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CHEMICAL FACTORS AFFECTING FISSION PRODUCT TRANSPORT IN 
SEVERE LMFBR ACCIDENTS 

R. P. Wichner, R. L. Jolley, Uri Gat, and B. R. Rodgers 

ABSTRACT 

This study was performed under the sponsorship of the Con-
tainment Research Branch of the U.S. Nuclear Regulatory Commis-
sion (USNRC) as a part of a larger evaluation effort on Liquid 
Metal Fast Breeder Reactor (LMFBR) accident, source-term esti-
mation. The main purpose of this effort was to provide basic 
chemical information regarding fission product, sodium coolant, 
and structural material Interactions required to perform esti-
mation of fission product transport under LMFBR accident con-
ditions. Emphasis was placed on conditions within the reactor 
vessel; containment vessel conditions are discussed only 
briefly. 

Although this project was terminated while still in an 
early, formative phase as a result of the cancellation of the 
Clinch River Breeder Reactor (CRBR), the authors feel it Is 
worthwhile to document the basic solubility, volatility, and 
chemical reactivity data for future use In other studies. 

1. INTRODUCTION 

The information presented in this report was developed as part of an 
overall evaluation effort to estimate IMFBR accident source terms and was 
sponsored by the Containment Research Branch of the USNRC. Project coor-
dination was assigned to Battelle Columbus Laboratories, who defined acci-
dent sequences and conditions and performed the major portion of the 
required transport analyses. Basic chemical information was supplied by 
Oak Ridge National Laboratory (ORNL), emphasizing reactor vessel and 
secondary containment conditions. Sandla National Laboratory provided 
detailed chemical interaction data under conditions postulated for the 
reactor cavity. 
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In order to focus the study, emphasis was placed on the available 
CRBR design. Details regarding accident scenarios were developed from 
information provided by Los Alamos National Laboratory using the SIMMER 
code. 

The project was terminated by the USNRC soon after cancellation of 
the CRBR project while the study was still in an early, formative phase. 
As a result, much of the material presented here is preliminary and, in 
some cases, obviously incomplete. Nevertheless, the authors feel that 
the Information that was collected in the study should be made available 
for future use as a referenceable report. 

2. CHEMICAL El /ECTS IN THE RE.'tCTOR VESSEL 

2.1 FISSION PRODUCT GROUPS AND INVENTORIES 

It is convenient to list nuclide Inventories in groups containing 
some similar property. For the purpose of LMFBR safety analysis, 
Baker et al. (1974) classify the fission product elements into four 
groups: (1) oxide formers, (2) materials that are not oxides in sodium, 
(3) volatlles soluble In sodium, and (4) noble gases. A more commonly 
used categorization Is that given in WASH-1400, which will be used here 
with a minor modification. These latter suggested fission product cate-
gories are shown in Table 2.1. 

Table 2.1 differs from the breakdown given by WASH-1400 in the 
following respects: 

1. Plutonium is not Included in the rare-earth group. Although the 
rare earths and actlnldes are chemically similar, it seems prefer-
able to separate these groups in view of the radiological impor-
tance of plutonium. Here, we chose to list plutonium separately as 
category 8. 

2. Zirconium and niobium, which are listed in group 8 in WASH-1400, 
are included here with the rare earths since they tend to be oxide 
formers. However, niobium is the least oxygen acquisitive of this 
group, and it may, in some circumstances, exist in the metallic form. 
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Table 2.1. Fission product categories 

Category No. Group Element 

1 Noble gases Kr, Xe 

2 Halogens I, Br 

3 Alkali metals Cs, Rb 

4 Tellurium Te, Sb, Se 

5 Alkaline earths Ba, Sr 

6 Noble metals Ru, Rh, Pd, Mo, Tc, Ag 

7 Rare earths 
(plus Zr, Nb, Y) 

La, Ce, 
plus 

Pr, Nd, Pm, Sm, Eu, Gd, 
Y, Zr, Nb 

8 Plutonium Pu 

The approximate core inventories of the elements comprising each 
fission product category are given in Tables 2.2 and 2.3. These inven-
tories are estimated for the CRBR core plus ixial blanket at full burnup. 
The Inventories in the inner and outer radial blankets, which would 
experience far less burnup at discharge than the active core are excluded. 
A more exact determination of fission product inventories as a function of 
time and location In core may be required for a complete accident evalua-
tion. Such a determination would depend on the particular operating 
history and the refueling scheme. The values listed in Tables 2.2 and 2.3 
were obtained by using the ORIGEN code (Croff and Bjerke, 1982) to calcu-
late the inventories in a full-burnup assembly and assuming that each of 
the 156 core assemblies had an equal inventory. Full burnup in the CRBR 
was assumed to be 74.? MWd/kg; total reactor power is 975 MW(t). 

We note in Table 2.2 that the elemental masses of fission products 
are composed mainly of stable or near-stable nuclides; hence they increase 
approximately linearly with time. The dominant plutonium-nuclides are 
2"Pu (81%), 2I,0Pu (17%), and 2I»lPu (2%). On a mass basis, plutonium Is 
the dominant actinlde after uranium. Next (but not shown in Table 2.2) Is 
amerlclum, which is ~0.4% as abundant as plutonlum. 



Table 2.2. Approximate fission product masses in the CRBR core 
plus axial blanket at full burnupa 

Fission product Element inventory 
category Element (mol) 

1 Kr 33.2 
Xe 398 

2 I 34.3 
Br a 

3 Cs 343 
Rb 27.9 

4 Te 56.8 
Sb 5.9 
Se 5.4 

5 Ba 115 
Sr 66.6 

6 Ru 392 
Rh 97 
Pd 218 
Mo a 
Tc a 
Ag 26.5 

7 La 98.6 
Ce 215.3 
Pr 87.4 
Nd 246.5 
Pm 24.9 
Sm 63.5 
Eu 10.5 
Gd 6.2 
Y 34.9 
Zr 330.1 
Nb 7.9 

8 Pu 6490 % 

aAs8umes that all 156 fuel assemblies are Irradiated to full burnup 
of 74,2 MWd/kg. 

^Composed primarily of near-stable nuclides. 
^ess than 0.1Z of total. 
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Table 2.3 gives approximate core-wide decay powers of each element In 
the eight fission product categories at the time of shutdown, and at 12 
and 24 h after shutdown. Initially, large fractions of the total decay 
power reside In groups 1, 2, and 3, which are relatively volatile and thus 
may relocate during an accident. 

Note that plutonlum is a relatively minor contributor to the total 
actlnide decay power of group 8 through the first 24 h. However, at the 
end of the first year, its contribution Increases to ~31% of the total 
actlnlde decay power level. 

2.2 CRITICAL FISSION PRODUCT AND ACTINIDE ELEMENTS 

The fission product and actlnlde elements have been divided into 
eight groups, each of which may be treated as a unit. These groupings 
greatly simplify considerations of fission product and actlnide trans-
port. 

Fission products have two major contributory effects in a reactor 
accident: (1) the distribution of decay power is changed, which in turn 
influences temperature distributions and failure modes; and (2) n radio-
hazard is imposed on the environment. Both of these effects depend on the 
decay power as a function of time (Table 2.3). The second factor also 
depends on the biological Impact of the fission products and actinldes and 
their likelihood for release to the environment, which is roughly related 
to the vapor pressure of the chemical forms of the respective elements. 
These effects were considered in the arrangement of fission products and 
actlnldes Into the eight categories listed in Tables 2.2 and 2.3. Our 
judgment is that a consequence calculation requires consideration of all 
eight categories for assurance of completeness. 

2.3 COMPOSITION OF THE INITIAL MATERIAL EMERGING FROM THE REACTOR VESSEL 

2.3.1 Sources of Information 

There are very few sources of information on the composition of the 
initial material emerging from an LMFBR reactor vessel under severe acci-
dent conditions. The available sources uaed here (CRBRP Staff 1980, 1983; 
Broadhouse et al., 1982) are estimates or preliminary results of related 
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Table 2.3. Approximate flaalon product decay power in the CRBR core 
plus axial blanket at full burnupa 

Decay power (kW) 
at time after shutdown 

Category No. Element 0 12 h 1 d 

1 Kr 716 8.1 0.68 
Xe 1705 155 100 

2 I 3480 872 668 
Br 483 0.79 0.52 

3 Ca 2930 25.0 24.5 
Rb 1640 8.6 0.87 

4 Te 1500 104 26.1 
Sb 1504 40.3 23.9 
Se 187 

5 Ba 1660 98.1 95.0 
Sr 1730 102 62.9 

6 Ru 784 177 145 
Rh 794 209 200 
Pd 93.1 15.6 0.9 
Mo 2090 107 94.5 
Tc 3230 26.4 23.7 
Ag 103 23.1 16.5 

7 La 2900 593 562 
Ce 730 151 131 
Pr J 080 192 176 
Nd 190 31.6 30.3 
Pm 198 69.4 61.9 
Sm 26.1 5.58 4.3 
Eu 25.9 14.8 13.9 
Gd b b b 
Y 3040 207 107 
Zr 1710 252 212 
Nb 4100 367 274 

8 Pu 5.7 5.3 5.2 

(U) 822 3.1 3.0 
(Np) 739 641 557 
(Aa) 3.2 2.1 1.5 
(Cm) 50.0 50.0 50.0 

aAssumes that all 156 fuel assemblies are irradiated to full burnup 
of 74.2 MWd/kg. 

^Less than 0.1% of total. 
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experiments. The composition refers to the physical and chemical con-
figuration of the material. The initial emerging refers to absolute quan-
tities and relative mass fractions of the various classified components 
as they exit from the reactor vessel and enter the Reactor Containment 
Building. This amounts to the vessel source terms without the radio-
isotopic makeup. 

The report of the CRBRP Staff (1983), for the purpose of this sum-
mary, is a repetition of CRBRP-3 (1980). Broadhouse et al. (1982) deals 
with the mechanical aspects of expelling core debris due to energetic 
events; however, they do not Include actual quantitative estimates. The 
latter reference does include suggestions for further investigation and 
experimentation. 

The composition of the emerging material from the reactor veS'__.L Is 
dependent on the postulated accident, as well as the resulting failures 
and transport pathways. There are two major ways by which material from 
the reactor vessel can emerge as a result of initial energetics: 
(1) through a failure of the seal, and (2) through the failed vessel head, 
In an extreme case of a hypothetical, very energetic disruption which 
displaces the closure head. The different failures and pathways would 
cause significantly different quantities and compositions of materials to 
exit from the vessel. The following estimates are based on data from CRBR 
safety analyses. 

2.3.2 The Emerging Material 

The initial (prompt) release is usually assumed to Inject 0.5 Mg of 
sodium into the secondary containment and generate a gas flow of 1 L/s for 
1000 s. Sodium release may continue (aerosols and/or vapor) to generate 
a maximum sodium Inventory of 150 Mg in the secondary containment. The 
sodium would react with air to form aerosols, whose principal constituents 
are NaOH and Na20 In proportions that may vary from 0 to 1. The aerosol 
may contain up to 0.08 fraction of Na2C03 (Broadhouse et al., 1982). The 
predicted or assumed characteristics of the sodium aerosol are: 
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Characteristic Value 

Mean mass radius 

Aerodynamic equivalent radius 
[assumes density of 2.21 kg/L 
and density correction factor 
(a) of 0.1] 

5—10 |im 

2.3-4.7 nm 

Density 2.1-2.5 kg/L 

Mass geometric standard deviation 3-3.5 

The sodium injected into the secondary containment vessel as a result 
of the initial energetics may contain fuel debris due to intensive mechani-
cal forces on the core. In work done by the CRBRP Staff (1980), a pluto-
nlum content of 0.1 mg/kg and a fuel content of 260 mg/kg In the injected 
sodium were assumed. In addition, for the purposes of the hazards analy-
sis, it was assumed that all the noble gases aud alkali metals, but no 
other fission product material, emerge with the sodium at this early time. 
Of course, this is a highly unlikely (probably conservative) assumption 
adopted In the absence of reliable data. 

Solid debris resulting from fragmentation of a portion of the core 
may be incorporated In the sodium flow emerging from the reactor vessel as 
a result oc the initial energetics (Broadhouse et al., 1982). At present, 
however, no reliable published information exists to realistically assess 
the degree to which this occurs. The solid debris would undoubtedly bring 
with it a large portion of associated fission product activity, along with 
the plutonlum-bearlng fuel material. Therefore, assessment of the amount 
of core debris in the initial sodium jet has an Important bearing on the 
degree of early release to the atmosphere. At one extreme, If core 
fragment levels in the initial jet are determined to be extremely small, 
the principal ejected activity during the initial phase would be due to 
the 21,Na content of the sodium as well as some fraction of the noble gases 
contained in the fuel elements. However, the hazard associated with even 
small fractions of fuel material would soon surpass that resulting from 
21*Na and noble gases. 

Therefore, a mechanistic and reliable judgment of the degree of asso-
ciation of fragmented core material with the Initial jet of material Into 
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the secondary containment vessel may be an Important factor in hazards 
analysis. 

3. RATE OP EVOLUTION FROM OVERHEATED FUEL ELEMENTS 

3.1 EVOLUTION RATE OF FISSION PRODUCTS AND ACTINIDES 

The rate of evolution of fission products from overheated light water 
reactor (LWR) fuel was estimated (see Fig. 3.1) by using the data In 
NUREG-0772 (NRC Staff, 1981). Since Its formulation in approximately 1981, 
NRC research program personnel have been performing experiments on LWR 
fuel pins which will result in updated estimates for the release rate from 
overheated fuel. 

These release rate estimates, shown in Fig. 3.1, could be used as a 
starting point for the determination of release rates from LMFBR fuel in 
the absence of other information. (The "release rate constant" multiplied 
by the current inventory of a given fission product yields its release 
rate.) However, there are some significant differences between LMFBR and 
LWR fuel which could cause major departures in fuel release rate estimates. 
These differences are, in'order of their Importance: 

1. IMFBR cladding will oxidize very little, if at all, since sodium 
is nonoxidizing. In contrast, vaporized water In an LWR will extensively 
oxidize the Zlrcaloy cladding used In LWRs. It is now recognized that 
fission products evolved in the metallic form may alloy with structural 
materials, thereby greatly reducing the observed evolution rate from fuel 
element material. This alloying tendency is much higher In an LMFBR and 
may be prominent for tellurium, which will dissolve in nickel. Thus, the 
effective release rate constant for tellurium would probably be signifi-
cantly lower than that shown for LWR fuels. At this time, it Is not clear 
which other fission product elements may be similarly affected. 

