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Introduction

The principal risk to the public from nuclear power plants derives front

the highly radioactive atoms (fission products) generated as energy is pro-

duced in the nuclear fuel. In normal operations, these fission products

reside almost entirely within the nuclear fuel where they are created.

However, under unusual conditions some of these fission products may be

released from the fuel and find their way into the environment. If the

release of fission products is large, they may be dispersed in such a way as

to present a public health risk. The fractional inventory of a specific

fission product released to the environment is known as the source-term for

that species.

The revolatilization of fission products from reactor system surfaces due

to self-heating by radioacive decay has become a complicating factor in the

source-term redefiniion effort. It has had a major impact on calculations of

fission product distributions in accident safety analyses. In PWR systems,

the process (as presently modeled) will result in delayed evolution of

volatile fission products from the primary coolant system, thus increasing the

airborne containment inventory at times when containment integrity nay be less

certain. In some BWR accidents the process will cause eventual transport of

the volatile fission products out of the drywell containment volume. The

revolatilization problem requires a systematic study of the thermodvsnical and

transport factors which will largely determine the mobility of the fission

products during severe accidents.

The focus of our research effort was to investigate the volatilization

and transport of fission products and control rod materials in a flowing



gaseous steam-hydrogen mixture. Fission product and control rod materials in

various combinations were studied including Csl, CsOH, TeO2, SrO, Ag, In, Cd

and Mn. The vaporization behavior of the deposits were characterized with

respect to vaporization rates, chemical species and downstream transport

behavior.

Experimental

The apparatus used for these studies consisted of a steam boiler, a

reaction furnace, and a condenser as shown in Pig. 1. The steam boiler is

equipped with a port for introducing a He/H2 purge gas that acts to carry

steam into the reaction zone. A mixture of ncn-radioactive elements is placed

in a stainless steel boat and located in the center of the reaction furnace.

The reaction furnace is equipped with a liner that can be removed for

examination of deposited material. The condenser section is equipped with a

condensate collector and gas collector.

In a typical experiment, with the sample in place, the assembled

apparatus is flushed with a 6% H2~He gas mixture while the furnace temperature

is raised to 200°C. After reaching this temperature, the steam flow is

started and the sample rapidly heated to the temperature of the experiment.

After one hour at temperature, the steam flow is stopped and the sample

rapidly cooled in the flowing H2~He gas mixture. The boat and liner are

removed and the liner cut into several sections depending on the appearance of

the deposits. The boat and the liner segments are leached with hot water and

dilute BNO3. The insoluble residues are treated with HjSC^ to bring them into

solution. All solutions are analyzed separately.
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Experiments were run at 500°, 750°, and 1000°C using the following

compounds Csl, CsOH, Teo2, and SrO and metals Ag, In, Cd, Sn, and Mn as

representative of fission products, control rod, and structural materials.

The experimenal matrix included testing the total mixture at all temperatures

in addition to a compounds only and metals only series at 750° and 1OOO°C To

enhance the determination of the effect of reaction with the boat, a series

containing only 10% of the reactants was also carried out. The nominal

deposit composition is listed in Table 1.

csl
CSOH

mqs

200
1100
220
70

1000
140
1000
36
40

moles x 10

0.8
7.5
1.4
0.7
9.3
1,2
9.6
0.3
0.8

2

SrO
Ag
In
Cd
Sn
Mn

Solutions were analyzed for Cd, Ag, Sr, Mn, Sn, In, and Te using the

inductive-coupled-plasma atomic emission spectroscopic method. Cesium was

determined using atomic absorption spectroscopy and iodine was determined

using an ion chromatography method.

Results and Discussion

The results obtained for three experiments in which analyses were made

for all of the elements present in the deposit are given in Tables 2, 3 and 4.



Table 2. Distribution of Reactants T = 500'C

Temp.
'C

Amount Retained, percent

Cd Ag Sr Mn Sn In Te Cs

Boat
Tube Wall
Liner Segment, in.

