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ABBTRACT

A submission for the CSNI/PWG-4/GREST standard problem on
chemical thermodyramic modeling in core-concrete interaction
releases of radionuclides is described. Part A of the exercise
i a highly defined banchmark calculation in which data and
speciation are gpecified, The problem is, however, ambiguous
concerning the definition of an ideal solution. Consequently,
two solutions are provided. 1In one solution, specitied species
are treated as molecular entities to define the ideal solution.
In the second, mixing is assumed to occur ideally on cationic and
anionic lattices. The different results obtained in these
calculations illustrate the importance of condensed phase
modeling in the analyses of high temperature melt interactiouns
with concrete.

Part B of the exercise consists of six problems in which the
temperatures pressures and bulk compositions of the melts are
specified. Data and speciation are to be supplied as parts of
the solutions to the problems. Results of calculations for thes:
six problems are presented. Additional solutions are provided to
jllustrate the effects of speciation in the condensed oxide
pl.ase, non-ideality in the condensed metal phase and uncertainty
in the thermodynamic properties of gas phase species.

It is demonstrated by the calculations that a variety of
challenges arise in the accurate modeling of thermochemistry of
high temperature melts. A systematic exploration of
approximations is clearly needed. Experimental data on the
thermochemistry of such high temperature melts will not be useful
if there is not an adeguate theoretical framework to interpolate
and extrapolate the data.
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1. INTRODUCTION

The release of radionuclides during core debris interaction
with concrete in a severe nuclear reactor a ident has bee!
re ynized since the early 1970's (1 The relative

1 | 1
importance of the melt/concrete release process has
increased in reactor accident analyses as new methods of
source term analysis have been introduced (2,3] and more
mechanistic models of the melt/concrete interaction process
have been devised [(4). The never models and experiments
($,6,7,8 have shown that during melt interactions with

’
concrete, tremendous guantities of aerosol material are

produced which can drastically affect the longevity of
radicactive material suspended in the reactor containment
Radionuclide releases predicted with the modern models ar
highly dependent on the peculiarities of the acci ients and
power plants in question (9]. In some situations the
releases are less than those predicted in the older models
such as that developed for the Reactor Safety Study (1)]. Ir
othel ases, however, significantly higher release f
particularly the more refractory alkaline eartns and the
rare earths are predicted
The chemical system created by the interactior f re
iebris with concrete is, obviously, qQuite complex. Ar)
model of the release of radionuclides and generation of
aerosols during core debris interact ns witr ncrete will
necessarily, be approximate Data for evaluating the
A iracy of mods models f radior ide re’ease and
aeroscl generat Are SCarce Where comparis have beer
poseible, the piedictions of the VANESA modae 4) of ae: |
jeneration during re debris interacti wit?h ncrete
have agred with experiment re it t within ar t a factor
£ 2 ) Available data 4 not however, extend int
regimes where he highest release of radionuclides are
predicted t occur Until more data are available, it 1is
useful to examine the assumptions and approximations made 17
the model that lead to predictions of high (and low)
generation rates of radicactive and non-radioactive
Ael 18
A key element of models of aerosol generation during re
debris interactions with concrete is the treatment of
thernrn hemistry. It is, in fact, the analyses of melt
thermochemistry that distinguishes modern models from those
used in the prst and even release models developed for othe:
accident phenomens, The  hermochemistry defines the driving
force for vaporizatior f volatile constituents while COre
jebris 1nteracts with « ret It als jefines the maximun
extent of vapor formati juently aerosol
P! tior Approximations made the de ription of the
the hemistry of the pplex melts have a direct influence
t! juality { predicti f va rizat iUl ] melt




The Group of Experts on the Source Term (GREST) of the
Committee for the Safety of Nuclear Installations (CSNI) has
recently turned its attentions to the issues of core debris
interactions with concrete and the attendant release of
radionuclides. Dr. P. Clough, chairman of GREST, has
defined a set of "benchmark problems" to assess the current
capabilities for predicting the thermochemistry of melts
interacting with concrete. That is, the benchmark problems
do not test the adequacy of models used to predict radio-
welide release durtn? core debris interactions with
oncrete. They are, instead, tests of one part, albeit an
important part, of the analyses necessary to predict these
releases. The exercise is then of value for the modeling of
other chemical processes in reactor accidents as well as for
the modeling of core debris interactions with concrete.

The benchmark exercise is divided into two types of standard
problems to be confronted by the analysts. Part A of the
exercise consists of a highly specified standard problem in
which the temperature, pressure, bulk corpesition, and
speciation of the melt are Adefined along with thermochemical
data for the melt and gas phase species. The standard
problem in part A is "...intended to test the numerical
solution techniques involved in defining chemical equili~-
brium....". Part B of the benchmark exercise consists of a
set of six standard problems in which only the bulk
compositions, temperatures and pressures of the melts are
defined. Speciation of the gas phase and the melt phases is
deliberately left to the discretion of the analyst as are
the thermochemical data for the species. The purpose of the
part B standard problems is to illustrate the variability of
results cbtained when various treatments are employed to
determine the equilibrium chemistry,

The balance of this document consists of a submission for
the GREST benchmark exercise for chemical thermodynamic
modeling. The submission was prepared at the request of
J. Mitchell of the U. 8, Nuclear Regulatory Commission as
part of the work on modeling core debris-:oncrete inter-
actions sponsored at Sandia National .aboratories.
Solutions to both the part A and part B problems are
discussed beiow. The document concludes with some addition~
al calculations to illustrate the sensitivities of the
equilibrium analyses to factors not considered in the
benchmark exercise.

2. MODEL USBED IN THE EXERCISE

The benchmark exercise does not test computer codes used in
accident analyses for predicting the release of radio-
nuclides during core dsbris interactions with concrete. It
tests only the treatment of chemical equilibrium that is a
part of such computer models. Computsar codes that model the
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Calculated Results for the "“Blast
Furnace Problea™

Mcles

Species ) This work

Fe(solid) . 2.82
CaO(solid) 7564
CO(gas) B ] 2 624
Coz(qas) " .66
Hz (gas) :
H20(gas

CHy (gas)

CH0 (gas)

CHO (gas)

OH(gas)

O2(gas)




TABLE 2. Specifications for Benchmark Problem A

ecification of the systen The systen corsists of a g
ase, a liquid oxide solut'on phase, and a liquid metal
sclution phase, all in equilibrium. The components in ¢
phase are ns follcows:

Sp
h

Gas phase: O~, D

L»
iyt ion!

iytion:

namic data. Expressions
n are in the form:

B*7 J=mol*~4

@ T 18 in Kelvin The Cibbs energies
elements in thelr normal physical form
to be zero Author’s note: This re
to all elements ex t p¢

tassium,

et
r
reference state the calculati

nts A and B f




TABLE 2 (continued)

£ Wi———— 4 — - —

- -

Species I3 B
U0 (o) ~1.080000E+6 1.650E+2
U204.8 (9) -2.250000E+6 3.914E+2
2r0; (o) =1.098C00E+6 1.940E+2
Cry0; (o) =1.140776E+6 2.534E+2
Laz0;3 (o) =1.790049E+6 2.820E+2
¥20 (0) ~4,.547004E+5% 2.254E+2
U (m) 0.0 0.0
Zr (m) 0.0 0.0
Cr (m) 0.0 0.0
La (m) 0.0 0.0
K (m) 0.0 0.0

(3) Input awounts in moles

ULy (o) J.0E+5
Laz03 (o) 1.0E+2
K20 (o) 1.5E+4
Zr (m) 1.0E+5
Cr (m) S5.0E+S

(4) Conditions and representation of the melt., The temperature
©f the system is constant at 2500 K and the gas pressure is
1 atmosphere. The oxide and metal solutions are treated as
ideal sclutions. The final equilibrium composition that is
calculated is such that the gas phase is in eguilibrium with
the oxide and metal solutions.

Qutput
The output required is the number of moles of each input

—— —

vapor species in egquilibrium with the melt.




petal solution would not be ideal in its behavior.) It is
clear that the architect of the problem intends, as is
commor in the literature, that the specified metal phase
specieas mix randomly mo that the free-energy of mixing
consists of only configurational entropy. Ambiguity arises
in connection with the treatment of the oxide phase. It may
be that the problem architect intends that the specified
oxide species be treated as molecular entities and that they
mix randomly. But, the specified species are not molecular
entities. In the solid-state, they are all extended lattice
oxides. An alternate definition of an ideal solution for
these oxides, one that is commonly used in the literature,
is to hypothesize the existence of two lattices in the
liquid phase--a lattice for cations and a lattice for
anions. 8Since the onlz anion is 02~ there is no entropy of
mixing on the anionic lattice. An ideal solution is created
wvhen the cations mix randomly on the cationic lattice.