2. The plutonium/uranium ratio in LMFBR fuel differs significantly 
from the ratio for LWR fuel, which would certainly affect the release rate 
constant for plutonlum, although supporting data are currently nonexistent. 
In addition, the higher plutonlum level in LMFBR fuel may also affect 
the fuel phases and structures formed at elevated temperatures. These 



TEMPERATURE (°C) 

Fig. 3.1. Estimated fission product release rate constants froa LWR 
fuel. Source; NRC Staff, 1981. Technical Bases for Estimating Fission 
Product Behavior During LWR Accidents, NUREG-0772. 
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differences could significantly alter fission product release rates rela-
tive to that observed for LWR fuel. 

3. The steel cladding used for LMFBR fuel, vs the Zlrcaloy cladding 
for LWR fuels, results In a number of effects. First, the nature of the 
Interaction of the cladding with fuel material differs. The zirconium In 
the Zircaloy tends to reduce U02 at high temperatures, which promotes 
metal phase formation in the fuel and consequently lowers the melting 
point; steel cladding, on the other hand, shows no such tendency. 
Second, steel has a different tendency for alloying with other metallic 
elements, and generally Bhows different chemical behavior from zirconium. 

4. LMFBR fuel is substoichlometrlc, whereas LWR fuel is hyper-
stoichiometric. This lact could also affect phase formation at high tem-
peratures. 

Note that there is currently no estimate for the release rate 
constant for plutonlum from either IMFBfl or LWR fuel. In the absence of 
such data, perhaps the measured release rates for zirconium from LWR fuels 
may be the closest available approximation for plutonlum release from 
LMFBR fuel. 

An alternative approach for plutonlum-release rates from overheated 
LMFBR fuel would be to calculate the plutonlum vapor pressure over the 
(U,Pu)02-x fuel via the procedure given by Olander (1976). However, 
perhaps because of inaccurate thermochemlcal data, currently estimated 
plutonlum vapor pressures over fuel show significant variations from 
observed values. 

3.2 PRECURSOR EFFECTS 

3.2.1 Precursor Effects On Mass Release from Fuel 

Since some LMFBR accident progressions occur rapidly, questions may 
arise concerning the effect of nuclide precursors on the movement of 

, fission products within the reactor. There are a number of high-yield, 
highly radioactive fission products with volatile precursors. Because of 
their "prellfe" in a more volatile form, many of these nay experience an 
otherwise unexpected mobility. 
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The following two examples will be examined: 
89Kr + 89Rb 89Sr, 
9 0 K r + 9 0 R b + 9 0 S r < 

According to available chain yield data, 97% of the mass-89 chain Is 
born as 89Kr or lower atomic numbers. In the mass-90 chain, 99% is born 
as 90Rb or lower atomic number and 86% as 90Kr or lower. Thus, the rela-
tively low-volatile strontium could possibly attain an unexpected mobility 
due to its more volatile precursors, krypton and rubidium. 

Table 3.1 shows some chain yield data for mass numbers 89 and 90. 
While most of each chain is born as krypton, the rapid decay rates of 
krypton and rubidium relative to strontium for each case results in far 
more of the material existing as strontium. Thus the effect of the higher 
mobilities of krypton and rubidium is compensated for by their lower popu-
lation in the fuel. 

Table 3.1. Mass-89 and -90 chain yield data 

Characteristic 89Kr 89Rb 89Sr 

Half-life 3.16 min 15.44 min 50.55 d 

Decay constant, roln-1 0.219 0.0449 9.52 x 10~6 

Initial mola 9.88 x 10-7 5.98 x 10-6 0.0289 

Initial decay power,0 kW 1.47 1.36 0.258 

90Kr 90Rb 90Sr 

Half-life 32.2 s 2.62 min 28.6 y 

Decay constant, min"1 1.29 0.265 4.61 x 10~8 

Initial n»la 1.57 x 10"7 1.35 x 10~6 0.238 

Initial decay power," kW 2.36b 1.52 3.39 x 10-3 

aPer core assembly at full burnup of 76.0 MWd/kg. 
^Includes some 89Br, or 90Br, respectively. 
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On Che other hand, for redistribution of decay power, the higher 
decay power per mol for krypton and rubidium may outweigh its lower popu-
lation. 

The model used as a basis for evaluating the effect of precursors on 
fission product mobility is shown In Fig. 3.2, where the following defini-
tions apply: 

Af, Bf, Cf are mol of A, B, and C in fuel; 

Ar, Br, Cr are mol of A, B, and C released from fuel; 

KA» KB» KC a r e release rate constants, min-1; 

-̂C a r e decay constants, min"1. 

The release rate constants are defined by: 

Release rate of A from fuel - K^ Af . (3.1) 
With the initial values of Af, Bf, and Cf given and assuming that all pre-
cursors of A are included In nuclide A, balanced equations for Af, Bf, Cf 
and the total mol Af, By, and are easily written: 

AT - Aq e~XAt (3.2) 

B t - B o r*Bt + X b A ° (e^At . ,-XBt) § ( 3.3 ) 

C T - Cc + . ."Xctj ( J > 4 ) 
(^C ~ ^B) 

W o ( r X A t _ r X c t ) 

UB - XA)(Xc -

^A^BAo 
( x B - XA ) (XC - \ B ) 

(e-^Bt . 3-Xct) 

Af " Aq e"aAt , (3.5) 

Bf - B0 e~a®t + / X A A 0 n (.""At _ § ( 3. 6 ) 
(aB - oA) 
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O R N L D W G 8 4 - 2 2 4 

Fig. 3.2. Model for determining precursor effects. 
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Cf - C0 e^Ct + X B B° (e-«Bt . ,-act, ( 3 > 7 ) 
(ac - ae) 

(e-At . e~aCt) 

(«-a»e - e-aCc) 

(as - aA)(oc - aA) 

^ B A O 

(«B ~ aA)<aC ~ «B) 
where 

<*A - + Ka, etc., 
Aj - Af + Ar, etc. 

Release rate coefficients vary with the element and with temperature. 
The values used, shown in Table 3.2, were obtained from NUREG-0772 for LWR 
fuel. 

Table 3.2. Estimated release rate coefficients (min-1) for 
krypton, rubidium, and strontium 

Temperature 

(K) (°C) Krypton Rubidium Strontium 

1873 1600 0.01 0.01 2 x 10~5 

2273 2000 0.1 0.1 10"3 

2673 2400 1 1 9 x 10"2 

Source: NRC Staff, 1981. Technical Bases for Estimating Fission 
Product Behavior During LWR Accidents, NUREG-0772. 

Placing values in these equations for the initial moles of krypton, 
rubidium, and strontium from Table 3.1 and using the estimated escape rate 
coefficients listed In Table 3.2 indicates that for the mass—89 and 
mass-90 chains precursor transport is Insignificant Insofar as the degree 
of mass release is concerned. Overwhelmingly, the equilibrium mass of 
each of these chains exists as 89Sr or 90Sr so that the high release rates 
of precursors do not significantly affect the calculated strontium release 
from fuel. 
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Thus, In consideration of radlohazards due to the release to the 
environment of key nuclides (e.g., 90Sr), precursors of 90Sr appear to 
play a negligible role. (This also appears to be true for other key 
radiohazards, but more verification is needed.) 

3.2.2 Precursor Effects on Release of Decay Power from Fuel 

Data in Table 3.1 show that the associated decay power may be quite 
high even when the number of moles of precursor in the fuel Is quite low. 
Therefore, even for cases where high precursor volatility has only a 
negligible effect or molar release from fuel, significant release of decay 
p</wer is still possible. 

The total decay power and the decay power deposited in the fuel may 
be obtained by integration of Eqs. (3.2) through (3.7) over time: 

t 
ETA - / WA M C ) dt' , (3.8) 

o 
t 

EfA - J WA Af(t') dt* , (3.9) 
o 

where 
E?A " cumulative decay energy of A to time t, 

WA - decay power/mol, kW/mol, 
EfA " decay energy of A deposited in fuel up to time t. 

Expressions for Erg, EfB, Etc. ancl EfC a r e analogous. These integrations 
yield lengthy, although simple, expressions for the decay power and are 
left as an exercise for the reader. 

The precursor effect on the release of decay power from fuel material 
will be tested on the mass-140 chain using the initial masses and release 
rate data listed in Table 3.3. 

As frequently occurs, this chain is characterized by a series of 
short-lived, volatile precursors (in this case, Cs, Xe, and I), to longer-
lived, less volatile material. Figure 3.3 shows the cumulative decay 
energies of 11>0Cs, llt0Ba, and 1<i0La as a function of time. The 11,0Cs 
power is high for short times (t < 2 min) but soon loses significance to 
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Table 3.3. Mass-140 chain data 

0.9 s 14 s 
1 • Xe 1 

64 s 12.9 d 40.2 h 
Cs >• Ba • La 

B 

Cs Ba La 

Initial tnolQ 1.08 x 10"6 2.09 x 10~2 2.78 x 10"3 
min"1 1.53 3.37 x 10"5 2.87 x lO"4 

Decay power, kW/mol 4.25 x 106 28.5 1.31 x 103 

Release rate coefficients (min"1) 

Temperature 

(K) <°C) Cs Ba La 

1873 1600 0.01 2.2 x l o - 1 * 2.2 x 10"5 
2273 2000 0.10 2.8 x 10"3 2.8 x IO-" 
2673 2400 1.0 1.4 x lO-2 1.4 x 10"3 

aPer CRBR fuel assembly at full burnup. 



18 

10 7 L 

10* 

10 5 

10 
20 4 0 100 60 80 

T I M E ( m l n ) 

Fig. 3.3. Decay energy per fuel assembly. 

120 1 4 0 



19 

the decay powers of lt|0Ba and After ~2 mln, the chain decay power 
is due principally to 140La. 

The estimated fractions of decay energy released from the fuel by 
holding the element at 1873 K (1600°C), 2273 K (2000°C), and 2673 K 
(2400°C) are presented in Figs. 3.4, 3.5, and 3.6, respectively. Data In 
these figures show that at 1873 K (1600°C), about 0.65% of the ^ C s , 
1.1% of the ll+0Ba, and 0.12% of the ll4°La decay energy are released by 
t - 100 min. 

Figure 3 . 5 shows that at 2 0 0 0 ° C , 9 . 5 % of the 1 1 < 0 C B , 1 2 . 7 % of the 1J»0Ba, 
and 1.49% of the 140La decay energy are released from the fuel in 100 min. 

Similarly, for 2673 K (2400°C), Fig. 3.6 indicates that 39.5% of the 
llt0Cs, 30% of the 11+0Ba, and 8.5% of the ll4°La decay energy are released 
from the fuel. 

This discussion of the effect of precursor transport on the mass 
release from overheated fuel (previous section) anu the release of decay 
power Is admittedly quite preliminary. However, it appears that short-
lived volatile precursors usually have only a small effect on the degree 
of mass release but could, In some cases, significantly affect the distri-
bution of decay power. A larger number of mass-chains would have to be 
examined before reaching any general conclusion. 

4. FISSION PRODUCT AND ACTINIDE CHEMISTRY IN SODIUM - REACTOR 
VESSEL CONDITIONS 

Three types of data are essential for predicting fission product and 
actinide behavior in sodium systems. These are (1) the chemical potential 
of the fission products and actlnides in liquid sodium, (2) their volatil-
ity and the extent to which they would be released during the vaporization 
of sodium, and (3) their chemical state upon release to the vapor phase 
(Castleman et al., 1967). This section discusses the chemical potential 
of fission products, uranium, and plutonlum in sodium. Section 5 deals 
with the solubilities and volatilities of these materials In sodium. 

Fission products are distributed nonunlformly within irradiated fuel. 
The availability of oxygen, which is liberated in the fission process and 
Is highly mobile in the temperature gradient, is fundamental to the chemi-
cal state of the fission products (Feuerstein et al., 1979). 
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The extent to which radionuclides are soluble in liquid sodium depends 
on their chemical state and on the oxygen content of the sodium In the case 
of oxides. Claar (1970) concluded that the fission products that are nor-
mally present as volatile elements (Cs, Rb, I, Te, Ag, Sb) are dissolved 
easily in sodium, while those that form oxides (rare earths, Sr, Ba, Y, 
La, Zr) have very limited solubility (Feuersteln et al., 1979). A general 
review of fission product solubility and volatility in sodium systems was 
presented by Keilholtz and Battle (1969). 

4.1 PRINCIPLES OF SOLVATION IN LIQUID SODIUM 

The forces leading to solvation in sodium have not been clearly 
defined but are dependent on the characteristics of sodium, the charac-
teristics of the solute, and the nature of the solvent-solute interaction. 
Impurities, such as 02~ are known to have large solvation effects (e.g., 
Increased Iron solubility with increasing oxygen concentration). The 
following discussion deals principally with the effects In pure sodium. 
Energy changes brought about by introducing a solute atom into the sodium 
matrix are dependent on the effect of the solute species on the free 
electron bond, which is the origin of its cohesive energy. A metallic 
solute adds electrons to the conduction band of sodium. The solute atom 
remains electrically neutral by attracting a screening charge of free 
electrons around it. For a solute with different electronegativity than 
sodium, the degree of attraction of screening charge is different. For 
instance, if the solute Is less electronegative than sodium, the attrac-
tion will be less for the solute than the sodium; if the solute is more 
electronegative than sodium, it will acquire a slight negative charge with 
respect to adjacent sodium atoms. If the solute is highly electronegative 
as compared with sodium, the screening electrons may become localized in 
atomic orbltals about the solute atoms — the solute Is then essentially a 
negative ion In the sodium matrix. The electronic screening charge of the 
surrounding sodium atoms will be strongly repelled from the space between 
them and the ion, and the net effect will be to form a sphere of partially 
charged sodium atoms around the Ion whose total charge just neutralises 
the charge of the ion. The repelled screening charge evens out the 
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depleted charge over the remainder of the sodium matrix. Solutions of 
oxygen and halogens In liquid sodium are examples of very electronegative 
solutes In sodium (Thompson, 1970). 