5.5
6.5

Condenser and
Connector

Condensate
Total

500 91.7 96.3 85.1 103.1 116.7 99.8 58.9 26.6 59.3
500-150 0.2 <0.1 0.2 1.9 0.3 <0.1 1.4 5.5

500-430
430-150

1.3 <0.1 9.2 1.0
2.9 <0.1 <0.1 0.5

0.1 0.1 27.8
<0.1 <0.1 1.0

5.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

9.2 17.0
6.4 3.9

1.8150-20
20 11.7

101.6 96.3 94.5 106.5 117.1 99.9 89.1 53.9 87.5

Table 3. Distribution of Reactants T = 75O*C

Boat
Tube Wall
Liner Segment, in.

6.5
1.0
2.5
2.0

Condenser and
Connector

Condensate
Total

Temp.
°C

750
750-150

750-550
550-430
430-250
250-150

150-20
20

Cd

30

n

0
0
12
22

34
20
101

.5

.6

.4

.J

.3

.0

.1

.3

Ag

96.
0,

0.
<0.
<0.
<0.

<0.
1.

96.

0
0

1
1
1
1

1
1
1

Amount Retained

Sr

97.
0.

0.
<0.
<0.
<0.

<0.
<0.
97.

0
0

2
1
1
1

1
1
2

Mn

106.
0.

1.
0.
0.
0.

<0.
<0.
108.

3
4

8
1
2
1

1
1
9

Sn

93.
<0.

<0.
<0.
<0.
<0,

<0.
<0.
93.

8
1

1
1
1
1

1
1
8

percent

In

102.
<0.

0.
<0.
<0.
<0.

0.
0.

102,

1
1

1
,1
,1
,1

.1
,1
.4

Te

69.4
0.3

8.0
0.4
0.9
0.7

3.6
8.0
91.3

I

66
0

1

5

2

5
23
104

.6

.1

.2

.5

.9

.3

.2

.8

Cs

63.
0.

2.

3.

4.
20.
100.

1
4

8
Q
y

2

6
8
8

Table 4. Distribution of Reactants T = 1000°C

Temp.
'C

Amount Retained, percent

Cd Ag Sr Mn Sn In Te Cs

Boat 1000 <0.1
Tube Wall 1000-150 0.2
Liner Segment, in.

7 1000-650 10.3
3 650-350 4.0
2 350-150 14.8

Condenser and
Connector 150-20 51.3

Condensate 20 2.7
Total 83.3

90.7 86.9

1.4 3.0

100.8 85.3 63.2 36.2 <0.9 0.2
3.0 <0.2 0.2 <0.1 <0.1 0.1

23.8
0.5

0.5

92.1 89.9 128.6

<4 2.3 3.2 <0.9 0.4
0.5 7.6 6.8 9.9 13.4
0.2 1.8 1.5 4.3 6.0

1.0 9.5 15.5 17.9 16.8
0.7 5.i 23.1 62.9 63.7
87.7 89.7 86.3 95.0 100.6



To determine the temperatures of the various downstream locations thermo-

couples were attached to the outside of the reaction tube and connecting

tubing. A separate experiment was done in which thermocouples were attached

to the inside of the liner to determine the temperature gradient as a function

of the temperature of the boat. The percentage values given in these tables

are with reference to the amount charged to the boat and the total indicates

the material balance. The experimental results will be summarized by element:

Cadmium - The transport of cadmium is strongly dependent on temperature.

Cadmium was observed to be transported as a metallic vapor. In the cooler

parts of the system a fine deposit of cadmium was formed. There was nc

evidence for chemical interaction between the cadmium vapor and the steam-

hydrogen gas stream.

Silver - Silver was not transported out of the boat. Small pieces of

silver wire as originally charged were found in the boat at the end the 500°c

experiment.

Strontium - Strontium was not transported out of the boat. The vapor

pressure of SrO is too low to expect any significant vaporization at the

temperatures of these experiments.