Because it is unclear which definition of ideal solution is
intended--an ad hog solution treating the species as
molecular entities or a two lattice solution model--part A
of the benchmark exercise was solved using both models. For
the molecular solution model, the free entrgy of mixing in
the oxide phase was taken to be:

Gmix * *RT 2 Yiln(Yy)
i

where Gpiyx = free-energy of mixing
R = gas constant
T = absolute temperature
Yi = mole fraction of the i*h gpecified species

For the two-lattice model, the free-energy of mixing was

taken to be
Gpix = =RT E giln(ey)

i

where 2 - n;-‘/: nymy
b
ni = number of cations in the ith species
Bi = number of moles of the ith species in the mel®.
This definition of the free-energy of mixing in the two-
lattice model amounts to considering the species U0y s,

Laz03, Crz03 and K30 to actually be V0O 28, La0y s, CrOy.s.
and KOp.5.
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3.2 Results of the Calculations for Part A

Results of the calculations for part A using the molecular
solution model and the two-lattice model are shown in Tables
3 and 4, respectively. The two calculations yield rather
similar oxygen partial pressures--about 7 x 10-14
atmospheres or an oxygen potential of about ~150 kcal.
Contributions of other vapor species to the equilibrium
atmosphere above the melt are also quite similar except in
the case of lanthanum-bearing species. The partial pressure
of Ta(g)is 7.16 x 10°7 atmospheres in the case of the
molecular model and 2.97 x 10"® atmospheres in the case ol
the two-lattice model. The partial pressure of LaO(g) is
8.9 x 10"5 atnospheres for the molecular solution el and
3.7 x 10”6 atmospheres in the case of the two lattice model.
This order-of-magnitude difference is directly the result of
the solution models since the oxygen potentials are nearly
the same in the two calculations. The result illustrates
that the vapor pressure of lanthanum-bearing species 1s not
dependent on just temperature and oxygen potential. Further
discussions of this issue with respect to lanthanum
vaporization have been reported recently [(17).

The most substantive differences in the results for the
condensed phase have to do with species specified to have
two cations in the problem definition. More potassium,
chromium and higher valent uranium are predicted to be
present in the oxide phase with the two-lattice model than
with the molecular solution model.

These results point out the importance of solution phase
modeling for the prediction of radionuclide release, which
has been noted elsewhere [12). To date, this aspect of the
thermochemistry of core debris has received less attention
than has speciation of the gas phase. A much smaller data
base is available to guide modeling of the liquid phase.

4.  BENCHMARE PROBLEN B
4.1  Definitions of the Problens

Part B of the benchmark exercise presents a set of problens
whose specifications are defined in Table 5. Six problens
are defined invelving three composition cases each analyzed
at two temperatures. These problems are substantially more
complicated and less constrained than that defined in part A,
To address these problems, three distinct tasks are required:

1. §a.ect vapor species.
2. Formulate a model of the oxide phase
- Decide whether non-idealities in the condensed

phaseo are to be recognized,



TABLE 3. Results Benchmark Problem A =~ Nolescular
Solution Kodel

Mole Fractic Partial Pressure
(atms.)

Gas Phase

7.
“
7.
0.
- I
8.
0.
7.
8.
0.
1.

Condensed Fhases

8284

371 X
+17133
316 Xx
064 x
«130 x

21313
3750
4092
820 ¥

240 X




TABLE 4. Results Benchmark Probles A = Tvo Lattice

Bolution Model

Species Moles Mole Fraction Partial Pressure
(atms.)
Gas_rPhase
0; 5.843) x 10-9 7.057 x 10-24
Vo3 3.35648 4.053 x 10°%
VOy 5.80378 x 10) 7,009 x 10-8
UOH 1.50379 x 103 1.816 x 108
M3 49996.9 0.60379
Hy0 2.56622 3,099 x 10-%
Zr 4.48504 x 102 5.4164 x 107
cr 3059.69 3.695 x 102
La 2.4628 x 10%) 2.9742 x 10°8
Lao 0.304868 3.6817 x 10-6
- 29741.3 0.35917
KOk 1.10283 1.3318 x 10°5
Condensed Phases
vo; (¢) 273313 0.82219
V02,25 (e) 2179.18 0.00655%
2ro; (e) $6730.5 0.17066
Cro;.s (e) 2.28882 6.885 x 10-6
La0; s (e) 197,389 5.938 x 104
KOo.s (¢) 0.028¢02 8.429 x 10°8
U (e) 24504.6 0.21314
ir (¢) 43269.5 0.3763%
Cr (¢) 46938.0 0.40826
La (¢) 2.30327 2,003 x 10°%
K (¢) 257.537 2.24 x 1073



TABLE 5. @pecifications of Benchmark Problem B

This is on three test cases A, B an1 C of more
realist CC Aon. Participants should use their owr
chemical @ dynamic data and choice of species in all phas

dnpus

Lhe system consists of a gas
phase, and a gquid metsal s
The initial componente in ea




The objective of part B of the benchmark exercise is to
illustrate how results vary with the choice of treatment of
the equilibrium analyses. It would be of interest, then, to
explore how approximations made in each of these three tasks
affect the results. Time constraints prevent .nl such
extensive or systematic analysis. Instead, a fa rlx
conventional analysis is done as described below. few
perturbations of this analysis are presented later in this
section of the submission to provide some indications of how
various treatments could affect the results.

Vapor species considered for the analysis were in the main
well-known species listed in the data base for the VANESA
model (4). A few additional species recentl suggested to
be important [13) were added. The condensible vapor species
considered are constituents of the M-O-HN systems wvhere M is
an element in the bulk composition of the melt. ‘That is,
intermetallic vapor species and mixed oxide vapor species
such as CaMoO4(g) were not represented in the species list
though there is evidence they could contribute to
vaporization. Few vapor phase hydrides are included.

Omissions of some vapor species as cited above is not the
enly vapor speciation concern arising in the analysis of
core debris interactions with concrete. Concretes, when
intensely heated by melts, also evolve HCl, HF and sulfur or
sulfur oxides, Reactions of these vapors could create
volatile species. Certainly it is observed that aerosols
collected during tests of core debris interactions with
concrete contain halides and sulphides (4).

The oxide melt phase presented in part B is far more complex
than that in part A of the benchmark exercise. 1In part A,
no mixing could occur on the anion lattice. %n part B,
anions other than 02~ such as $i044~ and Mo0 2~ can be
hypothesized, Mixing models which involve random
substitution on both the cationic and anionic lattices could
be formulated., Some anions are sufficiently large that the
concept of a lattice model becomes difficult to implement,
Instead, polymerization models such as

$i0*” + g1 of(X*1)- si

2(x+2)~-
. x Caxel °

,-
(x+1)%(axeq) * ©
have been used to describe mixing in such systems [14,15),
Some work is underwvay to develop mixing models of this type
for the VANESA model of release during core debris
interactions with concrete. These models could not,
hovever, be made available for the benchmark exercise.

A molecular model of the oxide phase was selected. The
model was chosen deliberately to be more complex than that
currently being used in released versions of the VANESA
code. Notable features of the oxide phase model include:

.12~



. alkaline earths in the oxide phase are allowed
to form oxides, orthosilicates, metasilicates,
girconates and molybdates.

. cerium can be present in bo%h the tri-valent and
the tetra-valent states.

. molybdenum can be present in ooth the tetra-
valent and the hexa-valent states.

The many condensed species of the oxide phase are treated as
polecular entities, that is distinct anion and cationic
lattices are not invoked, and are assumed to form an ideal
solution.

The metallic phase was assumed to be an ideal solution., The
substantial data base for ferrous melts shows that metal
phases such as those arising in the part B problems are not
ideal. Conseguently, one of the perturbded analyses
discussad below examines the effects of non-ideality in the
metal phase.

4.2 Results Obtained for the Problems in Part B

Results obtained for the six problems in part B of the
exercise are presented in Tables 6-11. Each problem
produces a forbiddingly lnrgo quantity of numbers. Each
element varies in its behavioer. Only a limited discussion
of the behaviors is presented below.

1. Oxygen Potentials: Oxygen partial pressurss
calculated for the six problems are

Oxygen Pertial Pressures
fatms)

2000 K 2500K
Case A 2.3 x 10"18 2.3 x 10713
Caso B 4.7 x 10°15 8.1 x 10°10
Case C 1.7 x 10737 1.9 x 1012

Case A is clearly the situation with the lowest oxygen
potential. Intsrestingly, though cases B and C differ only
in the amount of silicon dioxide assumed initially to be
present, Case C is substantially more reducing than Case B.

2. Uraniym Behavior; Substantial reduction of
VO to uranium metal occurs in Case A. Much less reduction
occurs in Case C and in Case B there is little reduction.
In all cases U0(g) is an important uranium-bearing vapor
species. In the most reducing cases, UO(q) contributes to
the vapor pressure and at 2500 K in Case B, UO3(g) is an
important uranjum-bearing species.