Nitrogen gas dissolves In sodium as undlssoclated N2 molecules, 
whereas oxygen dissolves as the 02~ Ion (Thompson, 1970). 

4.2 SOLUBILITY OF OXYGEN IN SODIUM 

The solubility of oxygen in sodium is given by the following expres-
sion (Lindemer et al., 1981; Noden, 1973): 

log (WppmO) - 6.2571 - (2444.5/T) , (4.1) max 
where 

(WppmO)fflax - maximum content of sodium, rag/kg; 

T - temperature, K. 
It was previously noted that the apparent solubilities of certain metals 
(e.g., iron) increased with increasing oxygen activity (Baus et al., 
1956; Claar, 1970). 

In an oxide fuel, the chemical potential of oxygen (oxygen poten-
tial), HO2 (also called A G Q 2 ) , I S a fundamental parameter that defines 
many of the equilibrium species. The oxygen potential is defined as 
(Besmann and Llndemer, 1978): 

H02 - RT In (P02/PS2> . <*.2> 

where 
R - gas constant - 8.315, J-mol"1*K_1; 
T - temperature, K; 

p_ » oxygen partial pressure, MPa; °2 
P° - oxygen pressure in the standard state [I.e., 0.101 MPa 
° 2 (1.00 atm)]. 
Llndemer et al. (1981) derived the following relationship for 

HQ2 - T - oxygen content (Wppm 0) in sodium: 

lio2 (J/mol) - -740,600 + 21.02T + 38.29T log(Wppm 0). (4.3) 

Figure 4.1 Is an Elllngham diagram for the sodium and cesium systems at 
equilibrium between the liquid metals and oxides. 
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Fig. 4.1. Ellingham diagram for the sodium and cesium systems at 
equilibrium between the liquid metals and the oxides. Also displayed are 
oxygen isopleths for oxygen concentrations In the liquid metals. Melting 
temperatures are indicated along the top of the diagram (Llndemer et al., 
1981). 
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4.3 OXYGEN POTENTIAL IN MIXED OXIDE FUEL AND SODIUM 
The oxygen potenti.il of the fuel has a large effect on the equilib-

rium between the condensed and the gaseous species and, consequently, on 
the total vapor pressure exerted by the fuel (Bober et al., 1977). 
Therefore, the availability of oxygen is fundamentally important to the 
chemical speclation of fission products and actinldes. Prior to cladding 
failure in an accident sequence, the oxygen potential in the sodium 
coolant is governed by the oxygen concentration in the sodium, and the 
chemical speciatlon in the Irradiated oxide fuel is governed by the oxygen 
potential of the (U,Pu)02_x fuel. After cladding failures, the oxygen 
potential of the sodium-fuel matrix is governed by the major constituent 
having the most negative oxygen potential (i.e., oxidation of that con-
stituent having the maximum free energy change is favored). For example, 
if the oxygen concentration in the sodium Is 1 ppm, HQ2

 i s about 
-725 kJ/mol at 800 K, whereas for (U,Pu)01>96 it Is about -650 kJ/mol at 
800 K. Therefore, at 800 K, the loss of oxygen from (U,Pu)01>96 to the 
sodium is favored. After core melt-through of the reactor vessel, the 
oxygen potential of the core debris—sodium matrix will be substantially 
increased by oxygen added to the sodium as a result of the reaction of 
the water with the aggregate in the concrete. 

4.3.1 Before Cladding Failure 

As long as the cladding is intact, the oxygen potential in the 
sodium coolant is governed by the oxygen concentration In the sodium 
according to relationship (4.3) (see Fig. 4.1). The oxygen concentration 
In the sodium coolant during normal operation is maintained at a low 
level (2 ppm or less) (Chow, 1980). With 1 Wppm 02 at 800 K (approximate 
reactor operating temperature), hq2 " "720 kJ/mol. 

Before cladding failure, the oxygen potential and chemical specia-
tlon in the fuel matrix are governed by the oxygen potential of the 
(U,Pu)02_x fuel. An Elllngham diagram for the standard free energies 
of formation of the oxides of selected fission products, stoichiometric 
U02, and Pu203 are shown In Fig. 4.2. Uranium is present as U02 and 
plutonium is present as Pu02_x (where x • 0.0-0.3) In breeder reactor 
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fuel (Llndemer 1984). Consequently, the oxygen potential of the 
(U,Pu)02-x fuel will vary, depending on the oxygen/metal (0/M) ratio. 
Thermodynamic equilibrium suggests that If only sufficient oxygen Is 
available to satisfy the requirements of plutonlum and uranium, the ele-
ments above them in Fig. 4.2 would be present in the fuel In elemental 
form. Of course, chemical speclatlon of the product constituents is a 
function of the constituent masses and relative stoichiometry. However, 
the oxygen potential of the fuel becomes more oxidizing as burnup pro-
ceeds, that is, as the 0/M ratio increases and the oxygen potential of the 
fuel changes, as shown in Fig. 4.3 (Mlgnanelll, 1982, Olander, 1976). The 
oxides and reduced elements formed in the oxide fuels may be soluble in 
the fuel matrix or may exist as either separate or ternary phases. Such 
oxide phases Include Cs2MoOl4, C B 2 U 0 3 > 5 6 , C8y(U1_xPux)0z, (Ba,Sr)U03, and 
(Ba,Sr)Zr03, in addition to oxidation products of the most reactive com-
ponents of the stainless steel cladding (e.g., Cr203 and N10). Reduced 
phases Include the noble metals ruthenium, rhodium, and palladium. The 
relative stabilities of these phases are shown In the Ellingham diagram 
In Fig. 4.4. It is obvious that the most stable fission product compounds 
formed are those containing barium and strontium, (Ba,Sr)U03 and 
(Ba,Sr)Zr03 (Mignanelll, 1982). 

Mignanelll (1982) summarizes the fission product behavior toward oxy-
gen (as determined by the oxygen potential of irradiated fuel) as follows: 

1. Ba, Sr, Zr, Y, and the rare earth elements form very stable oxides 
that form a solid solution with the oxide fuel or breeder material. 

2. Nb, Mo, and Tc form oxides because the oxygen potentials for forma-
tion are close to that of the fuel or breeder. 

3. Ru, Rh, and Pd remain in the elemental form. 

4. The halogens (Br, I) and alkali metals (Cs, Rb) may tend to form 
alkali-metal halldes at lower temperatures, and the excess alkali 
metals can react with Te and Se as well as with the cladding and 
fuel or breeder material. 

The fission products In irradiated oxide fuels have been divided Into 
three groups by other investigators (Bober et al., 1977; KLeykaap, 1979, 
1983) based on their behavior in fuel (see Table 4.1). 
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from T. L. Markin and E. J. Mclver, Plutonium 1965, ed. A. E. Kay and 
M. D. Waldron, Chapman and Hall, London, 1965, p. 845. Adapted from 
Olander, 1976.) 
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Table 4.1. Fission product grouping baaed on behavior In fuel 

Oxides 

Group Dissolved Preclpltateda Elements 

1 Ce, Eu, La, Nd, Ba, Zr, Mo 
Pr, Pm, Sm, Gd, Ce, Sr Rh, Rb, Ru, Tc 
Y, Zr, Nb 

2 Mo, Cs, Cs, I, Tc, Cd, Pb 
Te, Sn As, Sn 

3 Kr, Xe, I 

Underlined oxides are stable only In hyperstolchlometrlc mixed 
oxide. 

Source; Bober et al. (1977); Kleykamp (1979, 1983). 

1. those which are in the condensed state throughout the fuel under 
normal operation conditions; 

2. those which are volatile or in a condensed state, depending on their 
position In the fuel element (temperature and oxygen potential); and 

3. those which are always in the gaseous state. 

Kleykamp (1979, 1983) observed that Pd, Cs, Te, and Sn are enriched 
at the edges of fuel pellets and in voids. Other fission products were 
roughly at the same concentration throughout the fuel. Ruthenium-
molybdenum metallic Inclusions were observed to grow to a limited size of 
5 to 10 pm under a temperature gradient. In hyperstoichiometric fuel, 
molybdenum is oxidized and migrates toward lower temperatures or collects 
in ceramic inclusions (Table 4.2). 

Another important irradiation effect is that plutonlum accumulates 
in the center of fuel elements at concentrations of 115 to 160% greater 
than the initial concentrations (Bober et al., 1977; Kleykamp, 1979, 
1983). 

The chemical characteristics of Individual and groups (according to 
Table 2.2) of fission products will be discussed in greater detail later. 
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Table 4.2. Fission product locations In fuel 

About uniform distribution 

Accumulation: 
Center 
Columnar grains 
Unrestructured zone 
Gap 

a Ru, Mo, Rh, Tc, Sr, Pr 

Zr, Nd, Nb 
Ce,, (La), (Pm), (Sm), Y 
Cs,0 Mo, Pd, Te, Tcb 

Cs, Te, Pd, Cd, I, As 

aHypostoichiometrlc fuel. 
Hyperstoichlometric fuel. 

Source: Bober et al. (1977). 

4.3.2 After Cladding Failure 

After cladding failure, the mixed uranlum-plutonlum oxide fuel 
(U,Pu)01#96 equilibrates with the sodium. The approximate composition 
of the core meltdown-sodlum matrix (excluding cladding) Is given In 
Table 4.3, assuming that the approximate fission product and plutonlum 
masses are as listed in Table 2.2, the fuel Is Uq^Puo^^-X' anc* 
8.7 Mtaol of sodium is present in the reactor vessel. 

Table 4.3. Representative composition of the core 
meltdown-sodlum matrixa 

Mol fraction Height fraction 

Fission product 

Plutonium oxide 

Uranium oxide 

Sodium 

Total 

0 . 0 0 0 3 

0 . 0 0 0 7 

0 . 0 0 3 0 

0 . 9 9 6 0 

1.0000 

0 . 0 0 1 5 

0 . 0 0 8 4 

0 . 0 3 3 5 

0 . 9 5 6 5 

0 . 9 9 9 9 

aNot including breeder or structural material. 
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The oxygen potential for a mixed uranium-plutonium oxide fuel 
(u0.70Pu0.30°2+x) is 8 i v e n i n FiS» ^.3. The values of ho2 oxide fuel 
at an 0/M ratio of 1.96 are plotted in Fig. 4.5, along with the appro-
priate Na-Na20 data. Although equilibrium may not be achieved In the 
core meltdown process, oxygen tends to transfer from the (U,Pu)0}(9£ to 
the sodium, thus increasing the concentration of Ion in sodium solu-
tion (and therefore increasing the solubilities of structural materials 
such as iron). 

The oxygen potentials of hypostolchiometrlc and hyperstolchlometrlc 
(U,Pu) mixed oxides approach that of stoichiometric (U,Pu) mixed oxide 
with increasing temperatures. According to Bober et al. (1977), the 0/M 
ratio in the fuel will not have a great influence on the oxygen potential 
at high temperatures. 

4.3.2.1 Kinetics of Dissolution In Sodium 

The chemical behavior of the fission product compounds, Pu02, and U02 
during an event sequence which breaks the cladding will be determined 
largely by their behavior in sodium, the major chemical species present. 
However, scant information exists on the kinetics of the reaction and 
dissolution of fission product compounds, U02, and Pu02 in sodium. 

In a kinetic study of the reaction of sodium with sintered pellets 
of uranla—30% plutonia, Mignanelli (1982) determined that sodium penetra-
tion of all the grain boundaries and rapid reaction is possible at tem-
peratures greater than ~970 K (complete reaction after ~12 h at 1070 K), 
whereas no further significant reaction was observed at 770 K, after an 
initial small volume swelling. No breakup of the pellets was noted over 
the temperature range investigated (770 to 1070 K). A pseudoactlvatlon 
energy of 335 kJ'mol-1 was calculated from pellet-swelling measurements. 
The reaction of pellets of urania—30% plutonia with sodium of high oxygen 
content resulted in the formation of loose reaction layers containing a 
greater concentration of the uranoplutonate phase than did the bulk of the 
pellet. 
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The behavior of the (U,Pu)02-x in sodium when core meltdown occurs 
Is unknown. Presumably, it would at least result in pellet disintegra-
tion and exposure of a significant fraction of the fission products, U02, 
and Pu02 to possible reaction with sodium. However, U02 and Pu02 appear 
to be extremely stable in molten sodium; and at temperatures <1153 K (the 
boiling point of sodium), the oxide fuel pellets will be very unreactive 
with sodium. 

4.3.2.2 Sodium Reactions with Oxide Fuels 

Mignanelli (1982) postulated that the initial reaction of sodium 
with hyperstoichiometrie oxide fuel pellets was the formation of Na20 in 
the grain boundaries at low temperatures (<670 K). Above 720 K, the 
thermodynamically more stable sodium uranate (Na3U0it) was formed. 

High oxygen concentration in the sodium did not appear to Increase 
the destructive reaction of sodium with stoichiometric uranla pellets. 
The reactions products of liquid sodium with plutonlum and uranla—30% 
plutonlum were sodium plutonate (Na3Pu04) and sodium uranoplutonate 
(N^UQ^PUO.SO,,) (Mignanelli, 1982). 

Cerium dioxide and stoichiometric uranla-ceria solid solutions 
reacted with liquid sodium to yield a voluminous reaction product, 
NaCe02. Pure Nd203 and Zr02 did not react with liquid sodium 
(Mignanelli, 1982). 

The transition metal fission prouuets, Mo, Tc, Ru, Rh, and Pd, are 
present in the form of a single-phase alloy found as inclusions In the 
urania-plutonia oxide (Mignanelli, 1982; Kleykamp, 1979, 1983). Exposure 
of this alloy to oxygen-containing sodium would result In the formation 
of Mo02, but attainment of an oxygen potential that would allow tech-
netium to be oxidized to Tc02 (see Figs. 4.2 and 4.5) is Improbable. 
However, since molybdenum is not at unit activity, a higher oxygen poten-
tial would be needed to oxidize the alloy than for pure molybdenum 
(Mignanelli, 1982). According to Mignanelli, the reaction of sodium with 
MO02 has been studied by several investigators, who determined that the 
reaction product was NaMo02 at temperatures <670 K but could not identify 
the reaction product at higher temperatures. (By analogy with the Na-W-0 
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system, the compound could be NsaMoOi^.) Mignanelll experimentally deter-
mined that the reaction products of excess liquid sodium, Mo02, and U02 
(1/1 mol ratio of the oxide) at 870 K were molybdenum metal and sodium 
uranate, Na3U0t(. 