Manganese - There is probably no significant transport of manganese out

of the boat. The small amounts found in the sample from the hot sections of

the liner are probably from the dissolution of the manganese present in the

oxide scale. The greater than 100% found in the boat samples is also probably

due to dissolution of manganese from the stainless steel boat. These samples

had high concentrations of iron, chromium and nickel indicating dissolution of

stainless steel.



Tin - Ho significant transport of tin out of the boat was found at 500°

and 750°c. The vapor pressure of tin is too low to expect any vapor transport

under the conditions of these experiment. The small transport noted at 1000°c

nay indicate the formation of a volatile tin compound.

Indium - The significant transport of indium in the 1000°C experiment is

probably due to the transport of gaseous inTe Which would be formed by the

decomposition of the In2Te3 intermetallic found in the boat residue. The

vapor pressure of indium, 4 x 10~ a tin. at 1000°C, is too low to lead to

appreciable vapor transport.

Tellurium - Tellurium was observed to be transported as metallic

tellurium vapor. A purple colored sol was formed when the Te aerosol was

collected with the condensing steam. Since the tellurium was originally in the

form of the oxide, TeO2, reduction of the oxide took place prior to transport.

Iodine - Iodine is readily transported from the boat. The iodine was

added to the deposit as Csl. There was no evidence that this compound de-

composed into atomic cesium and molecular iodine. The condensate contained

iodine as iodide. It is assumed that iodine was transported as gaseous Csl or

compounds containing Csl.

Cesium - Cesium is transported out of the boat. It is assumed that the

gaseous species consist of Csl and CsOH and in addition compounds formed by

their interaction with each other or steam. The aqueous condensate was

strongly alkaline indicating the transport of CsOH.

Transport of Gaseous Species - The gaseous transport: of material out of

the boat depends on the vapor pressure of the species ovcsr the mixture and the

rate of vaporization into the flowing steam/hydrogen stream. The rate of

vaporization is given by the relation:



- c) [1]

in which Q is the rate of vaporization, hD the mass transfer coefficient, A

the area of the surface, cQ the concentration of the gaseous species at the

surface and c the concentration in the bulk gas (the so called mixing-cup

concentration). The mass transfer coefficient depends on the gas flow rate,

the diffusion coefficient of the species, the viscosity and density of the

gas, and the dimensions and shape of the system.

None of the published correlations of the mass transfer coefficient were

found to be applicable to the ccnfiguration of our experimental system.

Therefore, a series of experiments were done in which the deposit was replaced

with a single liquid (water or n-butanol) and a room temperature transport

experiment done with dry nitrogen as the transport gas. The boat containing a

weighed amount of the liquid was exposed to the nitrogen stream flowing at a

measured rate for various periods of time. After each exposure the boat was

removed from the tube and weighed to determine the amount of liquid trans-

ported. The rate of transport was found to increase with gas flow rate and

was a function of the depth of the liquid in the boat. The latter effect was

found to be a quadradic function of the free-board. An empirical expression

was used to correct each observed set of data to the same free-board. All of

the experiments were done at room temperature, and the vapor pressure computed

for the actual measured temperature.

The observed data were used to determine the two constants, a and b in

the equation:



Sh - a Rcb sc 1 / 3 [2]

in Which Sh is the Sherwood number (hpL/D)/ Re the Reynolds number (OL/T)), SC

the Schmidt number (n/D). h^ is the mass transfer coefficient, L is the

diameter of the tube, D is the diffusion coefficient (in these experiments for

the water-nitrogen or n-butanol-nitrogen systems), U the gas velocity, and -n

the kinematic viscosity. This correlation follows the dimensional analysis

developed by Bennett and Meyers1. The thirteen sets of data when plotted on a

log-log graph of Sh/Sc0"33 vs. Re "ield values of a •= 0.124 and b = 0.721. To

use this correlation to estimate the mass transfer for gaseous species of

importance to these studies it is necessary to compute the diffusion co-

efficient. The correlation reported by WilXe and Lee2 was used. For the

computations used in these studies the values are given in Table 5.