13-



TABLE 6. Results Obtained in the Case A Problen

With T = 2000 x




SPECIES

Let
Lel (g

MOLES

‘c “’.."
7. 88827
8. 728-09
4, 17808
'o "“'t.
4, 131e-10
1, 042e~13
S S6ie~12
8. 715~28
5. 113e~08
‘u .‘,.‘"
2. 588009
1, 433011
2. 34808
2. 254003
" “,.'“
2. 06524
387602
7. 35810
1. 027«~00
2. 27011
1. ‘&'.‘
4 G05e-00
T TS
2.35)e-18
2.726¢~18
1. 032e- 24
S 142e~17
1, 108e~12

(continued)

MOLE FRACTION

“15-

PRESSURE
(ATMS)

2. 04004
1. 88Se-11
2. 86lie-11
1, 19814
3. 068e-13
lo "‘.'17
4, 118e~1%
B 343624
| 48Re-27
2. 524004
1. 1585e~11
S. 053.-08
8. RSSe~13
‘o n’..“
7. 488~
2. 01808
1, 371e~12
4, 35)e-10
1, 41514
7. 8584-08
8. 711e")1
4, 172-00
2. 70812
4, 124012
1. 04@e~15
5, 552~ 14
'- .“.’l.
S, 10587
l- ‘l“.“
2.58)e11
1, 43)e-13
2. 3426711
2.351e~08
2. 64211
‘o “l.‘“
3 884e- 04
7. 34712
1, 824610
2. 87413
1, 485e-08
4 89708
1, 14208
2. 34718
2. 780~ 18
1. C30e- 28
S 138618
1. 104e- 14

FREE-ENERCY
(CAL/MOLE)

487
~73078
~113267
~2568830

88117
-38535
-181709
-25855¢
c 437428
~41040
“112478
~18447%
~328579
-588%2
~56874
43503
~131262
~192837
-328251
~-5683%

1048
~181279
-161730
-338/97
182712
338321
~5$583
-168288
-283208
~167624
~323402
-~35445]
-1538472
~220003

16718



TABLE 7.

SPECIES

U metal
Ir metal
Fo metal
Mo metol
Sr meteal
Cn metel
S1 meteal

C grephive

U0, (o)
318 (o)
Cel (o)
La0y, 5(e)
CoOz(o)
Mo05 (o)
FeO (o)
ZFOQ(O)
CQO, s (e)
Co‘lb,
CaS1t . 892
SrSng
§-N¢e)
S~S1 .502
C.“Os‘
Srﬂoo‘
C¢2n03
3rlr03
NoO;(o)

H2

H

0N

0

Ha0
U%,)
uo
anf.)
UO’
UOH
UM

uo (05)2
:»5.)
0
erz(.)
2r0M
2»(0“)3

Rusults in the Case A Problem
with T = 2500 X

MOLES

4,833¢ 04
4. 118 24
9. 980e 24
1.820¢ 22
1. 536e 202
2 53le B2
9. 050¢ 23
8. 862¢ 21

5. 166e 04
4, 4040 20
1.735« 83
2.002e 22
.o ”‘. “
7. 488e-08
0. 630¢ 20
5. 078e 24
8.811e B2
8. 724e-81
6. 525¢ 0}
7.048e~82
3.68le 20
2. 4230 00
1.338e~11
2' 173.-‘5
7.043¢ B3
9. 527« 01
1.471e-20

0. 868, 91
2. 5608e 00
4, 457e-05
7. 552e-07
7.886+-03
1, 4680-03
4.810e-02
3, 278e~862
6.071e-05
S, 402.-06
S. 866e-00
6. 125e~11
3. 120-05
4, 192¢-03
3. 111e-88
1. 470e~08
1. 208e-07

MOLE FRACTION

METALS
2. 418e-01
2. 060e-21
S. 221e-0L!
S. 022e-024
7. 683+~08
1. 26Be-23
4, 882002
4, 983e~04
OXIDES
4, 552-01
3. 96Re-05
1. 528e-02
1. 76223
7.818e-05
6. 6@8e-12
B. 484e-05
4, 474e-01
8. 73223
5, 824608
Y. 748e~04¢
6. 208e~-27
3. 243e-05
2. 1344-05
1.188e~.8
1.814e-20
6. 988e~£2
8. 120e-24
1. 208e-25
CASES

PRESSURE
(ATMS)

8. B80e-0!
2. 385e-02
4, 10Se-07
6. 357-09
7. 356¢-05
1, 350¢-05
4, 431e-04
3. 020e-04
S. 582e-37
4, 976e-08
S. 403e~11
S.642e~13
2.874¢-07
3. 862e~85
2. 866e-07
1. 363«-08
« 112~00

FREE~ENERCY
(CAL/MOLE)

~-61417
47241
~43668
-3620S
-58511
~-5ee79
-35223
-16221

~3550883
-201158
-2081580
-288779
-351163
~226029
~146234
~342287
- 21778
-310842
-382612
~533227
-211362
~380042
-357778
~-548211
-5610802
~573649
~2263€5

~108342
-31848
~123047
-52381
~189231
-12767
~17580S
-319597
~434038
~181033
~343230
~611060
18939
~1501e3
~271440
~161019
~344876



SPECIES

TABLE 7.

MOLES

2.173e €0
7. 23526
2. 50206
1. 520«-29
4,516. -28
2: 7'5"‘.\
1.888e~-12
20 "2.'1’
3, 888e-20
2.977« 02
8. 860e-026
2.077+-03
6. 348e-27
2. 055e~0¢
8. 813e~05
2. 123e-02
S. bdBe~07
1. 655¢-85
2.P213e-08
1. 502e~04
4,797¢~96
8. 88e-04
1, 186e~87
S.741e-88
1.898e~18
3, 935¢-09
7. 386e-28S
1. 248e-02
1. 262e-04
1. 295¢-26
9. B23¢-08
1.18' ~08
1,8l Jo=01
2.392¢-06
2. 4936-02
1.7768e« 22
1. 200086
4, 630606
3. 572¢-08
8. 567¢+03
3.312e-08
3, 483e-05
2.536e~11
‘o 7“.-‘,
7. 302e~20
6, 34le~14
6. 11de-11

(continued)

MOLE FRACTION

PRESSURE

(ATMS)

2. 0@2e-02
6, 483e-08
2. 305-08
1. 487e~11
4, 16Pe~10
2. 487e~13
1. 658e~14
1, 854e-18
3, S582e~22
2. 742¢-02
8. 261e-08
1, 813e~85
5. B48e~08
1. 883e-04
6. 291 e~-27
1. 955e-04
S. 166e-029
1. 5246-07
1.854e-11
1. 383e-06
4, 410e-08
7. 450¢-06
1. 882e-09
S. 2B8Re~10
1. 748e~12
3. 624011
6, 803e¢-07
9, 657e-05
1. 187o-C6
1. 1893e-08
8. 311e~11
1. 870«~028
1, 658e-23
2.2044-08
2. 297e~04
1. 630e-012
Q. 28508
4, 265408
3.20]le~11
6. 048e-05
3.051e~08
3. 200e-07
20 3’6"13
1. 584e~15
6. 808e-22
6. 841016
S.632-13

FREE~-ENERCY
(CAL/MOLE)

-27688
~110581
-155850@
~315187
33345
~75478
-207723
-3e8218
=512245
-65358
-147898
~2253%7
~38)256
-81@48
~§5353
~74581
~147918
-23514])
-386463
~102421
-27628
~18877S
-205327
-397828
~234677
~385434
-36237
-286351
-332281
-212282
~383684
~413784
~167880
~257794
~B8488
~17538S
~24884)
~161821
~322420
-52278
~165785
-20666
~1466021
~189896
~161002
-205471
-201520



TABLE 8. Results Obtained in the Case B Problem
with T ' 2000 X

SPECIES MOLES MOLE FRACTION PRESSURE  FREE~ENERGCY
(ATHS) (CAL/Z7MOLE)
METALS
U meto) 2.503e P! 2.208e-04 ~44487
Ir wmeatsl 1. 835e-0) 1. 87208 -33602
Fe metal 8. 885e P4 8. 182e-0) -30527
Mo meto) 1. 022« P2 8. 112e-04 -2415)
S~ meteo! 2. 656e-04¢ 2. 423¢-08 ~43187
Co meta!l 1.967« B2 1. 783e-05 -38758
$1 weto) §. 632 03 0. 77802 ~23348
C grephite 6.081e B! 0. Pode-04 -10868
OXIDES
UD5 (o) §.0597% B4 4, 372e~0) -319882
§i0; (e 2.355« B4 1. 038e-0) ~268347
Cal (e £. 568 3 2. 43502 -188111)
LeDy gle) 2. 000 02 B 747-04 ~272%68
Covp (o) 1. 968+ 2} 8.811e-05 -321816
NoUz (e) 2. 580e-26 1. 132011 ~187:%8
FeD(e) 1.887¢ B2 4, 754004 -123:54
2703 (o) 3.716e 02 1. 828«-82 -315457
Ce0) gle) 0. 803 2/ 4. 287«~03 -2760086
CeS10g 4. 5324 B4 1. 962-0) ~474825
CeSig g0; 4, 283e B4 1. 8730 -335412
&5183 7.176e B! 3. 136e-04 ~-491035%
$~0 (o) 1.638¢-2! 7. 158e~-07 -188475
$~Sip g0p 2.844e B} 1. 15784 ~347876
c.u.s. 2.66le~08 1. 164e~13 ~504532
S~Msl, 1. 855¢-13 4. 818e-18 -496937
Ce2~04 6. 282+ 23 2. 74802 ~52042¢
$~2~03 1. 630« 02 7.131e~08 ~S20442
MoO3 (o) 2.633e-22 1. 151e~27 173468
CASES
M, 8. 085« B R, 8540-0! ~773%8
M 1. 645e-0! 1. 588023 -1y
Om o P21e-08 3. 886e-028 -936:5
o} 4, 726808 4, 568e-) -280%7
N20 2. 385e-02 2. MWSe-04 -166854
Uty 4, 12508 3. 087~ 173%2
ue G 4B)le-08 0. 163+-08 ~136882
U0, (g 2. 404004 2.333%.-08 ~271640
Vo3 3. 780«-05 3. 576e-08 -377718
(Vo l¥] 4 066e-10 4, 788e-12 ~13%685%
U 5 1,36le~11 1. 316e~13 ~28280)
U0, (0% 5 4 B85.-10 9. 957%«-12 ~541682
I~ (g 2.818e-13 1. 952e-15 ABL4S
2-0 3. Jdde-08 32324711 =113148
l-oz (g’ 2.682e~10 2.515~12 -2256878
2-0M 7.003e-13 7.837e~15% -118788
2r (DM S, 45712 S 274614 ~287818