4.3.3 Effect of Added Oxygen from Concrete 

Following reactor vessel melt-through, the molten sodium would react 
with the concrete reactor cavity. The addition of oxygen to the sodium 
(from the Na + H20 reaction) would raise the no2 ant* oxidize the 
( U , P u ) 0 1 > 9 6 _ y to approximately (U,Pu)01>99 (see Fig. 4.5). 

The oxidation states of the fission products will generally remain 
about the same in the sodium-oxide fuel matrix after cladding failure. 
They will be modified according to their reaction with sodium, the pre-
dominant chemical species. For example, cesium uranate Is thermo-
dynamically unstable in the presence of liquid sodium; therefore, the 
formation of sodium uranate will occur and the cesium will form an alloy 
with the excess sodium (Mignanelll, 1982). Other examples will be 
discussed later. 

The oxygen potential of the sodium-oxide, fuel-concrete reaction 
product matrix will be Influenced by NaH, Na20, and NaOH formations. A 
principal reaction of sodium will be the reaction with water in the 
concrete to produce caustic and hydrogen, namely: 

2Na + 2H20 * 2NaOH + H2 . (4.4) 

The sodium-sodium hydroxide system has been studied by several 
investigators. They measured the equilibrium pressure of hydrogen over 
solutions of sodium in NaOH and explained the dissolution of sodium in 
NaOH by the following reaction: 

2Na + NaOH * NaH + Na20 . (4.5) 

Mitkevich and Shikhov (1966A) conclude that in the temperature range 588 
to 717 K, the oxide and hydroxide do not exist as "pure" phases, that 
only liquid sodium, and solid NaH are present as "pure" phases, and that 
they contain small quantities of dissolved Na20 and NaOH. They studied 
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the reaction of electrolytic-grade eodlum with anhydrous NaOH at sodium 
concentrations ranging from 2 to 65 at. % and temperatures up to 824 K. 
Hydrogen pressure-vs-temperature curves are presented for each concentra-
tion (Fig. 4.6). They concluded that the plateaus on the curves may be 
due to reactions between components in the system in the range 680 to 
810 K (Mitkevich and Shikov, 1966A). 

From tlme-temperature-hydrogen measurements and x-ray diffraction 
studies of the reaction products, they constructed an equilibrium diagram 
of the Na-NaOH system (Fig. 4.7) (Mitkevich and Shikhov, 1966A). They 
determined that the solubility of NaOH in metallic sodium increased from 
0.1 mol % at 557 K to 15.8 mol % at 978 K. They also reported that as 
the temperature increased from 681 to 802 K, the NaH concentration 
decreased from 28.7 to 12.3 mol %, the solubility of sodium oxide 
increased from 5.1 to 10.1%, and the reaction 

Na20 (solid) + NaH (solution) 2Na + NaOH (4.6) 

occurred with separation of sod tin as a metallic phase. They conclude 
that the occurrence of this back reaction in the range 680 to 810 K 
explains the plateaus in the hydrogen pressure-temperature curves 
(Mitkevich and Shikov, 1966B). 

An equilibrium phase diagram (Fig. 4.8) of the Na-Na20-NaH-Na0H-02-H2 
system at 500, 708, 800, and 1153 K was constructed, assuming that the 
system is controlled by the following six reactions: 

4Na + 02 * 2Na20 , (4.7) 

2Na + H2 * 2NaH , (4.8) 

2NaH + 02 * 2NaOH , (4.9) 

2Na20 + 2H2 + 02 * 4Na0H , (4.10) 

4NaH + 02 * 2Na20 + 2H2 , (4.11) 

2Na + 02 + H2 * 2NaOH . (4.12) 

Equilibrium hydrogen and oxygen pressures were calculated from free energy 
values (Lindemer et al., 1981; Stull and Prophet, 1971). At the boiling 
point of sodium (1153 K), the oxygen potential in a pure Na-0-H system 
would be controlled by reaction (4.7) to a pressure of 0.5 aPa 
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(5 x lO"24 atm) 02 (Fig. 4.9). At higher oxygen pressures and a constant 
temperature of 1153 K controlled by the boiling of sodium, the sodium 
would react with 02 according to Eq, (4.7) or with H20 according to the 
following reaction, 

to form Na20 and H2. The hydrogen will volatilize rapidly from the melt 
without forming NaH or NaOH. NaH will not form under these conditions. 
The formation of NaOH at 1153 K requires a hydrogen pressure of about 
I MPa (10 atm). 

At a specific oxygen pressure and temperature, the H2/H20 ratio is 
fixed according to the following reaction: 

Thus, the H2/H20 ratio at 1150 K and 0.5 aPa (5 x 10"2t< atra) 02 is fixed 
at approximately 103/1. If the oxygen pressure at 1150 K were 0.1 MPa 
(I atm) 02, the ratio would be 10"7/1 (Darken and Gurry, 1953). 

If the concrete contains limestone or dolomite aggregate, the sodium 
would react with the carbonates, according to the following reaction: 

2Na + C02 * Na20 + C02 . (4.15) 

Because of the equilibrium reaction for formation of C02, 

CO + l/202 * C02 , (4.16) 

the reaction of Na at 1153 K with C02 results in the formation of Na20. 
That is, it Is essentially equivalent to 

2Na + 1/202 Na20 . (4.17) 

Thus, at the boiling point of sodium (1153 K) and 0.5 aPa (5 x 10~2I> atm) 
02 fixed by reaction (4.17), the C0/C02 ratio is also fixed at approxi-
mately 2190. 

The equilibrium phase diagrams for the Na-Na20-Na2c03-C0-C02-02 
system at 500, 708, 800, and 1153 K are shown In Fig. 4.10 and, in greater 
detail for the boiling point of sodium (1153 K), in Fig. 4.11. The phase 
diagrams were constructed, assuming that the system Is controlled by the 
following reactions: 

2Na + H20 t Na20 + H2 , (4.13) 

2H2 + 02 * 2H20 (4.14) 
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2Na + C02 * Na20 + C02 , 

2Na + CO + 02 * Na2C03 , 

Na20 + CO2 t Na2CO3 , 

Na20 + CO + l/202 * Na2C03 . 

(4.15) 

(4.18) 

(4.19) 

(4.20) 

It can be seen that the initial reaction of sodium with H20 and C02 
produces a Na20 phase. The hydrogen and some water will volatilize from 
the reaction mixture. As the CO concentration Increases to about 100 Pa 
(10~3 atm) (Fig. 4.11), a Na2C03 phase will start forming. 

Thus, in the Na-concrete reaction matrix, Na, Na20, and Na2C03 phases 
could be expected. If the temperature of the reaction mixture increased 
significantly, the NaOH phase may also be produced. In this latter case, 
the ultimate products with complete reaction of the sodium would be 
Na20-Na2C03 and NaOH. 

5. SOLUBILITY AND VOLATILITY OF FISSION PRODUCTS, PLUTONIUM, 
AND URANIUM IN MIXED OXIDE AND SODIUM SYSTEMS 

Based on the fission product and plutonlum inventories in the core 
given in Table 2.2, the concentrations of each element were estimated for 
the case of complete fuel disintegration and mixing with the sodium pre-
sent In the reactor vessel and, also, with the entire sodium coolant 
Inventory. Table 5.1 lists these estimated concentrations, along with 
the available solubility and volatility data at 800 and 1153 K (the 
uoillng point of sodium) for the presumed chemical species of the ele-
ments. The expected chemical behavior of the fission products, uranium, 
and plutonlum is discussed in relation to their grouping (see Table 2.1). 

Some information as to expected chemical behavior of the fission 
product compounds has been provided by observation of the behavior of 
fission products released from defective fuel pins. Defective fuel pins 
were irradiated in a sodium loop under fast reactor conditions at 650 to 
820 K. Up to 81% of 137Cs and up to 30% of 131I were released. The less 
volatile 95Zr, 103Ru, and l^l/l^Ce seem to be released together. In 
addition to rare gases, fractions of 89Sr and 90Sr, 132Cs, and 140Ba/La 
were found In the cover-gas system. These latter nuclides appear to have 



Table 5.1. Vapor characterises of fission produces, uranlua, and plutonlua In CRBRs 

Chemical Estimated Eatlaated Solubility Vapor preaaure 
Fission form In Melting Boiling conc. in. conc. In in Na (ag/kg) (Pa) 
product Eleaent reactor point point Na in m r Na coolant" References 
category vessel^ <K> <r> <"g/»g) (eg/fcg) 800 K 1153 K 800 K 1153 K 

1 Kr Kr 117 120 14 6 0.007 Hodgaan 1962; Johnson et al. 1978 
Xe Xe 161 166 260 104 720 

2 I Nal 924 1573 22 9 5500- 303.000" -1" 930- Hodgaan 1962; Johnson et al. 1978; Bredlg et al. 1955; 
Ir NaBr 1028 1663 <1 <0.4 4500'" 191,000"" - r 530' Bredlg and Ironsteln 1960; Stall 1947 

3 Ca Ca 302 955 23 9 _ 21,300 >101.200 Honlg 1962; Johnson et al. 1978 
Rb Rb 312 974 12 5 » - 13,300 >101.200 

4 Te te-" 36 14 320.000 660,000 160 16,000 Johnson et al. 1978; Hoolg 1962; Stall 1947; Claar 1970 
Sb Sb. 903 1908 3.6 1.4 960 4.800 1.3 : 27? 
Se s*J 2.1 0.8 400.000 - 9.300 >101,200 

5 Ba BaO 2196 -2270 79 32 5E-17'* 8E-9 
Sr SrO 2703 29 12 8E-10 5E-I3 S t u l l 1947; Hodgman 1962; Bedford and Johnson 1965 

6 ku Ru (2700) 4392 196 79 <1.3E-10 <1.3E-10 Claar 1970; Johnson et al. 1978; Bonlg 1962 
Rti Rh 2239 4000 150 20 <1.3E-10 <1.3E-10 
Pd Pd 1323 3310 116 46 <1.3E-10 4.7E-4 
Ho Mo 2890 4924 <1.2 <0.5 -0.02 0.7 <1.3E-10 <1.3E-10 
Tc Tc 2410 (4900) <1.3 <0.5 <1.3E-I0 <I.3E-10 
*g *« 123* 2435 14 6 230,000 865.000 1.3E-7 6.0E-4 

7 La Oxide 2588 4470 68 27 IE-34". lE-19". 
Ce Oxide 2870 150 60 0.014 0.008 1E-36": 1E-20; Hodgaan 1962; Claar. 1970; Bedford and Johnson 1965 
Pr Oxide 62 25 5E-35* 5E-20"; 
Nd Oxide 178 71 1E-3?': 1E-18; 
Pa Oxl da 18 7 IE-32: IE-18* 
Sa Oxide 48 19 lE-34'" IE-19" 
Eu Oxide 8 3 
Gd Oxide 5 2 
T Oxide 2683 15 6 1E-43" 1E-251! 
Zr Oxide 2988 (4570) 150 60 (est. 0.01) (est. 0.4 IE-35; IE-20; 
Kb Oxide 1790 4 1.5 (est. 0.5) (est. 50) IE-36" 1E-20" 

8 Pu Oxide 2701 7800\ 3140 0.02:! 4.4E-26; 3.2E-14: Brunnlng et al. 1977. 1978; Caputl and Adaasoo 1980 
Oxide 3120 31.000-" 12,360 0.06* 3.4E--0 3.1E-14'" 

Brunnlng et al. 1977. 1978; Caputl and Adaasoo 1980 

^Chaaleal forma upon dissolution In, dispersion In. or reaction with sodium. 
*stlaated concentration baaed on coaplete dissolution or dispersion, obtained by dividing mass of the eleaent In CXBR core by the Bass of sodlua In reactor vessel 

(-200 Kg) (Walter and Reynolds, 1971). 
^Calculated mass of element In CRM core, divided by total aaas of aodlua coolant (-500 Mg). 
At Mai. 

KaSr. 
- Aa tellurlde or selenlde. 
fAa ox He. 
VUad 5E-17 as 5 x lO"'7. 
^Calculated aa oxide at 0.101 Pa (10~e atm) 02 pressure. 
J? Calculations baaed oa plutonlua. uranium, and aodlua Heights only. If oxide weight la used: Pu02 - J g/kg; 002 - 9.3 g/kg. 
Oranlua concentration assuaed to be four tlaes the plutonlua concentration. 
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been transported in the form of rare gas precursors. Cesium-134 and 22Na 
were found in the vapor trap (Feuerstein and Stamm, 1980). 

In another study, Kleykamp (1983) observed that up to 76% of the 
xenon was released from U0.75Pu0.25Ol.97 irradiated to 5% burnup. Xenon 
and other volatile fission products were only located in significant con-
centrations in the fuel surface regions. Fuel melting increased iodine 
release most significantly, followed by xenon, oxidized molybdenum, and, 
in lower proportions, barium and cesium. Xenon was completely released 
from molten fuel, whereas low concentrations of barium and cesium 
remained in the melt (Kleykamp, 1983). 

5.1 CATEGORY 1 (KRYPTON AND XENON) 

At normal reactor operating temperatures, gas pressures for oxide 
fuels are almost totally due to xenon and krypton. At higher tempera-
tures, rubidium and cesium further increase the vapor pressure. At still 
higher temperatures (e.g., 2500 K), oxide fission-product vapor species 
may become important (Gabelnick and Chasanov,. 1972). Upon complete melt-
down, essentially the total Inventory of noble-gas fission products will 
be quickly released to the containment and, ultimately, to the environ-
ment. Naturally, krypton and xenon will remain in the elemental state. 