Table 5. Diffusion Coefficients of Cd, Csl and CsOH

Temp. °C. 500 750 1000

2.754

1.318

Transport of Cadmium - The above equations can be used to understand the

transport of cadmium as gaseous cadmium atoms. The concentration of cadmium

vapor at the surface of the deposit depends on the vapor pressure of the

liquid cadmium alloy formed When the system is heated. At 500°C, the alloy

consists of cadmium, indium, and tin with only a small amount of dissolved

silver. (The original pieces of silver wire were found at the end of the

Cd
C s l
CSOH

1

0

.061

.507

1
0
0

.623

.685

.874

1. C. 0. Bennett and J. E. Meyers, "Momentum, Heat, and Mass Transfer,"
McGraw Hill, N.Y., 3rd Edition (1982), p. 577.

2. C. R. Wilke and c. Y. Lee, Ind. and Eng. Chem., 47, 1253 (1955).
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experiment.) At 750° and 10OO°C, the silver had dissolved in the alloy phase.

To estimate the amount of cadmium transported, the vapor pressure of the alloy

was computed from its composition. As the cadmium was vaporized the alloy

became dilute in cadmium. The alloy composition was adjusted for the loss of

cadmium after each minute of vaporization. Computations made at shorter time

intervals did not make a significant difference in the results. At 500°C the

cadmium indium-rich alloy was assumed to form an ideal solution. The negative

deviations from ideal behavior of Cd-Ag alloys at 750°C was expressed in terms

of a regular solution equation and used to compute the cadmium activity after

each change in composition. Numerical computations were made for 500° and

750°C.

All of the cadmium would be expected to be transported at 1000°C. At

500° 49% of the cadmium would be expected to be vaporized in 60 minutes

compared to about 10% observed. At 750° 91% would be expected to be trans-

ported in 40 minutes (the duration of the experiment at 750°) compared to

about 70% observed. It is believed that t̂ e difference between the calculated

and observed results is due to the presence of a molten salt layer over the

alloy. This salt layer was gradually lost as the salt vaporized. Higher

vaporization rates are expected at 750°C, hence the smaller difference between

the computed and observed transport at the higher temperature. If the effect

of alloy formation is not included, all of the cadmium would be expected to be

transported at all temperatures in 60 minutes.

Transport of Iodine and Cesium - The transport of these two elements is

connected since the iodine was added as Csl. The major fraction of the cesium

was added as CsOH. The iodine is transported as gaseous eel and the cesium as

gaseous CsOH and CBI. Both salts have appreciable vapor pressures at the

temperatures of these experiments as Bhown in Table 6.



Table 6. Vapor Pressure (atm) of Csl and CsOH

Temp. °C 500 75O 1000

Csl 3.2 X 10"6 2.7 x 10~3 8.6 X 10~2

CsOH 1.8 x 10~4 2.3 X 10"2 0.45

To estimate the transport of iodine and cesium it was assumed that csl

and CsOH form an ideal solution. The transport calculation was done step-

wise (as in the case of cadmium), adjusting the composition of the liquid

CsOH-Csl salt phase after each minute of vaporization. Thus, as the

vaporization continued the salt became richer in csl until, the CsOH

completely vaporized and pure Csl remained. Detailed computations were dene

for all of the experiments at 75O°c. Essentially all of the iodine and

cesium was transported at 1000°. The result for iodine for the single

experiment at 500° are not considered valid. For the eaperiment at 750° in

which both salts and metals were used, the calculated transport of Csl was

19% compared to an observed value of 31%. For CsOH the calculated transport

was 88% compared to an observed value of about 39%. For the experiment in

which only the salts were used the computed Csl and CsOH transport are 16 and

83% repectively. The observed values are S9 and 91% respectively. All of

the Csl and CsOH is computed to be transported for the two experiments in

which 10% of the deposit was used. Essentially all of the iodine was

transported in these two experiments, but only 95% of the cesium. This

latter results suggests that some of the CsOH may have reacted with the

stainless steel boat and was not vaporized. It was observed that the salt

mixture crept out of the boat and therefore presented a larger area for

vaporization than used in the abo\ra calculations in which the area of the top

of the cavity in the boat was used. This would easily account for the cases

where the observed transport is greater than the calculated.
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Transport of Tellurium - Tellurium was added to the deposits as Teo2.