SPECIES

Felg)
FeD(g)
FeDH
‘.(m)z
ﬂ.(,)
Mol
.002 (')
MoDy (g)
'.02 (o")z
Ce (’)
C.O(’)
Co (OM)
CO(m)z
CoM

Cep
"'(’)
$~0(g’
SO

$- (OM)
SeM
L.(’)
L.U(s)
LeD™
L.(O”)z
Loao
Co(s)
Cel
COOZ (,)
CeOM
(CQD) 2
co

COz

$i (g
$:0
‘i°2 (’)
$i10M

SI (OM) 2
SiM
SiMy

$i

0y
Ce,0
Le

-2
(510)2

TABLE 8.

MOLES

3. 855e-02
1. 668e-27
2. 384007
4. 365e-00
S. 835e-11
1.38le-13
1.563¢-13
1. 421016
1. 183e-18
6. 663e-P3
1, 368¢-0P8
5. 850«-25
3. 528e-07
2- “l.'.ﬁ
5. P4Se-10
1. 358e-20
4, 1440~}
1. 28408
1.85%e~11
. 283e-08
, 466e~11
. 152e~87
. 058e~-11
. 354e-09
. 278e~17
. BE3e-14
. 6R5e~10
. 782e~06
. 382e-07
,B872e~10
.B18e~11
. 248011
L SR2e-0)
. BRle-05
B2l a-04
, 153 02
.681e-06
46406
,BCde-PB
. B71e-R4
. 335e-06
. 847e-87
, 88313
L 234e-20
L 4Qde-24
. PPSe-18
L103e-08

ﬂ""bﬂ.”."‘ﬂ““"“‘—‘&'-'lﬂ“"ﬂ"“"ﬂ”!ﬂ

MOLE FRACTION

(continued)

PRESSURE

(ATMS)

3. 726e-04
1. BR4e-06
2. 304009
4, 25)e~11
5. 63013
1. 335e-15
1.511e~15
1. 374e-18
1. P66e-20
6. 442e-05
1. 323e-10
S. 683e-07
3. 41008
2.516e-027
4, BBRe-12
1. 313e-08
4. PP5e-13
1. 252e~10
1.785~13
S. 828e-11
1. 41713
3. B4Be-08
1. 885e-13
1. 388e-11!
1. 235¢~18
2. 960e-16
1.551e~12
3. 665-08
S. 20103
. BPRe~12
L 4B4e-13
, 20Be~13
. B35e-03
. 675-08
. 674e-08
. P4Be-02
.BRle-08
41508
. 78310
.581e~06
. 05Ge-08
. 525409
4, 72815
3. 126e-22
3. 177e-26
9. 754e-22
6. 865e-11)

—

WONNI—~NWWD >~

FREE-ENERCY
(CAL/MOLE)

487
-73278
-113287
-258830

se11?
~38535
-161708
-256558
~437426
-41840
-112476
184478
-32557@
-58552
~56874
48903
-131262
-192637
-32825!
-66535

1845
~161278
-18173¢
-3387897
-182712
-33632!
-5583
~-168286
-283208
~167624
~323482
-35445)
-136472
-22000e3

18718
-141826
-208872
-122619
-272526
-20627
-123887

11318
-114270
~153188
-1288002
~174468
~218382



TABLE 9.

SPECIES

U metal

Ir metol
Feo meto)
Ko meto)
S~ meto)
Lo wereo)
S weta!l

C grophite

U0, (e)

S 2(.)
Cal(e)
L.Cl.s(.)
C.Uz(a)
MoDj (e)
Fel (e
ZF°2(.)
CoOl's(o)
COSA°3
CeSi 0
%rS:S&s y
$~0 ()
S$~S, . 802
c.“Ov‘
S~ﬂoc‘
C¢Z~03
sFZ”°3
“003(0)

e

]

Om

0

Nzc
U(s)

uo
UO:(’)
Uy
UO~
VoM,
UOz(Oﬂ)z
Zn(,)
1~0
2?02(,)
10K
zP(DN)z

Results Obtained in the Case B Problenm
with T = 2500 X

MOLES

B. 472« B2
. B5Be-21
7240 P4
. P2Re B2
. B15e-£23
. 250e 0!
. B66e 23
. 856+ B2

B s DN

998s P4
. 235« P4
dlde B4
. BR2e B2
. 427 B}
P64e-23
. 2840 B3
271e B3
35€e 22
778e R4
B3¢ B4
155¢ B!
. 48Re-0!
, 833 0!
. 5480-05
. 245e-10
. 728« 23
.161e B0
. 2540~ 4

w o
. 2

- ANDWODPANDUN~ONN

. 8540 21
. 586e 2!
. B26e-022
. 067e~£3
132« 8]
361e-05
. Ad3e-02
. 305« B0
. 718«~81
. 327«-07
. 6B85-08
. 703e-07
. 978e-08
B4 7e-04
. 728e~04
. 22308
. 173e-08

N Wa D WWDALNNND

MOLE FRACTION

METALS

8. 325¢-05
. B8Pe-028
. SR3e-0)
L7730
. 578«-08
. 230e-P4
. 853e-02
3. 964e-05
OXIDES

4, 14600
1. 3432}
B. 764e-02
B. 282e-04¢
2. 685e-04
4, 4034-08
8. 511e-03
2. 185e-82
3. 876e~23
1. 152¢-81
1. 820e-2!
2. 55204
3. 8306028
1. 528e~04
2.714e~10
8. 328e-18
1. 86@,-02
4. Bl2e-08
S. 200e-20

CASES

b pDoON

PRESSURE
(ATMS)

7.012«-23
2. 804003
2. 12708
4, 104e-07
3, 347«-28
3. 533.-08%
6. B35e-06
2. 750e-04
3. P25Se-05
8. 745e~11
3. 785¢-13
1. 360e~11
4. 03212
3. 187« 28
1. 422e-08B
9. 006e-13
4, 180e-13

FREE-ENERCY
(CAL/7MOLE)

61417
~4704]
~43668
-36205
~58511
-5ee7¢
-35223
-16221

-355053
-201158
-20815@
-208779
-351183
-226@28
~148234
~342287
-301778
-510642
-362612
-533227
-211362
-380R42
-55777¢
~54821)
-561082
~573649
-226365

-100342
~31848
-123047
-52381
-18823)
-12767
-17580%5
~319587
434238
~181@33
~342230
~611068
18839
-15¢1e3
=271440
~181218
~344876



SPECIES

f.(’)
FeD (g
FaOH
Mo (g)
MoD
“002(.)
-003(')
.OO? (DN) 2
c.(.)
COO(’)
Co (DM
Co (ON) 2
CoM
Cep
$~(g)
‘”0(’)
S~0H
"‘(0“)2
SrH
L.(')
LeO(g)
LoOx

Le (Dﬂ)z
Lozﬁ
(LOO)z
c.(,)
Ce0
CQO:(’)
CeOH

Ce (ON)z
(c.o)z
co

COZ
si(g)
$:0

S 02 (’)
Si0M

’l (OM) 2
SiM
SiM,

S

0y
Ces0
Le

S~
(830)2

MOLES

. 885

m -

. 280

. 587

. 762
. 183

N W W NI~ NW =N IO ANNAPD == NNAWSNNAN -~ NWDO-W-ON

« S1Be~

. B8)le-
,857e~83
. B62e-05
. 380e-07
1820~
. 7586~
PR~
. 115e~15
. 03Be-17
, 785e-15
. 287e-05

TABLE 9.