5.1.1 Solubility 

Johnson et al. (1978) present Dhar's data for the solubility of 
krypton in sodium over the temperature range 475 to 750 K as follows: 

log S Kr - -4.34 - , (5.1) 

where 
S - (mol Kr/mol Na) at a krypton pressure of 0.1 MPa; 
T - temperature, K; 

for which AH (solution) is 66.9 kJ/mol (krypton). These data are shown 
in Fig. 5.1. The solubility given in Table 5.1 is calculated from the 
above relationship. 
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Johnson et al. (1978) present Mltra's data for the solubility of 
xenon In sodium over the temperature range 370 to 470 K: 

log S Xe - -3.248 - , (5.2) 

for which AH Is 10.0 kJ/mol. The xenon curve (Fig. 5.1) Is four decades 
above the curves for argon and krypton. Thus, the solubility for xenon, 
presented In Table 5.1 and calculated from the above expression, may be 
higher than actual. 

5.1.2 Vaporization 

Because krypton and xenon remain in the elemental state and have 
limited solubilities, they will vaporize rapidly from the molten sodium. 

5.2 CATEGORY 2 (IODINE AND BROMINE) 

Castleman et al. (1965) assert that Iodine is released from irra-
diated uranium and uranium monocarblde fuels into helium as uranium 
iodide. A comparison of the standard free energies of formation of the 
uranium iodides with that of sodium Iodide shows that the uranium iodides 
entering sodium will react to form Nal. Based on thermodynamic data and 
experimental results from thermomlgratlon studies, Gibby et al. (1979) 
concluded that iodine migrates in oxide fuels exclusively as Csl and that 
the most probable compound formation of iodine Is that with cesium (i.e., 
Csl). However, Castleman et al. (1965) experimentally determined that, 
with Csl concentrations as high as 7.7 tnmol fraction in sodium and over 
the temperature range 758 to 1021 K, cesium and iodine were independently 
transported in the vapor phase. They concluded that the iodine was 
transported as Nal. That is, because of the high concentration of sodium 
relative to the CBI, the law of mass action favored the formation of Nal: 

Csl + Na * Nal + Cs. (5.3) 

By analogy with iodine, bromine may react with uranium to form 
several uranium halides (e.g., UBr4 and UBr3). All the bromides are 
unstable with respect to reaction with pure sodium to form sodium bro-
mide. All vapor-phase bromine can be expected to be taken Into liquid 
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sodium as sodium bromide. Standard-state free energy calculations show 
that in the presence of sodium, the bromides of most of the Important 
Eission products are not stable with respect to the formation of sodium 
bromide. The exceptions are barium, strontium, cesium, rubidium, and 
potassium bromides. Of these, BaBr2 and SrBr3 are less stable than the 
corresponding oxides, and the bromine Is expected to be converted to 
sodium bromide. Although the standard-state free energy calculation 
favors the existence of CsBr, RbBr, and KBr, the large concentration of 
sodium compared with the small concentration of the other species favors 
the formation of sodium bromide. For example (Clough, 1971A), 

Na + CsBr -»• NaBr + Cs , (5.4) 

Na + RbBr + NaBr + Rb. (5.5) 

5.2.1 Solubility 

Because essentially all the halldes present in Irradiated oxide fuel 
are converted to sodium halldes, the solubilities of iodine and bromine 
in sodium are determined by the solubilities of Nal and NaBr. The 
halides dissolve as the dissociated ions, solvated by the liquid metal, 
and the solutions show large deviations from the ideal (Allan, 1973; 
Thompson, 1970). 

Bredlg et al. (1955) studied the Na-NaBr and Na-Nal systems and pre-
sented the phase diagrams shown in Figs. 5.2 and 5.3. In a subsequent 
study, Bredig and Bronsteln (1960) report that above the consolute tem-
peratures of 1299 and 1310 K for Na-NaBr and Na-Nal, respectively, the 
sodium hallde salts and sodium are miscible in all proportions. 

Allan (1973) reported the solubilities of NaBr and Nal in sodium 
over the temperature range of 423 to 723 K as follows: 

log S NaBr - 9.00 - » (5.6) T 

log S Nal - 8.72 - , (5.7) 

where S - solubility (mg/kg) and T - temperature (K). 
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Based on the solubilities of NaBr and Nal In sodium at 800 K, essen-
tially all the iodine and bromine fission products would be expected to 
he in sodium solution following fragmentation of the core. 

5.2.2 Vaporization 

The vapor pressures of pure Nal and pure NaBr (Table 5.1) were esti-
mated from data tabulated by Stull (1947). The dissociation of Nal and 
NaBr is negligible up to 2000 K; thus, the iodine and bromine in the gas 
will be almost entirely Nal and NaBr. 

Castleman and Tang (1965) developed the following expression for the 
vapor pressure of Nal over sodium in terms of its mole fraction (X2) and 
temperature (K): 

f ioaio \ 
(5.8) PNaI - J\.31 x 10-3 18822 + 1 9 < 2 8^ 

where PNfll is in terms of atm (0.101 MPa). 
This relationship leads to a Nal vapor-pressure of 2540 Pa at 1153 K 

and 1.9 Pa at 800 K, which compares reasonably well with values calcu-
lated from experimental data (Stull, 1947) (see Table 5.1). 

Castleman et al. (1967) calculated the equilibrium vaporization of 
several fission products from sodium. They assumed that equilibrium 
vaporization followed the Raylelgh equation: 

f± - 1 - (1 - fNa)A , (5.9) 

where f^ and f(|a are the respective atom fractions of fission product 1 
and of sodium vaporized. A is given by the following relationship: 

<5.10) 
p NaTNa 

where Pe£ and P°Na a r e t h e vaP°r pressures of fission product 1 and 
sodium, and and yN & are their respective activity coefficients. With 
1 at low concentrations «10 - 3 to 10-5 mol fraction), yN a h 1. There-
fore, y^ is the approximate activity coefficient at infinite dilution and 
is a function of temperature only. Using activity coefficients determined 
from excess free energy of mixing, Castleman et al. (1965) calculated 
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vaporization curves for the Nal-Na system at 700, 900, and 1100 K 
(Fig. 5.4)., It is apparent that a significant fraction of the sodium can 
be vaporized without large losses of Nal. The Rayleigh equilibrium 
vaporization relationship may be further simplified by assuming " 
that Raoult's law holds, and by redefining f to be the fraction of the 
component remaining. The relationship (5.11) thus defined becomes: 

where 
F^ • fraction of component i remaining, 
F^a • fraction of sodium remaining, 

P° - vapor pressure of the pure component 1 at the temperature, 

- vapor pressure of sodium at the temperature being considered. 
As will be shown later, this simplified relationship [Eq. (5.11)] com-
pares very favorably with the data reported by Clough and Wade (1971) 
on cesium Cs volatility from sodium at 800 K. The comparisons with 
Castleman and Tang (1967) data are not as good. We can conclude that 
Eq. (5.11) provides a reasonable approximation for the equilibrium 
vaporization of constituents listed In Table 2.2 from sodium for low mol 
fractions of 1 (i.e., for sodium mol fractions of ~1). For example, with 
the core Inventory given in Table 2.2 and assuming that 90% of the sodium 
vaporized with no vaporization of the fission products or (U,Pu) oxide 
fuel, the sodium mol fraction would be 0.96. Calculations of Nal vapori-
zation using Eq. (5.11) indicate that after 90% sodium vaporization, only 
0.2% and 2.1% of the Nal would have vaporized at 800 and 1153 K, respec-
tively. These values are considerably lower than those postulated by 
Castleman et al. (1967) (see Fig. 5.4). 

The calculations made relative to the volatility of sodium Iodide in 
liquid sodium by using activity coefficients obtained from solubility 
data (Castleman et al., 1967; Pltzer, 1962) and from Eq. (5.11) corro-
borate experimental results, indicating that dissolution In liquid sodium 
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greatly reduces the volatility of iodine released from fuel (Clough and 
Wade, 1971). 

It can be assumed that bromine volatility in liquid sodium corre-
sponds to that expected for NaBr. Calculations of NaBr vaporization made 
by using Eq. (5.11) indicate that after 90% Na vaporization, only 0.2 and 
1.2% of the NaBr would have vaporized at 800 and 1153 K, respectively. 

The presence of 02 In the sodium does not appear to modify the 
Iodine volatility (Castleman and Tang, 1965). Increasing the oxygen con-
centration in the sodium (e.g., as a consequence of sodium reactions with 
water and aggregate in concrete) should not decompose Nal or NaBr to free 
I2 or Br2, according to the negative standard free energy changes (-AG) 
of the following reactions (thermodynamic values taken from Lindemer et 
al., 1981; Stull and Prophet, 1971; Barin and Knacke, 1973): 

Na20 + I2 * 2NaI 4- l/202 , (5.12) 

for which AG - -202 and -184 kJ/mol at 500 and 1000 K, respectively; and 

Na20 + Br2 * 2NaBr + l/202 , (5.13) 

for which AG - -314 and -295 kJ/mol at 500 and 1000 K, respectively. 
Therefore, increasing the oxide concentration in the sodium should tend 
to suppress Nal and NaBr vaporization. 

The vigorous sparging of sodium pools may tend to increase the 
apparent vaporization of Nal and NaBr because of physical entralnment in 
the aerosols formed from the collapsing sodium bubbles. Hunsbedt et al. 
(1932) studied the release of U02, cesium, Iodine, and strontium from a 
pool of hot sodium to an inert gas atmosphere. Retention factors (RF) 
were measured in sparging experiments in which Nal, Cs, SrO, and U02 were 
added in 0.1- to 8,5-g allquots to 100-g quantities of sodium and sparged 
with argon or helium at flow rates up to 10 L/mln. Retention factors 
were defined as: 

RF - (Mx/MNa^aPo^/CMx/^Wreleased* (5.14) 

where 
Mjj - mass of element, 

Mf)a " mass of sodium. 
The RFs for Iodine averaged 2.6 and were essentially independent of tem-
perature from 780 to 1110 K. 
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5.3 CATEGORY 3 (CESIUM AND RUBIDIUM) 

According to Kleykamp (1979), the oxygen potentials for formation of 
the oxides of cesium, rubidium, molybdenum, and technetium are comparable 
to those of the fuel; thus, these elements may be present as constituents 
of metal alloys or metal-oxygen solutions, may be dissolved in the fuel 
matrix, or may be precipitated as multlcomponent oxides. Cesium is 
apparently very mobile within the fuel; a 75 to 80% release was observed 
from failed fuel pins in the Dounreay Fast Reactor (DFR). Cesium Is 
apparently emitted from the fuel predominantly as the element (Feuersteln 
et al., 1979). Cesium pertechnetate has been reported at high burnups 
(>13%) with 0/M ratios >2.00 (Kleykamp, 1979). Fee et al. (1976) postu-
late that with the oxygen potentials existing at the interface between the 
uranlum-plutonium mixed oxide and the uranium oxide blanket, Cs2U0il is the 
only Cs-U-0 compound expected to be formed in the uranium oxide blanket. 
It has also been speculated that Csl may be the chemical species responsi-
ble for the migration of iodine in oxide fuels (Gibby et al., 1979; 
Feuerstein et al., 1979). Indirect evidence suggests that cesium, CS2O, 
and Cs2MoO|4 gaseous species may be involved in the transport of oxygen by 
solid-state diffusion in oxide fuels. C82MO0i, may be formed In stoichio-
metric oxide fuel (Potter and Rand, 1980). Alkali metals may react with 
tellurium and selenium to form tellurides (Mignanelll, 1982). 

Because rubidium is also an alkali metal, it should have similar 
chemical properties to cesium and behave in an analogous fashion. 

In the event of cladding failure, all cesium and rubidium compounds 
will be converted to sodium compounds due to the very high concentration 
of sodium relative to cesium and rubidium with the release of elemental 
cesium and rubidium. For example, 

Cs2Mo04 + 2Na * 2Cs + Na2MoOu , (5.15) 

Csl + Na * Cs + Nal . (5.3) 
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5.3.1 Solubility 

Both cesium and rubidium are completely miscible with sodium above 
~100°C. Thus, all fission-produced cesium and rubidium should be soluble 
in the sodium. Phase diagrams of the Cs-Na and Rb-Na systems are given 
in Figs. 5.5 and 5.6, respectively. 

5.3.2 Vaporization 

Detailed vapor pressure curves for pure cesium and rubidium for the 
200 to 1000 K temperature range are presented by Honlg (1962). Data for 
800 and 1153 K are given in Table 5.1. 

Castleman et al. (1967) determined that cesium present in low con-
centrations (<10~3 mol fraction) is transported from the Cs-I-Na system 
as elemental cesium. By analogy, rubidium should be transported in ele-
mental form from the Rb-I-Na system. 

Calculated (Sect. 5.2.2) equilibrium vaporization curves for the 
fission products cesium and rubidium from sodium are shown in Fig. 5.4. 
Experimental values at 723 K are also given for the Cs-Na system 
(Castleman et al., 1967). 

From vapor pressure data and by estimating activity coefficients, 
Castleman et al. (1967) calculated the relative volatilities of cesium 
and sodium (a) to be about 70 at 773 K. The relative high volatility of 
cesium in liquid sodium was verified experimentally by Clough and Wade 
(1971). Calculations using Eq. (5.11) for equilibrium vaporization of 
cesium are in good agreement with the experimental data obtained by 
Clough and Wade (see Fig 5.7). Similar data for rubidium at 800 K are 
compared with that for cesium in Fig. 5.8. 

Hunsbedt et al. (1982) also confirmed the relatively high volatility 
of cesium In sodium in experiments (see Sect. 5.2.2). Retention factors 
[see Eq. (5.14)] for cesium ranged from 0.03 at 710 K to 0.26 at 1087 K. 
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5.4 CATEGORY 4 (TELLURIUM, ANTIMONY, AND SELENIUM) 

Antimony may be present in metallic form in Irradiated oxide fuels. 
Because of its high vapor pressure at reactor operating temperatures, it 
tends to migrate to the fuel-cladding interface (Feuerstein et al., 1979). 
The standard free energy of formation of Sb20*. is -380 kJ/mol 02 at 500 K 
and -290 kJ/mol 02 at 1000 K (free energy changes calculated from thermo-
dynamic values in Lin&emer et~al., 1981; Stull and Prophet, 1971; Barin 
and Knacke, 1973). Thus, the oxygen potential of Sb203 is comparable to 
that of TC02 and NiO shown in Fig. 4.2. This oxygen potential tends to 
Indicate that the oxide would not be formed in oxide fuels or in sodium 
solutions. 