Observation of the vapor carried into the condenser during the experiment

indicated that the tellurium was transported as elemental tellurium. Several

reactions are believed to have taken place during the experiment. The Teo2

is expected to react with CsOH to form the tellurite Cs2Te03. This compound

would be expected to dissolve in the excess CsOH and then react with metallic

reductants in the deposit or the metals in the boat to form elemental

tellurium. Tellurium was also found to have formed a indium telluride In2Te3

intermetallic compound in the residue left in the boat. Electron microprobe

examination of the oxide corrosion layer formed on the boat indicated a

significant concentration of tellurium. The amount of tellurium transported

is shown in Table 7.

Table 7. Transport of Tellurium

Deposit
Composition

750°C

1000°C

Amount Transported,

3
Comp'ds
+Metals(3

24

58

L00%
Comp'ds(2)

88

98

%

101
Comp'ds
+Metals( 3)

39

61

k(l)
Comp

79

92

(1) 10% of the amounts given in Table 1
(2) Only the compounds listed in Table 1

(3) All of the substances listed in Table 1.

These results indicate that the presence of metals, i.e., indium in

particular, in the mixture retains tellurium in the boat. Even at iooo°c a

significant amount of tellurium is retained in the boat when indium is present

in the deposit. In the case of the experiments in which the laetals were not

present, a significant amount of tellurium was retained in the boat. This is

believed due to reaction with the stainless steel boat material.
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Formation of Complex Species in the Vapor — Another possible cause of

enhanced transport is the formation of complex species in the gas phase. Two

processes may be important. The first is the formation of a CsI.C«OH(g)

complex in the gas phase, while the second is the formation of a Csl.xR2O(g)

complex in the vapor phase. The formation of either of these complexes would

increase the concentration of cesium or iodine species in the gas phase.

The formation of a Csl»CsOH complex is based on the assumption that

because diners of each salt have been observed in the vapor above the pure

salts, the potential exists for unlike molecules to pair up. Further, it is

known that the vapor phase over mixtures of halides contain mixed complexes,

since the hydroxide group can act like a psuedo-halide ion (the OH~ ion has an

electronegativity between F~ and Cl~) it is likely that a mixed iodide and

hydroxide complex could be formed. No thermocheinical data have been found for

CsI-CsOH complex and hence its free energy of formation was estimated from

that of the aimers of Csl and CsOH. The estimate was based on the assumption

that the reaction to form the mixed complex from the two darners has an

equilibrium constant of 4. An equilibrium constant of this magnitude has been

reported3 in studies of mixed alkali halide systems and suggests that the free

energy is determined primarily by the entropy change which is approximately

equal to the change in symmetry. The free energy of formation of CsI»CsOH

from gaseous Csl and CsOH was found to be given by the equation:

CSI»CsOH: AGf°(kcal/»0le) - -39.05 + 31.4 x 10~3 T [3]

The enhanced vaporization of halide salts (i.e., Nacl) in the presence of

high pressure steam has been known for decades.4 The "solubility" of NaCl in

3. R. C. schoonmaker and R. F. Porter, J. Chem. Phys. 30, 285 (1959).

4. J. w. Hastie, "High Temperature Vapors, Science and Technology," Academic
Press (1975).
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high pressure, high temperature steam may be several orders of magnitude

greater than What would be computed from the vapor pressure of pure Kaci. For

example, at 200 atm pressure and 725°C the steam contains about 3% NaCl

compared to aljout 10 % computed from the vapor pressure of NaCl. This

enhanced solubility has been attributed to the formation of a NaCl*H o complex

in the steam. Sourirajan and Kennedy5 have reported the results of a detailed

study of the H2O-NaCl system at elevated temperatures and pressures. They

report the solubility of NaCl in steam for temperatures from 350° to 750°C and

pressures front 20 to 390 bar. These data for the solubility of NaCl in steam

have been used to compute the equilibrium constant for the reaction:

NaCl(S) + 2H2O(g) - NaCl«2H o(g) [4]

for temperatures from 350 to 625°C. The equilibrium constant is not dependent

on prsssure at a given temperature, hence the values for the different

pressures were averaged and used to compute the free energy for the process

given in Eq. (4). The free energy was found *:o be a linear function of

temperature, and became more positive with increasing temperature. The

change in free energy as a function of temperature is given by the equation:

AG12 = 5617 + 22.92 T [5]

This equation can be used to compute the partial pressure of the complex as a

function of temperature and pressure. The partial pressure of the complex, at

one atmosphere steam pressure, was found to be 2.5 x 1O~7 atm at 500°C and 6.2

x 10~ atm at 750°c, respectively. The corresponding vapor pressures of NaCl

in an inert gas are 2.6 x 1O~8 and 1.1 x 1O~4 atm, respectively. It is seen

5. S, Sdurirajan and G. C. Kennedy, Amer. Jour. Sci. 260, 115 (1962).
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that the importance of this process in enhancing the KaCl content of the steam

(at one atmosphere pressure) becomes greater as the temperature is lowered.

Also, the large "solubilities" found at high pressures are not found at one

atmosphere. Equation (5) cannot be used directly to estimate the con-

tribution of a reaction similar to Eq. (4) to the transport of Csl. Lacking

experimental data on the solubility of Csl in steam, Eq. (5) has been used as

a basis for the estimation of the solubility of Csl in steam. The free energy

of hydration of gaseous NaCl was calculated from Eq. (5) and the free energy

of formation of Nacl(g) from NaCl(s), i.e., for the reaction:

NaCl(g) + 2B2O(g) - NaC1.2H2o(g) [6]

The free energy of this reaction is given by the equation:

AG14 = -47570 + 56.54 T. [7]

This result indicates that the heat and entropy of formation of the hydra ted

species are -47.57 >jal/mole and -56.54 cal/deg mole, respectively.

For a hydrated species containing Csl in place of NaCl, the entropy

change would be expected to be about the same. However, it is unlikely that

the heat term would be the same. Lacking a good basis for inodifying the heat

term, it has been used unchanged fox the Csl lystem. The free energy given by

Eq. (?) was used to calculate the equilibrium constant for the Csl«2H o

complex.

Equations (3) and (7) were used to compute the equilibrium constants for

the formation of gaseous csI*csOH and Csl»2H o in the vapor phase over a Csl-

CsOH liquid solution of the composition used in these transport studies. The

partial pressure of all of the gaseous species which contain Csl is shown in

Table 8. it is seen that the CsI»CsOH complex species makes a significant
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contribution to the csl containing species, while at a steam pressure of one

atmosphere the Csl«2H Q species is not important. At higher pressures, the

CsI«2H2o species would be much more important. Thus, at 1000 psi, the partial

pressure of the hydrated species would be about 4000 times greater than showed

in Table 8. The possible formation of a hydrated gaseous CsOH species must

also be considered. The transport of Csl would be enhanced by the presence of

the Csl-CsOH species in the vapor.
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Table a. Vapor Composition: cs l Species
(Steam at one atm. pressure)

Temp. °c 500 750

X(CSI)* 0.075 0.073
P^ j , atm 2.20 X 10~7 2.56 X 10~4

P(CBI) 2, atm 1.04 x 10 ? 7.76 x 10~*

PCBI»CSOH, atm 1.45 X 10 4.71 x 10~*
PCsI«2H2o, atm 2.71 X 10"6 1.63 X 10"6

PCsl, ata** 4.38 X 10~6 7.36 x 10~4

•Atom fraction of Csl in molten salt.
**Sum of pressures of species which contain Csl.