MOLE FRACTION

ez

. 87302
BRle~
. B6le~
. BR3e~
. 5386~
. 382e-PE
. 183e-05
. 073e-13

e3
e
es
e7

e!

. BdBe-03
. 188e-0!
. BBde-R4
. B8de-
123e-05
. 95Be-03
. 728-08
L BR3e-
. 262¢-08
. PBRe~
. BB4e-27
. B34e~
. 2530~
. B20e~
. 373612
. B78e~
. €336~
, B85e~
, 8870~
., 47Be~
.722.-08
. 4160~

g2

es
26

e3
es
e?

es
26
ez
g2
27

7
2l
ez
ee
24
2l

ee
@3
es

(continued)

PRESSURE

(ATHMS)

3. BR3.-02
7. 26Be~-RE
20 ”9‘"7
7.178e-18
8. 127¢~102
2.867e-11
1. 128e-10
7. 43Be-13
6. 53817
2. 665423
4,737«~07
§. B34e-06
1. 52628
1. 61508
5. 7540-08
. P1Be-07
. 26Be-10
. B22e-08
. B23e-12
. 48Se-10
. 588e-11
, 5840~07
S.875e-12
L4740~
+112e-16
. 36Re-13
, 88Ce-10
. 58516
. 967e-08
. 057e~11
, 187e~12
, 577e~11
766003
. 090e-06
23704
41Be-0)
, 152¢-0%
153e-07
. 606e-10
175¢-06
. 76Be-12
. B4Se-07
. 133180
. P36e-2"
 4Ble-2.
1, 4540-19
’- ”’ .-.'

AN -~

NDDW-VNONWONDNWNOW RO -~

FREE-ENERCY
(CAL/7MOLE)

-27680
-118581
~-155852
-315187
33345
75478
-287723
-308216
~512245
-85358
-147888
-225357
-361258
~P1046
-@5353
74581
~167818
-23514)
~386483
-10042!
-27608
-198775
-205327
~-387828
~234677
-305434
~36237
~-2068585)
~33028!
~212252
~-3836884
~413784
~16788¢2
-257704
~B4G6
-175385
~240864)
-161821
-322420
-82270
-18578%
-25068
~14682)
~189608
-181000
~20547)
-251520



10. Results Obtained in the Case C Problem
with T = 2000 K

e
2
e
P
e
4
e
M




SPECIES

Felg)
FeD(g)
FeOH

'O (D"ﬂz
Mo (g)
Mol
.002 (g)
lOD,(')
“oOz(Oﬂ)a
fe (’)
Cal (’)
Co (DM
Co (DM P
CeM

Cep
$~(g)
‘PQ(Q)
$~0K
‘F(Oﬂ)z
Sk
Lelg)
LeD (9)
LeOn
Lo(ON)z
Lozo
(Loo)z
Ce (’)
Cel
c.oz (,)
CeOH

Ce (O 5
(C00>2
co

CO:

$i (’)
$:0

S 02 (’)
$10M

81 (OM) ?
SiM
SiM,

S

0p
Ces0
Los

ot
(SAO) 2

TABLE 10.

MOLES

3. 788e-02
6. B02e-08
1.432-88
1.814e~11
5. 72811
8. 220e-15
S, 8410-16
3. 11Be-20
1. 48Be~23
1.701e B2
2.118e-07
L 181e-04
. 365e~87
.7Rle~03
. 344e-05
335e-23
. 315e-08
. 3550
. 18210
2i3s-08
14208
. 48Be P8
. 782e-11
. 83510
. 770e~15
L, 83)e-13
. 26Be-08
. B17«-0%
. 56307
,BaRe-10
. 363e~11
. 813e-10
. 13302
.816e~08
. 283e-05
. B668e-02
. BGBe-08
. 717e~08
. 777~}
. 184e-05
. 851e~06
, 384e-B8
. 771e~1%
L 24de~)?
. 898e-25
1. 83614
0. 76113

-

“ D~ aNWDDWD

O e oo o e AU e ae ) NI e ) e D e e e O A WD

(continued)

MOLE FRACTION

-23=

PRESSURE

(ATMS)

3. 716e-04
8. 786e-11
1. 4R5.-180
1. 585613
8. 6240-13
B. P68e-17
5. 537e~1€
3. B53e-22
1. 458e-25
1.678e-02
2.88Re-R0
8. P22e-05
3. 323.-08
B. 578e-85
3. 282e-07
2. 282005
4. 238e-11
1. 3340-08
1. 178e~12
B. B4Be-PE
1. 120e~11!
1. 4BRe-08
8. 812e-13
3. 882e-12
4, 683617
6. B23e-15
1. 245¢-10
1. 783e-07
1. 5340-028
B.873e~12
1. 338e~13
2.858e~12
1. 112e~84
3. 553.-10
7. 15807
3. 600e-04
1. 88311}
1.685«-10
S. 878e~13
S. 068e-07
1. 621 e~08
1. 338«~10
1.738e~17
1.221e-18
8. Blde-27
1. 802«-16
0. 56le~18

FREE-ENERCY
(CAL/¥WOLED

487
-7378
-113267
~258832

sei1?
-38535
-1617@8
-2565589
~437428
~41B40
-112476
~1B4478
-32557@
-58552
-56874
-48803
-131262
-182837
-328251
-88535

1845
-181278
-18173¢@
~338787
-182712
-3368321
-$583
~168288
-283208
~187624
~323482
~35445)
-138472
~220003

16718
~141826
-20887¢
-122619
272526
-20627
123297

11318
-1142702
-153188
-128800
=-174488
-218392



TABLE 11.

SPECIES

U mete!l

Ir watel
'. mot. !
Mo meto!l
S5~ metel
Co metel
Si metel

C grophite

U0, (e)

S 2(.)
Cel (e
L.o’.s(o)
Celp (e
1002(0)
Fel(e)
ZP02(0)
Cel; gle)
CeSi0y
CeSs 0
5'3.855 £
S ) e)

S~ .502
Co .S‘

$r 00y

r :'03

» 7#03
VcJ;(e)

2

-

O™

e

HZO
Uig)

(Vo)
UUz(,)
UCy
VO
U(Oﬂ)z
UOZ(ON)Z
zr(,)
-0
lpoz (g)
2~0M
zP(Oﬁ)z

Resulte Obtained in the Case C Problem
with T = 2500 I

MOLES

3. S48,
. B82e
.89
. B2
, 300
. 328
. 352
. B6Be

- O

ow

645
1479
1766
[ o
. 4Bdy

. 637
.872e
. 852e
475
E23e
185
786
14Be

8226
. 502

RN ANABNO O~ NOOD

. 827
. 186e

N~“~Da—~ONNLUBLNNNW-~- WD

. 9PBe~

. S518e-
. @84e-08
. 255~
,Blde-R4
,BlBe~
. 058e-02
, 8560~
LAl e
. 238e-08
, 236e-10
L e02e- 07
. 57805
. 63307
L 3dle-08B
. 57708

K]
21
P4
32
ee
g3
g3
(|

24
2l
(2]
82
2l
es
L3
e:
g2
ee
23
ee
el
el

. 60S«-08
. Bl3e~13

e3
2!

.BB8le~18

2l
ee
g4
g2
ez

24
ee

MOLE FRACTION

METALS

3 21282
5. 481e-04
6. B50e-0!
0. P56e-04
1.176e-025
1, 2P4e-22
4, BaBe-R2
B. 830e-04

OXIDES

4.86le-2!
3. PB4
4. 128e-0)
1. P2Be-023
7. 476005
8.817e~12
4, 35304
8. 587«-023
4.9650-23
1. 258e-23
4, 335602
2.111e-8%
1. 42Ge-04¢
2. 504e-¢
1.313e~13
3. 4344-18
4. Q43e-02
7. 568e~05
5. 348e-24

CASES

PRESSURE
(ATHE

6. 2684e-2!
1. 968Qe~02
8. 682427
1.872¢~08
1, 43704
1. 784e-08
1.668¢-04
3. 225e-0¢
1.683«~08
1. 556¢~08
3. 076e~11
3. 338e-12
7.660e-18
2.0)8e-27
6. 14809
B. 54Be-11}
1. 842e-1)

FREE-ENEFCY
(CAL/MOLE>

~81417
~478¢1
~43668
~3620¢%
-58511
-5ee78
~35223
~1822!1

~355053
~281158
-208150
-288778
-351103
~226029
~146234
~342287
-301778
~510642
-3626.12
~533227
-211362
~380042
-557770
-54821)
~561982
-5736845
~226385

-~ @342
~31848
-1232¢7
~8§230)
~18823)
«12787
-175885
~310587
~434Q38
~181033
~343232
~6110802
19838
-150103
~271440
181018
~344676



TABLE 11. (cor.inued)