Tellurium can form metallic or oxldlc phases in oxide fuels, depend-
ing on the oxygen potential; as an oxide, It can be dissolved In fuel. 
Palladium-tellurium phases, (Pu202)Te precipitates, (Ba,Sr)Te03, barium 
tellurlde. molybdenum tellurlde, and cesium telluride have been reported 
(Kleykamp, 1979). Tellurium is sufficiently volatile to be transported 
in elemental form, although there is some evidence that cesium and 
tellurium migrate together in a temperature gradient (Gibbey et al., 
1979; Feuerstein et al., 1979). 

Huber and Kleykamp found tellurium associated with silver in the 
region of the metallic transition elemental inclusions (Potter, 1974). 
Uranium and plutonium oxytellurides and oxyselenides are known to exist, 
but the actual oxygen potential at which these compounds form has not 
been determined. Uranium and plutonium tellurides and selenides may also 
be formed (Potter, 1974). Bober et al. (1977) report that oxides of 
tellurium may be stable in hyperstoichlometric oxide fuel. 

The standard free energy of formation of Te02 is -220 kJ/mol 02 at 
500 K and -145 kJ/mol 02 at 1000 K, while that for Se02 is -135 kJ/mol 
02 at 500 K and -220 kJ/mol at 1000 K (see also Fig. 4.2). (Free energy 
changes were calculated from thermodynamic values obtained from Lindemer 
et al., 1981; Stull and Prophet, 1971; Barin and Knache, 1973). Thus, it 
Is unlikely that the very volatile Te02 and Se02 are formed in the oxide 
fuel on reaction with sodium. The reduction of tellurium and selenium 
oxides to tellurium and selenium by sodium Is favored thermodynamically. 
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On reaction with sodium, metallic tellurldes and selenides and other 
possible binary or ternary compounds will probably be converted to Na2Te 
and Na2Se. Thus, selenium and tellurium probably exist in sodium solu-
tions as selenide or telluride ions, Se2- and Te2", since Na2Te and Na2Se 
are quite stable (Cotton and Wilkinson, 1966). 

5.4.1 Solubility 

According to Johnson et al. (1978), Lamprecht reported the following 
expression for the solubility of antimony and sodium: 

log SSb - -1.453 - . (5.16) 

where Sgj, - antimony solubility, atom fraction, and T - temperature (K). 
The phase diagrams of the antimony-sodium system is shown in Fig. 5.9 
(Johnson et al., 1978). Two compounds, Na3Sb (AH°f - -212 kJ/mol) and 
NaSb (AH°f - -66 kJ/mol), are shown. 

The phase diagram of the Na-Se system Is shown in Fig. 5.10. The 
melting point of the most refractory compound, Na2Se, is in doubt because 
of containment problems. Of the five compounds formed, Na2&e (AH°f(298) -
-263 kJ/mol) is the most stable (Johnson et al., 1978). The consolute 
temperature for the Na-Se system is about 1150 K. 

The phase diagram of the Te-Na system is shown in Fig. 5.11. Three 
compounds are formed by direct mixing of the elements: Na2Te, Na2Te2, 
and Na2Te6» Tbe heat of formation for Na2Te is -330 kJ/mol, and the con-
solute temperature for the Na-Te system is 1226 K (Johnson et al.,'1978). 

The solubilities of elemental selenium and tellurium reported in 
Table 5.1 were estimated from the respective phase diagrams. If the 
solubilities of Te2" and Se2" (postulated as the probable chemical spe-
ciatlon of fission product tellurium and selenium after reaction with 
sodium) are similar to those of elemental tellurium and selenium 
(determined from the phase diagrams), essentially all fission product 
tellurium and selenium would be expected to be in solution in the sodium. 
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5.4.2 Vaporization 

Detailed vapor pressure curves for pure antimony (480 to 2000 K), 
tellurium (360 to 1300 K), and selenium (280 to 800 K) are presented by 
Honig (1962). Data for 800 and 1153 K for the pure elements are given in 
Table 5.1. 

Castleman et al. (1967) calculated the equilibrium vaporization 
curves for tellurium and antimony. That for the Te-Na system is shown in 
Fig. 5.4. They determined that antimony tends to stay strongly in sodium 
when sodium is vaporized. Calculations using the Raylelgh equation 
[Eq. (5.11)] for the equilibrium vaporization of antimony Indicate that 
after 90% vaporization of the sodium, only 0.3 and 0.1% of the antimony 
would have vaporized at 800 and 1153 K, respectively. Assuming that the 
chemical species of selenium and tellurium are molecular, vaporizatlon-
from-sodlum curves were calculated for selenium and tellurium by using 
Eq. (5.11); these are shown in Figs. 5.12 and 5.13. A comparison of 
Fig. 5.13 with Fig. 5.4 indicates that for tellurium, greater vaporiza-
tion values are calculated by using Eq. (5.11) than via the method of 
Castleman and Tang (1965). 

5.5 CATEGORY 5 (BARIUM AND STRONTIUM) 

Elllngham plots for the free energy changes for the formation of 
barium oxide and strontium oxide Indicate that the fission products 
barium and strontium probably exist as oxides In mixed urania and pluto-
nlum fuel (see Fig. 4.2). However, there is some evidence that barium 
may exist in such fuels as complex oxides (e.g., barium zirconate, barium 
molybdate, and barium uranate/plutonate). Strontium has also been found 
with barium In the zirconate phase (Feuersteln et al., 1979; Potter, 
1974). 

Strontium, barium, and zirconium are stable oxide formers. Stron-
tium oxide is predominantly dissolved in the mixed oxide fuel matrix, 
whereas BaO is almost exclusively precipitated as binary and multi-
component oxide phases. Zirconium is partly dissolved in the matrix and 
partly precipitated as multicomponent oxides (Kleykamp, 1979). 
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In the presence of Na20, the reaction of barium should be: 

Na20 + Ba + BaO + 2Na , (5.17) 

for which AG° - -RT In K - -178.4 kJ/mol (-42.6 kcal/mol) at 800 K. 
Assuming that the Na20 mol fraction is 10-6 (i.e., 2.7 mg Na20/kg Na) and 
the activity coefficient of Na is 1, for a dilute solution the ratio 

- 1.35 x i06 . (5.18) Ha 

That is, the barium is essentially present as the oxide (Clough, 197IB). 
Similarly, for strontium, 

Na20 + Sr •»• SrO + 2Na , (5.19) 

for which AG0 - -209 kJ/mol (-50 kcal/mol) at 800 K. Assuming that the 
Na20 mol fraction is 10-6 and the activity coefficient of Na is 1, for a 
dilute solution the ratio 

- 4.0 x 10® . (5.20) 

Thus, both strontium and barium are likely to exist in liquid sodium con-
taining small concentrations of oxygen as the oxides (Clough, 1971B). 

5.5.1 Solubility 

No data on the solubility of BaO and SrO in sodium were found. 

5.5.2 Vaporization 

The vapor pressure—temperature curves of BaO, Ba02, SrO, and Sr02 
(Fig. 5.14) were calculated by using the method and dati of Bedford and 
Johnson (1965). The stable barium oxide species at a given temperature 
is dependent on the oxygen pressures. The stable barium oxide species at 
500 K between 1.36 x 10_10° and 6.72 x 10-9 atm 02 is BaO, whereas Ba02 
is the stable species at greater than 6.72 x 10-9 atm 02. At 1000 K, BaO 
is stable between 1.74 x 10"45 and 0.67 atm 02 and Be02 is stable at 
greater than 0.67 atm 02; at 1500 K, BaO is the stable species between 
1.42 x 10-29 and 153 atm 02, but Ba02 is stable only above 153 atm 02. 
For strontium, SrO is the stable oxide species at 500 K with oxygen 
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pressures of 1.16 x 10~113 to 4.77 x 10-*4 atm 02, whereas at 500 K, Sr02 
is the stable species at greater than 4.77 x 10"4 atm 02. At 1000 K, SrO 
is stable between 2.39 x 10~52 and 61.96 atm 02, and Sr02 is stable above 
61.96 atm 02; at 1500 K, SrO is the stable species above 3.69 x 10~32 atm 
0 2 (Bedford and Johnson, 1965). The vapor pressures of the stable oxides 
appear to be unaffected by variations in oxygen pressure within the range 
of their stability. In the Na-0-H system, the oxygen pressure is control-
led by reaction (4.7). Therefore, the calculated oxygen pressures (p02) 
at 800 and 1153 K are 7.0 x 10"1*1 and 5.2 x lO-2*4 atm, respectively. 
At these oxygen pressures, BaO and SrO are the anticipated stable oxide 
species. Values in Table 5.1 were determined from these calculations. 

The calculations of Castleman et al. (1967) (see Sect. 5.2.2) for 
the theoretical volatilities of barium and strontium metal (Fig. 5.4) 
show that both metals possess low volatilities relative to sodium. For 
example, at 773 K, only 2% of the strontium is predicted to be vaporized 
when 90% of the sodium is distilled. Barium metal Is predicted to be 
even less volatile. These calculations probably represent an upper limit 
for the volatilities of barium and strontium in liquid sodium because the 
volatilities of BaO and SrO (the chemical species thermodynamically antic-
ipated in oxide fuels) should be significantly less than those of the 
corresponding metals (Clough, 197IB). 

Clough (197IB) determined experimentally that at 773 K approximately 
2% of strontium (present initially as SrCl2 in sodium containing 15 ppm 
02) had distilled when 90% of the sodium had evaporated. Thus, strontium 
(presumably as the oxide) is essentially nonvolatile at 773 K. Calcula-
tions of BaO and SrO vaporization from sodium, using Eq. (5.11), indicate 
much less than 0.01% vaporization at 800 and 1153 K after 99.99% vapori-
zation of the sodium. 

Hunsbedt et al. (1982) determined that retention factors for vapori-
zation (sparging) of SrO from sodium ranged from >37 at 837 K to 14 at 
1069 K (see Sect. 5.2.2 for experimental details). The low retention 
values for SrO are attributed to the entrainment of particulates. Thus, 
it might be anticipated that rapidly boiling sodium would entrain signi-
ficant amounts of particulates. 
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5.6 CATEGORY 6 (RUTHENIUM, RHODIUM, PALLADIUM, MOLYBDENUM, TECHNETIUM, 
AND SILVER) 
The noble metals Ru, Rh, Pd, Ag, and Tc and Mo are alloyed as 

metallic phases in substoichiometric oxide fuels (Kleykamp, 1979). 
Because of their relatively high vapor pressures, silver and palladium 
would be expected to migrate toward the colder regions of the fuel. 
Palladium occurs In precipitates of the noble-metal type and In those of 
the (U,Pu)Pd3 tyP®' a 8 well as in metallic form (Feuerstein et al., 
1979). 

Molybdenum and technetium have a stronger tendency to form oxides 
than do Ru, Rh, and Pd. The transition metals Mo, Tc, Ru, Rh, and Pd are 
present as a single-phase alloy in irradiated oxide fuels. If the oxy-
gen potential is sufficiently high, the alloy can oxidize to form Mo02. 
Technetium may also be similarly oxidized, although Tc02 is less stable 
than Mo02 (Potter, 1974; Kleykamp, 1979). However, in hypostoichlometrlc 
fuel (M02,o-x), molybdenum is found In metallic form In noble-metal 
inclusions. With stoichiometric oxide fuel MO2(0, Cs2Mo0i4 may be formed 
(Potter and Rand, 1980; Gibbey et al., 1979; Schleifer et al., 1983). 
Cesium pertechnetate has been reported at high burnups (>13%) with 0/M 
ratios >2.00 (Kleykamp, 1979). 

5.6.1 Solubility 

Solubility data for these noble metals in sodium are lacking except 
for molybdenum and silver. 

Claar (1970) recommends the following expression for determining the 
solubility of molybdenum in sodium (over the 1070 to 1280 K range): 

log Smq - 3.27- 3962/T , (5.21) 

where 
SMo " solubility of molybdenum, mg/kg. 

He also recommends the following expression for the solubility of silver 
in sodium (380 to 790 K): 

log SAg - 3.22 - 1479/T , (5.22) 

where 
S^g - solubility of silver, wt %. 
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The data in Table 5.1 were calculated uBlng these relationships. Based 
on the resulting data, we conclude that fission product molybdenum would 
exceed its solubility In sodium and that all fission product silver would 
be soluble in sodium during a hypothetical core destructive accident 
(HCDA). 

5.6.2 Vaporization 

Vapor pressure data for the noble-metal elements have been reported 
by Honig (1962). By analogy with antimony (see Sect. 5.5.2), the 
equilibrium vaporization of Ru, Rh, Pd, Mo, Tc, and Ag from sodium should 
be extremely low at 1100 K. Calculations of the equilibrium vaporization 
of elemental noble metals from sodium indicate that essentially no vapori-
zation of the noble metals should have occurred after greater than 99.99% 
vaporization of the sodium. 

5.7 CATEGORY 7 (LANTHANUM, CERIUM, OTHER RARE EARTHS, ZIRCONIUM, AND 
NIOBIUM) 

The rare earths and yttrium, as well as zirconium, form very stable 
oxides (Potter, 1974). The oxides of Y, La, Ce, Pr, Nd, Pm, and Sm are 
nearly completely dissolved and uniformly distributed in the mixed oxide 
fuel matrix. Niobium is also considered to be present in an oxidized 
state. Only a small fraction of cerium has been observed as ternary 
barium cerates (Kleykamp, 1979; Feuerstein et al., 1979). 

Zirconium, yttrium, and the rare earths formed in fission will be 
dissolved in the fluorite solid solution of the fuel matrix (Potter, 
1974). Zirconium-95 distributes uniformly, despite short-range migration 
to the zirconate phase. There is some evidence that may migrate 
independently as a volatile oxide (Feuerstein et al., 1979) and that 
zirconium forms a binary oxide compound with strontium. The results 
suggest that strontium zirconate is only stable at high temperatures in 
near-stoichiometric fuel (Gibbey et al., 1979). 

5.7.1 Solubility 

Solubility data for this group of oxides in sodium are lacking. 
Data were found for only cerium, niobium, and zirconium. 
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The solubility of Ce203 varies inversely with temperature, according 
to the following (400 to 720 K) (Claar, 1970): 

log SCe " "2.68 + 658/T(K) , (5.22) 
where 

Sce - solubility of Ce203, mg/kg. 
The data in Table 5.1 were calculated using this expression. 

