Previous studies? of the gas phase reaction of CsOM with stainless steel
Indicated the formation of various cesium silicates by reaction with the small
amount of silicon found as an alloying element 1n steel. These silicates are
not very volatile, and the large revaporization of cesium 1n the two highest
temperature liners suggests that In this experiment not all of the CsOH
reacted to form silicates. Scanning electron microscopy studies of cross
sections of the sample tabs Indicated that the CsOH Infiltrated the oxide
coating and penetrated the metal along grain boundaries.

SUMMARY

Our studies of the downstream behavior of CsOH, Csl, and Te/TeO2 Indicate
that reactions within the gas phase produce compounds which control the vapor
deposition, aerosol formation, and revaporization. The existence of a gaseous
complex, CsI»CsOH, was indicated 1n the experiments with Csl and CsOH. The
reaction of both TeO2 and Te with CsOH to produce a relatively non-volatile
compound, probably a tellurite, was Indicated when CsOH and a mixture of TeO2
and Te were Injected together. The tellurite was less volatile than TeO2, Te,
or CsOH and hence reduced the rate of revaporization. The tellurite may also
react with the oxide layer on the stainless steel liners to produce stable
mixed-oxide compounds.

Vapor deposition (and revaporization) 1s controlled by the temperature of
the gas and the difference In vapor pressure in the gas and at the surface of
the wall (deposit). When the temperature of the gas falls rapidly, the rate
of deposition on the walls 1s unable to reduce the concentration In the gas
fast enough to avoid supersaturation in the gas and the formation of aerbsols.
The formation of aerosols dominated the deposition and transport In these
experiments. Since the aerosols are expected to have compositions similar to
the material vapor deposited, their revaporization behavior would be similar.
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