SPECIES MOLES MOLT FRACTION PRESSURE  FREE-ENERCY
(ATHE) (CAL/MOLED

Felg) S. 682e PP 3. 822e-02 ~27680
FeD(g) 5. 21Be-27 3. 326e-07 -11@58)
Falm 1. 542605 B. BiSe-08 ~155852
Fo (O 5 2. 21306 1.411e~10 -315187
Mo (g) 1. 18227 7. 533e-10 33345
Mol 2.PR3e-10 1.277e~12 ~75478
HeDjp (g) 3.787e-1! 2. 4140-13 -207723
MoO3(g) 1, 20014 7.851e~17 -308216
MeDp (OM) 5 4.531e-18 2.886e-20 ~512245
Lolg’ 4. B8)e B! 2.627e-01 ~85358
Cel (g’ 3 404e-0P4 2.227+-06 ~147888
Ce (OM) 6. 71782 4, 2B82e-04 ~2253%7
Co (OW) 5 4, 833e-25 3. PBRe-07 -381256
CeMH 2. 34400 1, 4840-023 ~B1R4E
Cep 8. B4Re-03 S. 507e-05 ~-95353
S~ (g’ 4. 701 e-02 2.887¢-04 ~7458)
8~0(g> 3. 522e-06 2. 2454-08 -167618
S~0m 8. 626e¢-25 S. 468e-27 ~23514]
§~ (DM 5 2. 47Re~0F 1. 574010 ~386483
Smr 2. 761e-04 1. 76208 -1e042!
Le(g) 8. 30527 5. 264e-20 -27608
LeD(g) 3. 072e-04 2.531e-08 ~1887758
LeD™ 4, B3le-08 3. 078e-10 -208327
Le (DH) 5 S. S27e-28 3. 510e-10 ~387828
Lozo 1. 116e~11) 7.116e-14 ~234877
(LoD 5 B.561e-10 4, 182e-12 ~385434
Ce g 1.271e-85 B. 102¢-08 ~36237
Cel S. 115-23 3.261e-05 -208585)
Celp (g 1, 746004 1. 113e-08 ~-33228!
CeO™ 8, 2440-07 3. 34308 -212252
Co (DM 5 8. BP2e-08 S. 483e-11) -383684
(CeD) 5 1. 813e-07 1. 216e-028 -413784
co 1. 320« B2 B. 416e-03 ~18786¢2
o, 4, 076e-05 3 171e~27 -257784
$i (g 3. 527.-02 2. 238«-04 -B4g8
.0 7. 0540 P2 4.52)e-02 -175385
$i0;(g) 1. 14]e-B5 7.272¢-08 ~240864)
Si10M 1. 533.-05 8. 760.-08 -168182)
$1(0M) 5 2. 783e-08 1. 774e~18 ~322420
SiM 7.667-03 4. 887405 -52278
SiM, 2. 212788 1. 4)10e-028 -165785
$ip 4. 76Be-0% 3. 038.-07 -25088
0, 2. 046010 1.878e~12 -14882)
Ces0 1. PPBe~14 6. 4R8e-17 ~188886
Los  P28e-18 6. 558e-22 ~181000
L) B. 183e~13 3. B52e-15 ~20547)
S0, 6. 728e-10 4. 288012 -251520



- Behavior of Zirconium: 2Zirconium is oxidized
in all cases. Metallic products of reduction do insure
relatively low oxygen partial pressures are maintained.

4. Behavior of Silicon: There is a tendency,
especially under strongly reducing conditions for silica to
be reduced to silicon metal. Otherwise, sil.;a tends to
react with available alkaline earths to form usually
orthosilicates.

S. Behavior of Carbon: 1In all cases, the system
is reducing-enough that much of the CO; is reduced to carbon
which is incorporated into the metallic melt.

6. Behavior of Strontium: The most significant
feature of strontium behavior is its vaporization from the
melt. To track this vaporization, a "figure-of-merit",
F(Sr), is defined as:

F(Sr) = I nym(v,
v

where ny = number of strontium atoms in the vtl vapor
species

m(v) = moles of the vth vapor species.

Values of these figures-of-merit are summarized below:

F(Sr) at

2000K 2500K
Case A 2.0 x 10-4 2.1 x 102
Case B 1.4 x 106 5.0 x 10~3
Case C 2.3 x 10-3 4.7 x 10-2

In all cases there is at least an order of magnitude increase in
the figure-of-merit in going from 2000 to 2500 K. The increase
in strontium release with temperature is due to both the
increases in the partial pressures of strontium-bearing gases and
to the increase in vapor phase volume by condensible species such
as Si0(g). The increases in condensible species contributions to
the vapor phase at the highest temperatures also affect release
of other radionuclides.

S8r(g) is the dominant vapor species for these calculations.
Of course, in other circumstances other vapor species may be
important.

7. Behavior of Cerjum: Cerium in the oxide melt
is predicted to be predominantly in the tri-valent form. To
track vaporization of cerium, a figure-of-merit, F(Ce),



which is similar in definition to that used to track
strontium vaporization was defined. Sumnmary values of this

figure of merit are listed below:

F(Ce) at

2000 2500 K
Case A 5.1 x 10=5 1.1 x 10-2
Case B 4.3 x 106 1.2 x 101
Case C 1.8 x 105 5,3 x 10-3

Ce(g), CeO(g) and CeOy(g) are the important vapor species.

8. Behavior of Lanthanum: Again, a figure-of-
merit is used to track lanthanum vaporization among the
various problems:

F(La) at
2000 K 2500 K
Case A 4.2 x 106 8,1 x 10-4
Case B 3.2 x 107 5.6 x 10-3
Case C 1.5 x 10-6 4.0 x 10-4

Little lanthanum release would be expected below 2500 K and what
release does occur in predominantly the result of the vapor
pressure of LaO(g).

4.3 Comparison to Results of a Simpler Model
of the Oxide Phase

A fairly complex model of the condensed phase was employed in the
analysis of the problems in part B of the benchmark exercise.

Not all models have such complex descriptions of the condensed
phase. It is of interest then to compare the results obtained
above to results obtained with a simpler model. The simpler
model considered here does not allow formation of silicates,
zirconates or molybdates. Further, it does not allow reduction
of silica to silicon, calcium oxide to calcium metal, strontium
oxide to strontium metal, or uranium to uranium metal. Vapor
phase speciation, however, is the same in the simpler model as in
the analyses for the part B problenms.

Results obtained with the simpler model for Case B at 2000 K are
collected in Table 12. The most notable feature of these results
is the very high partial pressure of sflicon monoxide. Whereas
with the mors complex model, the partial pressure of §i0(g) was
calculated to be only 3 x 102 atmospheres, with the simpler
model, Si0(g) is calculated to be the dominant gas phase species.

Figures-of-merit for strontium, lanthanum and cerium vaporization
for calculations with the complex and the simple models of the
condensed phase are:

-27=



TABLE 12.

SPECIES

1r metal
Feo metol
Mo metal

C grophite

UD»s fe)

S ? (e)
Cal(e)
L.Ol.s(c>
COoz (e)
IOO: (e)
FeD(e)
1r0; (o)
c.oz‘ s (e)
$~0 (e
IOD, (o)

"

~

O~

o}

”20
Uig)

(Vo)

U02 (,)
U°3

VO
U 5
U°2 (0"‘)2
- (g)
-0
2’02 (’)
1~0M

2- (OH) z

Results Oltained for Case B at 2000 K with
a Bimpler Bolution Model

MOLES

S. PRGe P!
§. §8Be P4
1. 802e B2
8.687« B!

1.800e B5
8. 11de R4
6. 876« R4
2.000e 02
S.776e B2
2. 54008
1.275e B!
. 652« B3
8. 6424 B2
§. 85B8e B!
2.822e-2)

8.6816s 2!
2.215« 02
4. 543e-0F
7. 335«-06
1.863e-023
8. 533«-25
1. 642¢-02
3.5R1e-02
4, 454025
6. 283e-08
1.047¢-11
2.208e-12
1.118e-08
1. 5%52¢-0%
1.210e-07
2.66Be-10
1. 1240~1)

MOLE FRACTION

METALS

4. 887e-04
8. 875e-2)
8. 877e-04
8. SESe-B4
OXI1DES

5. 422001
2.777e~2)
3. 415e-2)
6. BdSe-24
1.877¢~85
B. B84de-14
4, 3E3.-05
3. 4R5e-02
3. 4234703
3. 374004
1. 002e-28
GASES

PRESSURE

(ATMS)

5. 12023
15704
. 378e-10
. 826012
L R24e-07
. 451e-08
, $65¢-07
. 326e-0¢
. 344e-08
, 2687e~12
. 462e~16
1. 152e~18
S. 832-13
.c ..7.-1'
5. 268e 12
1. 382614
S.861e-18

WN~ e~ BN~

FREE-ENERCY
(CAL/MOLE)

~33802
-305827
~2415]
-10888

-3.9882
~268347
-188111
~272568
-3218186
~187168
~123154
-315457
-27602¢%
~188475
=1734%€

~7735%¢
-13137
-83618%
-28257
~-168686¢
1735
~136282
-271642
-3777186
-13%58€S
~28282)
~54)1882
48145
-113148
~225678
-1187@8
~287818



SPECIES

’.(.)
'.0(.)
FeOM
'.(Dﬁ)z
Mo (g)
Mol
l.Gz(’)
ﬂoo’(.)
ﬂ002(°N72
CO(')
Cel(g>
Co (OW)
CC(ON)z
Cen

Cop
‘0(’)
‘-0(’)
8~0m
"(Oﬁ)z
Sam
L.(’)
LeD(gd
LoD~
L.(oﬂ)z
LO2O
(LOO)Z
co(s)
Cal
CoOz(,)
Ce O™

Co (OM) 5
(C.O)z
co

COz
Sn(,)
$i0
’IOz(,)
§10m

$1 (OM)
SiM ’
'!N‘
$ip

02
Loyl
L-S

-2
(S:O),

TABLE 12.