The solubility of niobium in liquid sodium was found to vary greatly 
with oxygen content. At 873 K (600°C), the solubility of niobium varied 
from 35 mg/kg with 100 ppm oxygen to about 2000 mg/kg with 1000 ppm oxy-
gen (Claar, 1970). An extrapolation to 1 ppm oxygen yielded a niobium 
solubility of about 10 mg/kg. Niobium solubilities of 5 mg/kg at 800 K 
and 50 mg/kg at 1153 K were estimated (Fig. 5.15) from their data. 

The scatter of the zirconium solubility data presented by Claar 
(1970) made possible only rough estimates of zirconium solubility in 
sodium (Fig. 5.16). These estimates are given in Table 5.1. 

Based on the estimated solubility values for cerium, zirconium, and 
niobium, it Is concluded that each would exceed its solubility In the 
volume of sodium present in the CRBR vessel. 

5.7.2 Vaporization 

Vapor pressure—temperature curves were calculated for all the oxides 
in Category 7 except Eu203 (pigB« 5.17—5.21). Values given in 
Table 5.1 were determined from these calculations. At 5 x lO-2** and 
7 x 10"41 atm 02 pressure, the stable oxide species for zirconium Is Zr02; 
for each of the rare earths and yttrium, it is M203 (except for cerium). 
For cerium, Ce203 is the stable oxide species at 800 K (i.e., 5 x lO"2'* 
atm 02), and Ce02 is the stable species at 1153 K (i.e., 7 x 10-1*1 atm 
02). For niobium, Nb02 and Nb20s are the stable oxide species at 800 K, 
and Nb205 is the stable species at 1153 K (Bedford and Johrson, 1965). 

The vapor pressures of most of these oxides vary with oxygen pres-
sure. High oxygen concentrations suppress their volatilities. For 
example, the vapor pressures of the M203 oxides at 10~6 atm 02 are 
~30-fold greater than at 1 atm 02 pressure. If the oxygen pressure in 
the molten sodium-concrete reaction system is controlled by the 
2Na + 02 * Na20 reaction, the oxygen pressure of the Na-O-H system will 
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Fig. 5.15. Solubility of niobium in sodium. For details, see Claar 

(1970). Although the data show considerable scatter, the curve was drawn 
for the purpose of roughly estimating the solubility of niobium in sodium 
at 800 and 1153 K. 
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Fig. 5.16. Solubility of zirconium in sodium. For details, see Claar 

(1970). Although the data are sparse and show considerable scatter, the 
curve was drawn for the purpose of roughly estimating the solubility of zir-
conium in sodium at 800 and 1153 K. 
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Fig. 5.18. Calculated vapor pressures of Ce02- Ce203, and Sm2C>3 (vapor 
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Fig. 5.19. Calculated vapor pressures of P1112O3, Pr2C>3, an Y2O3 (vapor 
species PmO, PrO, and YO). 
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Fig. 5.20. Calculated vapor pressure of Zr02 (vapor species, Zr02). 
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Fig. 5.21. Vapor pressures of Nb(>2 and Nb2<>5 (vapor species, Nb02). 
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be 5 x lO-2*4 atm 02 a t the boiling point of sodium (1153 K) (see 
Fig. 4.8). At 5 x 10-2*4 atm 02, the vapor pressures of the M203 oxides 
are projected to be ~7 x 105-fold greater than at 1 atm 02 pressure. 

Because the rare earth, lanthanum, cerium, zirconium, and niobium 
oxides have low vapor pressures, their vaporization at the boiling point 
of sodium (1153 K) should be very low. Vaporization calculations for 
these oxides using Eq. (5.11) indicate essentially no vaporization of the 
oxides after greater than 99.99% vaporization of the sodium at 800 and 
1153 K. Therefore, transport of such materials in aerosols formed Erom 
the boiling sodium-melted core debris should be principally a result of 
physical entrainment (e.g., from collapsing bubbles). 

5.8 CATEGORY 8 (PLUTONIUM AND URANIUM) 

Although relatively inert, U02 and Pu02 are major chemical species 
in the core debris—sodium matrix and, consequently, have significant 
effects on the physical and chemical properties of that matrix. Prior to 
RV penetration, the oxygen potential of the reaction mixture will be 
controlled by the Na-(U,Pu)02_x system (see Sect. 4.3). 

Although no reaction occurs between stoichiometric U02 and oxygen-
free sodium at normal reactor temperatures, the presence of excess 02 

(I.e., as U02_x or 02 dissolved in the sodium) leads to the formation of 
a voluminous compound Na3U0i, (Blackburn, 1974). Similarly, the reaction 
products formed from the reactions of liquid sodium with plutonia and 
urania-plutonia are sodium plutonate, Na3Pu04, and sodium uranoplutonate 
(Mignanelli and Potter, 1983A and 1983B; Feuerstein and Stamm, 1980). 

The reaction of sodium monoxide with plutonium oxide is very tem-
perature dependent and proceeds in a sequential series, namely (Stakeboke 
and Robinson, 1977): 

673 K 773 K 
(400°C) (500°C) 2Na90 + PuOo • o-NauPuOc • 2 02 o2 

1173 K 1273 K 
(900°C) (1000°C) 

p-NauPuOc fe. NaoPuOi, Pu02 . (5.24) 
0 2 o2 
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Sodium uranate, the reaction product of sodium and U02, ia stable in 
the Na-U02-Na3U01, system at oxygen concentrations of 0.4 to 0.9 mg/L in 
sodium and temperatures above 770 K (Jordan and Ozawa, 1976). 

• M i <- ' ' I H fy 

dnate and attendant swelling of the fuel 
iilciable attention because of the risk of propagating 

fuel talLurea. Experience in the DFR reactor showed that less than 10% 
of the failed pins examined had lost more than 0.1 g of fuel. Therefore, 
solubility of U02 in liquid sodium appears to be limited (FeuerBtein et 
al., 1979). 

The true solubilities of Pu02 and U02 are 0.02 and 0.06 mg/kg sodium, 
respectively, at 1070 K. .Significant levels of both dissolved oxide and 
mlcroparticulates were present in the sodium at high temperatures (970 
and 1070 K) (Caputi and Adamson, 1980). Thus, it is apparent that the 
large mass of (U,Pu)02_x in the reactor core debris would far exceed its 
solubility in sodium. 

Only very limited dissolution rate studies have been made for Pu02 and 
U02 in sodium. Results of a kinetic study of the reaction of sodium with 
urania-30% plutonia have shown (at temperatures greater than ~970 K) that 
sodium penetrates all the grain boundaries and that rapid reaction is 
possible (complete reaction after ~12 h at 1070 K). No breakup of pellets 
was observed (Mignanelli, 1982: Mignanelli and Potter, 1983A, 1983B). 

Therefore, dissolution of urania-plutonia fuel may be extremely slow 
at the boiling point of Bodium. Thus, the full complement of fission 
products dissolved within the oxide particles would probably not be dis-
solved or dispersed in sodium. However, If fuel meltdown occurred, pre-
sumably the melted (U,Pu)02-x would be finely dispersed in the surrounding 
sodium matrix. Thus, the full complement of fission products within the 
oxide fuel could be dissolved or dispersed in the sodium. 

A pseudo activation energy of 335 kJ/mol was calculated from measure-
ments of pellet swelling. Reaction of the pellets with high-oxygen-
content sodium resulted in the formation of an additional loose reaction 
layer consisting of a greater concentration of the uranoplutonate phase 
than in the bulk of the pellet (Mignanelli and Potter, 1983A, 1983B). 
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An increase in the sodium reaction rate and swelling was obtained 
when certain fission product simulants (cerium, neodymium, and zirconium 
oxides) were Incorporated in the uranla-plutonla lattice. Although the 
pellets broke up, this appeared to be associated with stresses occurring 
within the initial sintered compact. Considerable swelling of the 
pellets did not occur. It was suggested that the reaction product formed 
was of lower density than the pure uranoplutonate phase and that the 
additional cations (i.e., cerium, neodymium, and zirconium) were present 
in the product phase (Mignanelli and Potter, 1983A, 1983B). 

5.8.2 Vaporization 

The vaporization behavior of urania and urania-plutonia solid solu-
tions is complex. Uranium and plutonlum oxides form gaseous monoxides 
and dioxides [and also U03(g) for uranium systems] over the oxides that 
are close to M02 composition (Potter and Rand, 1980). However, these 
vapor pressures only become significant at higher temperatures (e.g., 
>2000 K). 

Many studies have been made of the high-temperature equations of 
state for U02 and Pu02 (e.g., Green and Leibowitz, 1982; Browning et al., 
1977, 1978; Ohse et al., 1976; Green et al., 1983). 

The following relationships, given by Browning et al. (1977, 1978), 
were selected, somewhat arbitrarily, for calculating the U02 and Pu02 
vapor pressure data given in Table 5.1 (for purposes of simplicity, it 
was assumed that the vapor species consisted of U02 and Pu02 in each case 
and the condensed phase contained U02 and Pu02): 

log puc>2 - 8.610 - (31272/T) , (5.25) 

log pp - 8.38 - (31000/T) , (5.26) 

where 
p - vapor pressure, atm (0.101 MPa), 
T - temperature, K. 
Green, Fink, and Leibowltz (1983) calculated the partial pressures 

of 0, 02, U, UO, U02, U03, Pu, PuO, and Pu02 in equilibrium with the 
condensed phase (Ui_yPuy)02_x as a function of temperature over the 
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temperature range 2500 to 6000 K, for x values of 0 to 0.1, and y values 
of 0 to 0.3. The presence of U6+ In the oxygen potential model for the 
mixed oxide limits the pressure of 02 so that the calculated pressures at 
high temperatures are similar to those calculated for the U-0 system and 
are much lower than those calculated for the Pu-0 system. That Is, the 
total pressure in equilibrium with UO2>00 very nearly equal to the 
total pressure in equilibrium with (U0 #gPu<). 2)0l .96 (Fig« 5.22). The 
vapor composition in equilibrium with a (Uo.8Puo.2)Ol.96 condensed phase 
Is shown in Fig. 5.23. Below 4200 K, UO3 and U02 are the most important 
vapor species; UO^ is the dominant species below 2550 K, with PuO and 
PUO2 becoming increasingly dominant. Above 4700 K, the vapor is largely 
0 and 02 (Green et al., 1983). 

Release of uranium and plutonlum into the gas phase may occur by 
vaporization of U02 and Pu02, vaporization of fuel-sodium reaction prod-
ucts, and mechanical ejection of fuel particles (entralnment arising from 
collapsing bubbles). Past estimates speculate that 1 x 10"5 of the Pu02 
contained in sodium pools may be released to the environment (Jordan and 
Ozawa, 1976). However, vaporization calculations using Eq. (5.11) indi-
cate that essentially no vaporization of plutonium and uranium oxides 
would be expected after greater than 99.99% vaporization of the sodium at 
800 and 1153 K. Therefore, entralnment should be the principal mechanism 
for release of plutonium and uranium oxides to the environment. 

Jordan and Ozawa (1976) found that at sodium evaporation rates of 
200 g to 85 kg Na/m2,h, the retention factors* for uranium ranged from 
1000 to 10,000 at temperatures of 730 to 1160 K with and without sparg-
ing. The retention f ctors averaged 1900 for one set of experiments per-
formed at 770 and 1160 K with argon sparging at 0 to 17 L/min (0.7 to 
10.2 g U02 per 100 g sodium). The retention factors seemed to be Inde-
pendent of temperature and sparge gas flow rate. Increasing the con-
centration of oxygen in the vapor phase from 0.1 mg/L to 21%, however, 
appeared to increase the factors from 2500 to 10,000. Jordan and Ozawa 
(1976) concluded that sodium and uranium evaporated separately. 

*n .. r - / mass(x) in Na/mass (Na) Retention factor, o/x 7— —n—-—75-\ ;—•• mass(x) in vapor plus aerosol/mass (Na) vaporized 
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Fig. 5.22. Total pressure in equilibrium with the condensed phases 
>96, PuO1.96, and (Uo.8Pu0.2)°l.96* (Adapted from Green et al.. 1983.) 
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Fig. 5.23. Vapor composition in equilibrium with (UQ,8PUO,2)°1.96 
condensed phase. (Adapted from Green et al., 1983.) 
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Hunsbedt et al. (1982) have summarized Investigations at 
Kernforschungszentrum, Karlsruhe, Federal Republic of Germany, of the 
release of U02, cesium, Iodine, and strontium from a pool of hot sodium 
to an Inert gas atmosphere. Retention factors were measured In sparging 
experiments in which Nal, cesium, SrO, and U02 (in 0.1- to 8.5-g quanti-
ties) were added to 100-g allquots of sodolum and sparged with argon or 
helium at flow rates up to 10 L/mln. Retention factors for U02 averaged 
1.6 x 103 from 710 to 1165 K. The U02 particles averaged 20 nm in size. 
The low retention rates of U02 and SrO are attributed to the release of 
solid particles. Thus, It might be anticipated that rapidly boiling 
sodium would entrain particulates. 

6. BEHAVIOR IN THE SECONDARY CONTAINMENT VESSEL 

6.1 INTRODUCTION 

Proper evaluation of events in the secondary system requires speci-
fication of the sequential scenario. A study of chemical forms in the 
containment volume must be preceded by information on the chemical forms 
in the reactor vessel after the HCDA. Also, the nature of the changes 
that occur as a function of time in the reactor cavity (RC) must be known 
to determine the rate of transmission of these species into the reactor 
containment building. 

6.2 PATHWAYS FOR FISSION PRODUCTS AND ACTINIDES 

6.2.1 Initial Energetics 

The first chemical compounds (sodium, core debris, and fission 
products) that arrive in the containment may do so through a breach of 
the reactor head due to the initial energetics of the HCDA. As stated in 
Sect. 2.3, the vapor in the reactor vessel would be mostly sodium but\ 
would contain noble gases from the fuel pins that had ruptured by that 
time. 

The injected sodium would react with 02 and moisture in the secon-
dary containment to yield Na20, NaOH, and heat. With the large volume of 
the containment building (105 m3) and the assumption that all the sodium 
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Is burned to the oxide or hydroxide, the concentration In the secondary 
containment Is estimated to only reach about 0.2 mmol/L. However, breach 
of the CRBR vessel head by the Initial energetics Is currently thought to 
be an extremely low-probability occurrence. Hence, direct transfer of 
significant amounts of core debris and primary coolant into the secondary 
containment vessel early In the sequence is considered unlikely. 

6.2.2 Transport from the Reactor Cavity Following Reactor Vessel Rupture 

In many severe accident scenarios, reactor vessel melt-through is 
projected to occur approximately 1000 s after initiation of the HCDA; 
rupture of the vent disk between the reactor cavity and the secondary 
containment is likely to occur simultaneously. This event would be the 
second pathway by which chemical species could enter the reactor contain-
ment boundary (RCB). Following reactor vessel melt-through, the core 
debris and sodium from the reactor vessel would deposit in the reactor 
cavity. The pressure pulse in the reactor cavity is projected to cause 
the rupture disk connecting the cavity with the secondary containment to 
fall, thereby releasing a pulse of radioactivity (primarily of noble 
gases released from the slumped core at the time of reactor vessel melt-
through) Into the secondary containment. 

The fission product decay heat is predicted to cause the temperature 
of the sodium in the reactor cavity to rise to its boiling point of 
1153 K (880°C) over an estimated period of 9 h. During this time, the 
flow of vapor into rhe RCB would Increase but the total quantity would 
still be small; however, at the boiling point, the rate of transfer of 
sodium and associated materials from the reactor cavity to the RCB would 
increase significantly. 

During the period prior to sodium boiling, the decay heat at the 
sodium-concrete interface would degrade concrete and facilitate reactions 
between the sodium and the concrete by-products. The primary concrete 
degradation products that would react at these temperatures are the 
released water and carbon dioxide (CO2). Reactions with sodium would 
produce sodium oxide and hydrogen, sodium carbonate, and carbon monoxide 
(CO), as shown in Figs. 4.8 and 4.11. The release rates for H20 and C02 
would be proportional to the area of exposed surface and the temperature 
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of that surface. Because the continuing release of reaction products 
with time is temperature dependent, the amount of release is very depen-
dent on the particular scenario assumed. 

In summary, very little material (relative to the capacity of con-
tainment) is projected to be transmitted into the RCB, either through a 
head breach or the RC/RCB vent in the period before sodium boiling. The 
containment has not been challenged, and even a direct, large leak into 
the containment/confinement cavity may be readily handled by the confine-
ment filters. Prior to sodium boiling, the following chemical species 
are projected to be in the secondary containment in small quantities: 

Initially Through the RC/RCB vent 

Na20, NaOH Na20, NaOH, Na 

Xe H2, CO 

Kr Na2C03 
Probably small amount of Small amount of fission 
fission products products 

6.2.3 Sodium Boiling Phase 

There is a very rapid increase in transmission of materials Into the 
containment when the sodium pool starts boiling, from an estimate of a 
few hundred kg/h just before boiling to a maximum of near 8600 kg/h at 
about 39 h [CRBRP Staff (1980)]. The species and rates at which they 
enter the secondary containment depend on (1) the volatilities of the 
species formed in the sodium as it Interacts with concrete and core 
debris materials, (2) the rate of sodium boiling that provides convec-
tion from the reactor cavity, and (3) the degree of deposition enroute 
to the secondary containment within ducts connecting the two reactor 
volumes. The estimated retention factors in the reactor cavity, defined 
as (concentration in the pool)/(concentration in the gas as aerosol or 
vapor), and chemical forms are given in Table 6.1 (Randich, 1983). 

Other approximate impressions provided by a researcher in this area 
(Randich, 1983) are: 



93 

Table 6.1. Figsion products In the cavity 
(preliminary and speculative) 

Elements Retention factor2 Chemical form 

I 1 Nal 

U, Pu Vapor - 5000 
Pool - 70 

U02, U308, Pu02 
solid 

Cs 0.3 Cs gas 

Te, Se 50 Se, Te gas or 
tellurldes, selenldes 

Rb 0.3 Rb gas 

Ru 180 Ru solid 

Mo >100 Mo solid 

Ag 2.5 Ag solid 

Pd, Pt, Rh 500 Metal solid 

Ce 100 Ce02 solid 

Tc 80 Tc solid 

Sb >5 Sb (Na solution) 

Sn 300 Sn (Na solution) 

Ba, Sr, Zr 500 As oxides 

aRetention factor of x • 

mass (x) In Na/mass Na 
nass (x) transferred by vaporlzatlon/mass Na vaporized 
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1. All cesium and rubidium will evaporate from the cavity pool by the 
time 10X of the sodium pool has boiled away. 

2. Iodine is projected to transfer approximately linearly with sodium. 

3. Tellurium, tin, and antimony are also believed to transfer linearly 
with sodium. 

4. Oxides and refractories tend to remain in the sodium pool. 

5. The above retention factors have a wide range due to the lack of data 
and variation with flow, temperature, etc. Some estimated ranges of 
retention factors are: I (0.7-10); U (1000-10,000, vapor and 60-80, 
pool); Te (10-100); Ag (1-4); Pd, Pt, and Rh (100-1000); Sn (2-500); 
Ba, Sr, and Zr (300-700). There are no data on plutonlum, but It is 
generally agreed that Its behavior will be similar to that of uranium. 

Estimated values as given above must be used to determine the inven-
tory of chemical species in the secondary containment. However, pool 
retention factors are based on insufficient data and appear to be inade-
quate. For Instance, Castleman's work (Castleman, 1965) does not take 
entrainment into account. This factor alone could considerably change 
the quantities of material entering the RCB. Also, it Is reported that 
the French data show higher retention factors than Castleman's work due 
to consideration of boiling and turbulence effects. Evidently, more 
experimentation Is needed in this area. 

6.2.4 Escape Pathways from Containment 

Transport mechanisms within the secondary containment must account 
for rapid, high-temperature changes in the continuous-burning flame 
region; diffusion from the flame region with accompanying reaction and 
dispersion; cooling and slower reaction chemistry over a very long time 
period; coalescence and deposition of the aerosol on surfaces; exchange 
of species between the aerosol and vapor; and transport of the aerosol 
and vapor through the various pathways from the containment. 

If all the Engineered Safety Features (ESFa) function properly, the 
RCB would be almost completely Isolated (a small leak rate Is assumed) 
and all species would be almost totally contained up to 36 h. After 
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that, controlled pathways for release would be opened by venting through 
filters capable of removing 99Z of the solids and 95% of the halogens. 
This type of occurrence would lead to acceptably low source terms for a 
number of severe events (CRBRP Staff, 1980). However, difficulties would 
begin to arise If we assume that some of the ESFs fall. The four Iden-
tified failure mechanisms will now be discussed, and 4.helr associated 
potential problems will be mentioned. 

1. Failure of the isolation valves provides an Immediate path for 
material to be transferred Into the confinement, annulus. During the 9-h 
period before sodium boiling, the flow of reactants into the RCB Is 
believed to be too small to create a problem for the annulus filters; 
thus, the release to the atmosphere should be quite small during this 
interval. However, very shortly after sodium boiling begins, the amount 
of material transferred would more than likely overload the HEPA-type 
filters. In this report, only speculative comments can he made regarding 
this occurrence because very little data exit*. After being overloaded, 
the filters may tear and begin to pass significantly larger amounts of 
material to the environment. If experimentation should reveal that this 
is indeed the filter»failure mode, a possible remedy Is to close off the 
annulus and begin to vent the containment through the RCB cleanup filters 
designed for this purpose. The effects of venting at 10 h (as opposed to 
after 36 h) and of the potential loss of annulus cooling capability on 
the RCB cleanup system would have to be Investigated. 

2. Failure of the vent system valves would not greatly affect the 
release to the atmosphere for the first 36 h, but it could have a signif-
icant effect If ESF failures also occur. At 36 h, the containment 
pressure is estimated to be about 0.25 MPa (22 pslg) as compared with a 
maximum allowable near 0.34 MPa (35 pslg) at these temperatures. The 
hydrogen concentration is projected to increase after 30 h due to a 
reduction in the oxygen concentration to less than 3% via sodium burning 
reactions. If the RCB cannot be vented, the steel shell would crack from 
the overpressure of gases generated by degrading concrete and, conse-
quently, release large amounts of fission products directly to the atmo-
sphere. Also, the hydrogen concentration could build up to flammable 
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limits; however, oxygen would have to be supplied from some external 
source since It Is depleted by the sodium flame. Of course, this Is 
highly speculative and Is mentioned here only to Illustrate the possible 
range of conditions for which chemical behavior information must be 
acquired. 

3. Failure of the purge system valves produces a situation which is 
somewhat similar to the vent system failure In that hydrogen is allowed 
to accumulate sufficiently that It may become an explosive mixture. 

4. Failure of the RCB cleaning system is of considerable Interest 
because it is the last barrier for fission product transport to the atmo-
sphere in an accident sequence with properly functioning E?Fs. Although 
it is also unlikely that the filter/scrubber system would completely 
fall, a partial failure could occur in which a portion of the filter 
would be bypassed, with corresponding passage of fission products. A 
partial blockage of the filters which prevented them from maintaining 
their rated efficiency would also result in Increased relesses to the 
atmosphere. The limited amount of work done thus far indicates that the 
filters will function to their rated capacity with the "standard" mix of 
materials predicted for the RCB atmosphere. However, a number of ques-
tions remain to be answered concerning the effects of: (I) buildup of 
deposited solids from aerosol coalescence (particularly if the water 
supply upstream of the fibrous beds should prove to be unreliable); 
(2) significant amounts of NajCOs particles, which have limited water 
solubility; (3) large amounts of tydrogen and possibly some reacted 
sodium; and (4) heat associated with collection of fission products and 
chemical reactions that may occur In the filter system. 

6.3 REACTIONS AND CHEMICAL FORMS IN CONTAINMENT 

The chemical forms entering the secondary containment from the reac-
tor cavity encounter a sodium flame region with temperatures above 2273 K 
(2000°C). Early Ideas regarding the chemical forms emanating from the 
reactor cavity and the change caused by a sodium flame zone in the con-
tainment vessel are listed below: 



97 

Elements 
Chemical form from 
reactor cavity 

Chemical form in 
containment 

I Nal, Na2C03 Na20, I2, Na2C03 
U, Pu U02, Pu02 U02, Pu02 
Cs Cs gas Cs20 solid 

Rb Rb gas Rb20 solid 

Te Te gas Solid oxides 

Ru Ru solid Solid oxides 

Mo Mo solid Solid oxides 

Ag Ag solid Ag20 solid 

Pd, Pt, Rh Metal solid Metal oxide 

Ce, lanthanldes Oxidized solids Oxidized solids 

Tc Tc solids TcgOy solid 

Sb Sb (Na solution) SbxOy solid 

Sn Sn (Na solution) Sn02 solid 

Ba, Sr, Zr As oxides Solid oxides 

Understanding of the chemical transients caused by passage of materials 
through a sodium flame region cannot be complete without detailed knowl-
edge of the kinetics and mass transfer characteristics around the flame. 
In addition, the materials that leave the flame region will cool to a ouch 
lower temperature 477-700 K <204-427°C) in a relatively short distance. 
This may allow nonequlllbrlum forms to be retained in the containment 
vessel. 

Sodium iodide will probably dissociate at the high temperatures in 
the flame region, allowing the sodium to oxidize. The iodine freed in 
the flame region would either adsorb on (or react with) metal surfaces 
within a short time or chemisorb on Na20 aerosols. While some metal 
fission products may react to form iodides in the flaae border region, it 
Is expected that most will emerge as the oxide. The remaining iodide 
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would associate wlch aerosols or condense out directly on the containment 
surfaces. The uranium and plutonlum oxides would probably be unaltered 
by the flame. It is clear that a number of materials would exist as 
gases or liquids In the high-temperature flame; however, in the tran-
sition from the 2273 K (2000°C) region to the 423-723 K (150-,50°C) con-
tainment atmosphere, they would condense as a solid material on aerosols 
or structural surfaces. Furthermore, a number of the fission products 
would exit the hottest portions of the flame in the elemental form but 
would oxidize as they travel through the co ler portions of the flame 
where the oxygen concentrations are higher. 

Any free sodium that might escape from the flame region would react 
with oxygen in the containment atmosphere to form sodium oxide. Since 
water concentrations are expected to be low, the sodium would react with 
oxygen rather than with airborne humidity. However, the hydrogen pro-
duced from the sodium concrete reactions In the cavity would burn to form 
water in the flame region, increasing the likelihood of some sodium 
hydroxide formation In addition to Na20. 

The probability of other chemical reactions in the secondary con-
tainment vessel depends, in large part, on the ultimate temperatures 
achieved due to decay heating from fission products and the burning of 
sodium In air. If secondary containment temperatures of above several 
hundred degrees Centigrade are reached, further reactions of sodium, 
fission product compounds, and structural materials are possible. 

The bulk of the aerosol material would consist of sodium compounds 
(e.g., NasO, NaOH, and Na2C03); the fission product species cited above 
would be associated with these principal aerosol materials in various 
ways. That is, although the sodium-based aerosols would intrinsically 
contain radioactivity as 2<4Na, they are principally carriers for fission 
product-based radioactivity. Physical behavior of secondary containment 
aerosols (agglomeration, settling, deposition) may presumably be well-
described by existing aerosol transport models; however, chemical factors 
involving these aerosols are not so well known. Chemical factors may 
Include the nature of the aerosol, Its potential for chemical reaction, 
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and Its agglomeration characteristics. Hence, relatively unknown chemi-
cal factors could have a significant Influence on aerosol transport beha-
vior. 

6.3.1 Behavior of Filtration System 

Aerosols suspended in the secondsry containment pass through a 
filter/scrubber system enroute to the outside atmosphere. The behavior 
of this system under conditions anticipated In an accident needs to be 
carefully evaluated since the source term to the atmosphere would depend 
directly on the filtration and scrubbing efficiency of the system. Large 
amounts of free sodium could cause damage to the system by virtue of its 
heat of oxidation. In addition, certain materials (e.g., sodium carbo-
nates) may plug the filters if present In excessive amounts. 
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