MOLES

7. 828« B2
2.822e-RE
2. 85207
3. 32211
1. 184e-P8
2. 348012
2.2240~13
,o"’."7
5. 833-23
2. 068e B2
3. 557¢-05
1. 115e~02
4. 07207
5 BBde-02
2. 62503
1.417¢ B2
3. 620e-08
8. 228e-025
7. 20512
3. 85304
6. 774008
1. 57624
7.511e~10
3.012e-10
2. 088013
4. 158e~11
8. 74 e-27
1. 82723
2. 260e-05
6. 82605
1. 842~}
1. 74)0~08
3,132« 22
1. 38205
2. 706e 2!
1.881e R4
1, 344e-03
B 382e-04
2. 13607
1. 3884 02
1.671e~05
0. .883. 02
6. 35713
S, 383e-16
1. 486e-22
4, 884a-))
1. 365¢-03

MOLE FRCTION

(continued)

PRESSURE

(ATMS)

4, PB3e-04
1.472e-180
1. 54Re-11)
1.733¢~15
6. 175e~13
1. 224018
1. 18@e~17
B. B32e-22
3. 04327
1. 078e-02
1. 855¢-08
S. 815e-017
3.!24.-11
3. 068e-0€
1. 368e-27
7. 383-25
1. 5BBe~10
4, 283408
3, 756e-14
2. 86200
4. 57612
8. 2364-06
3. 01Be-14
1.571e~14
1. 878e~17
2. 185¢~15
S.08le~11!
1. 82527
1. 185«-08
3.613~13
5. 437e~18
8. P83e-13
1. B34e-04
7. 20810
1, 413-03
8. 813.-2)
7.813.-08
", 310e-08
Jollde~1)
7. 228e-0%
8.7 <10
8. 212e- M
3 316e-1?
2. 806e-20
7. 846e-27
2. 58Ge-158
7. 11Be~08

FREE~ENERCY
(CAL/MOLE)

487
-73078
-1132¢87
-258E30

seii?
-3853%
-16170¢%
~-258558
~437428
~41840
=112476
~184478
-325872
-58s852
~56874
~489023
~131262
-192837
~-32e281
-8853%

1848
-161278
-18173¢2
~-338787
-182712
~-33632)
-5563
~188286
-283208
-187624
~323482
~35445)
-138472
~220003

18718
~141828
-2085872
~122€19%
-272%2¢
-20627
-123087

11318
-114272
~153168
~1268820
.l“‘..
“2.



Simple Model Complex Model

F(Sr) 1.4 1.4 x 10~6
F(Ce) 2.0 x 10-3 4.3 x 10-6
F(La) 1.6 x 10-4 3.2 x 107

Vastly higher vaporization of radionuclides is predicted
with the simple model largely because of the huge volume of
§i0(g) created. Whether this S8iO(g) forms or not depends on
the activity of Si0; in the melt. 1In the complex model,
this activity is kept low by reduction of §i0; to Si and by
the formation of silicates. There is some experimental
evidence that enhanced vaporization does occur when
zirconium is added to siliceous melts (8) as is suggested
especially by the simpler model.

4.4 [Effects of Non-ldeality in the Metal Phase

Solutions to the problems posed in part B of the benchmark
exercise were all calculated assuming the mixture of U, Fe,
Zr, Mo, S8i, Ca, Sr, and C wvas an ideal solution. There is
substantial evidence such an alloy would not be ideal.
Calcium and carbon are well-known to be non-ideal when
alloyed with iron. To ascertain the effects of non-ideality
in the metal phase a very approximate model drawn from the
ferrous-metallurgy literature [(16) was formulated and the
Case B problem at 2000K was recalculated. The activity
coefficients in the non-ideal metal phase model are:

Iny(2r) = 1n(0.037)

Iny(U) = 1n(0.027)+9.4X(U)

Iny(Mo) = =4X(C)

Iny(Ca) = 1n(2240)~15.8X(C)~10.7X(81)

Iny(Si) = 1In(0.0013)+9.7X(S51)~10.7X(Ca)~=10.7X(S8r)

Iny(C) = 1In(0.70)+6.9X(C)~15.8X(Ca)~4X(Mo)
+9.7X(81)411.6X%X(C)2+8.8X(51)2-15.8X(Sr)

wvhere y(i) = activity coefficient of the constituent i of
the metal phase

X(i) = mole fraction of the constituent i of the metal
phase.

The activity coefficient of iron was assumed to be
approximately 1. No data for the activity of Sr in iron
were found so the activity coefficient was taken to be the
same as that for Ca.

Results of the reca zulation are shown in Table 13.
Introduction of non-idealities inrto the model of the metal



TABLE 13. Results Obtained for Case B at 2000 K with

a Non-ideal Metal Phase

SPECIES MOLES MOLE FRACTION PRESSURE  FREE-ENERCY
(ATMS) (CAL /MOLE)
METALS
U metal 2.5050 B2 2. 30005 ~A4487
Ir wetol 2. 48202 2.287«-07 -33602
Fo metol £. 823« B4 . PlBe-2! -30507
Mo meto) 1. P2Re B2 6. 18Re-04 -2415)
S~ metol 2. P55«-08 1.823~13 ~43187
Co metol 1. 543024 1. 417~08 ~36758
$1 metal 1. 050 B4 §. B424-02 23348
C grophite 6. 413« 2! 6. Bdle-R4 ~1e808
OXIDES
U0, (e? 1. PPRe BS 4, 353e-01 ~319882
$10; () 2.286e B4 8. 686e-02 -268347
Cel(e) 5. 685« 03 2. 475¢-02 ~18811}
Le0; gle) 2.020e 02 B. 707e-04 ~272568
CeDjp (o) 7.50% B! 3. 26Be-B4 -321816
M0, () 6. 986e-04 3. P33.-08 -187168
FeD (o) 1. 767« 83 7. 68203 -123154
270, (o) 3.678e 03 1. 60102 ~3154%7
CeD; gle) §. 2404 B2 4 P7e-03 -276208
CeS103 .40 e R4 1. 955e-0! ~474825
CeSip 0 4, 308« R4 1. 876e-0! ~335410
SrS|83 7. 146¢ B! 3. 111e-04 -45103%
$~072) 1.878e~0! 7. 308e-07 ~188475
$~Sip 50, 2.673e 0! 1, 1684e-04 ~347876
Couog‘ 1. 188a-04 5. 172e~180 504532
€aMal, 4. 736e-10 2. 062e-15 -496837
C02'03 6. 328+ 23 2. 75202 -520420
$~2-0y 1, 6484 02 7. 175¢-08 529442
MeDg (o) 1. 157«~18 5. B36e-24 -173488
CASES
k2 §. 853« 0! 8. 37301 -773%8
H 1. B63e-0) 1. 568e-23 -1313%?
Om 6. B4)e-05 6. 253.-07 -93815
0 7. 68240-08 7. 483e-10 -280%7
M0 3, 8820 3. 655e-03 ~166834
Uty 1.580e~11 1. 486e-13 17352
vo 5. 831e-07 S, S86e-05 -136@62
U0, (g) 2. 48704 2. 32308 ~2718402
U0y 8. 175¢-25 S.015-07  ~377718
(Ve ll] 3. 88le-11 2.8834-13 -135685
U(DH)? 1. 358e-11) 1.272e+13 -268282!
U0§(0N>1 1. 083e-27 1. 820e-089 541862
o (g 7. 855e~18 7. 20618 4B a4t
2~0 2.070«-10 1. 950e-12 ~113148
2-0, (g0 2. 63110 2.477¢~12 225676
2r0m 4. B2le-14 4 S54Be- 18 -118708
e (OM) 5 S. 357%e~12 5. BiSe-14 ~287818




TABLE 13. (continued)

SPECIES MOLES MOLE FRACTION PRESSURE FREE-ENERCY
(ATMS) (CAL/7MOLE)
Felg 3. 820e-02 3. 68124 497
Felig) 2. 756e-P5% 2. 585»-¥8 -73278
Falw 3. 900e-00 3. 67308 -113267
’.(Oﬂ)z 1. 158e-06 1.061e-08 -258832
Mo (g) 6. 013e-11 5.662e-13 Bse11?
Mol 2. 3%4e-12 2. 18Be-14 ~-3853%
MeoDj (g) 4, 266611 4. Pd5e-13 -1617@8
MoDj(g) 6. 38Re-13 6. BBBe-15 -256558
“‘02‘°">; 7.847¢-14 7. 360~ 18 -437426
Calgd 4, 256e-04 4. PRBe-RE ~4)1B842
CeD(g) 1. 42Be-08 1. 345e- 102 ~11247C
Ce (OM) 6. PSde-05 S. 701e-27 -184478
Co(DH)z S. 8364-06 5. 456e-08 -32557¢2
CaM 1. 635e-028 1. 54308 -585%2
Ce; 2.BR%e~12 1. B50e~14 ~56874
$~ (g B. 71Be-08 B.21Re-10 ~499R3
$-0(g) 4, 3dde-)) 4. B50e-12 =131262
S~ 0Om 1. 336e-08 1.258¢-10 -192837
‘r(0ﬁ>z 3. P66e-10 2.906e-12 -3282%)
Srm 3. 200e-12 3. P880-12 -8653%
Le(g) 2. 27013 2. 137¢-18% 1848
LeO (g 7. 98808 7.503e-10 ~161278%
LoD~ S. 12712 4. B2Be-14 -161732
Le (OW) 5 5. 425e-08 S. 188e-11) -338787
Lep0 4. 873202 4, 585e-22 -182712
(Lol 1.807e~15 1. 736e~17 -33832!
Cetg 2. 344012 2. 208e-14 ~5$583
Cel 8 Ride-? B. 51708 -168288
CeDp (g 2. P5Ce-08 1.874e-08 -~283208
CoO™ 4, 365~ 4. 143e-13 ~167624
Co (OM) 5 1. 74712 1. 845e~12 ~323482
(CeD) 5 6. 825e-13 8. 522¢-15 ~35445])
co S.868s P2 5. $26e-02 -136472
o, S.051e-07 4.757«~05 220002
$i(g 1. 420e-0¢ 1.337«-08 18718
$i0 1. 82301 1.811e-03 ~141028
$10, (g 2.681e~08 2. 52408 -20837¢
$10m B. B22e-08 8. 287«~12 ~122616
S|(0u)3 7.7668a-08 7. 34310 ~2725¢¢
SiM 8. 82707 §. 2540-08 -20627
SimM, 2. 83508 2. 784010 ~123087
Sip 4. 0%8e-12 4 68714 11318
0, 1. 335180 1.261e~12 -11427¢
Cey0 1. 898e-22 1. 834e-24 ~153188
Le 1. 442e-23 1. 358e-25 -120800
S5 E.6lde-2, 6. 220e-23 ~174468
(310)3 2. 57511 2.42/e~13 ~218382
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phase enhanced reduction of silica to silicon and inhibited
reduction of uranium and calcium. It also inhibited
graphite formation in the melt. Figures-of-merit for the
vaporization of strontium, cerium and lanthanum are:

Non=-ideal Ideal~Metal

Metal Phase Phase
F(Sr) 1 x 107 *.4 x 10-6
F(Ce) 3.0 x 10-6 4.3 x 10-6
F(La) 8.5 x 10-8 3.2 x 107

Clearly, introduction of metal phase activity coefficients
different than one affected the vaporization of strontium.
The depressed vaporization of Sr is the result of changes in
the concentrations of SrO and Sr in the condensed phases and
the increased oxygen potential = Py, = 1.3 x 10-12

atmospheres as opposed to P, = 4.7 x 1015 atmospheres

2
when activity coefficients were equal to 1. The effects of
the non-ideal metal phase model on the vaporization of
lanthanum and cerium are less pronounced since neither of
these species contribute to the metal phase.

4.5 [Effects of Uncertainty in the Properties of Gas
Phase Species

The thermodynamic properties of many of the gas phase
species of interest here are not well-known. To illustrate
the effects of uncertainties in the chermodynamic properties
on the calculations, case B at 2000 K was recalculated with
properties of selected radionuclide vapor species varied
toward more stable values within their recognized
uncertainty ranges. To do this, the uncertainties in the
free-energies of the vapor species were ascribed to the
enthalpies of formation. The uncertainties in these
enthalpies of formation were taken from the literature
(17,18,19,20) to be:

aM¢ (ST (g)) = 39200 + 400
sHg(Sr0(g)) = =3200 + 4000
sH¢ (STOH(g)) = =49120 + 5000
aHg(ST(OH)3(g)) = =142400 2 10000
aHg (STH(g)) « 52103 ¢ 5000
sHg (Sr20(9)) “ =50470 ¢ 5960

99150 ¢ 600
=29600 ¢ 4000
=125180 ¢ 6000
-5960 ¢ 17900
=153000 ¢ 15900

aHg(Ce(q))

AHf (CeO(q)

ANt (CeO2(g))
aHg (Cez0(g))
4Hg((CeD)2(q))



4Hf(La(g)) = 103125 ¢ 994
4H¢ (LaO(g)) = «27818 * 2000
LHf (La20(q)) = 0 % 13900

LHf (La02(9)) = =125200 + 21900
LHe((LaO)2(g)) = =133130 £ 17900

Results of the recalculation are shown in Table 14.
Figures-of-merit for the vaporization of strontium, cerium
and lanthanum are:

Lower Bound Best~-Estimate

Free-Energies Free-Energies
F(Sr) 1.6 x 10-6 1.4 x 106
F(Ce) 1.3 x 10-5 4.3 x 10-6
F(La) 5.2 x 107 3.2 x 10°7

The small uncertainties in the properties of strontium-
bearing vapor species little affect the predicted
vaporization of strontium. The larger uncertainties in the
properties of cerium-bearing and lanthanum-bearing vapor
species have more distinct effects on vaporization. The
predicted vaporization of cerium may be uncertain by a
factor of 3 because of uncertainties in the vapor
properties.

It is unlikely that uncertainties in the thermodynamic
properties of vapor species will soon be resolved.
Consequently, the uncertainty in vaporization created by
uncertainties in the vapor properties constitute a limit on
the accuracy that can be obtained in thermodynmamic
calculations of core debris interacting with concrete. They
also define a limit on the extent to which condensed phuse
models need to be refined.

5. CONCLUDING DIBCUBBION

The analyses presented above have illustrated a few of the
important topics that need to be considered in the
thermochemical modeling of core debris interactions with
concrete. An emphasis has been placed on modeling the
condensed oxide phase. To obtain accurate est.mates of
radionuclide release and aerosol generation during core
debris interactiors with concrete, a far more systematic
examination of this type of modeling needs to be conducted.

The reed to develop models on the condensed phase of core
debris cannot be abridged by experimentation alone. It is
apparent from the calculations presented here that the
properties c¢f the condensed phases vary with both
temperature and melt composition. Because of this, it is
unlikely that so complete a data base on the thermochemical
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TABLE 214.

SPECIES

U wmetal
Ir wmetsl
Feo metol
Mo matol
S metel
Co meta)
$i mete)

C grephite

U0, (&)

§:0; (o)
Cel ()
L.o, " s (o)
CO°2(.>
.003(.)
L™
2-02(.>
Cool'sfo)
Cefi0y
CeSig sUp
SrSn8,
$~0(e)
$~8: 0
C.“og;s o
"“.g‘
Cel~03
S'IPU,
‘.03(&)

MOLES

2.503. 0!
1.83%-0!
6. B85e B4
1. B22e B¢
2 855e-04
1.067« B2
6. 632« 03
8. 08l B!

§.887 P4
2.355. P4
S.588e 03
2.0024 02
1. 966« 2!
2. 58008
1.087« B2
3.716e 03
8. 803 02
4, 5324 B4
4. 283« 04
7.176e B!
. B836e-0!
.Bdde B)
.B86le~08
055¢-13
. 282 B3
. 632« 22
. 833e-22

e . .

. 985e 0!
B4Se-0!
. B2le~08
. 728e-08%
. 38502
12%-08
, 48l e~PE
LAl a4
TeRe-06
CLLTE
«36le~))
PiSe-10
,B18e-13
LT )
,BR2e-10
,R3e-13
S 45712

NNONSMS-ABNDAMSYLAM—-D

MOLE FRACTION

METALS

2. 28Re-P4
1. 672e¢-08
§. 182e-0)
6. 112e-04
2. 423-0%
1. 783e-02%
8. 778e-02
6. PRde-R4

DX1DES

4. 3720
1. 030e-0)
2. 43502
B. 747e-04
B.6)1e~05
1. 13211
4, 754004
v 8l5e~02
4, 28703
1. 882¢-01
1. 873e-0)
3 13604
7. 156e~87
1. 157~84
1. 184e~13
4.816e~19
2. 74Be-02
7.131 0%
1. 151e~27

CASES

PRESSURE

(ATHMS)

8. 654e-0!
1. 5686e-03
3. 888e-08
4, 568e~1)
2. I05e-N
3. 087e-1)
§. 183«-08
2. 33308
3 576e-08
4, 70812
1.318e~13
3 057%-12
1. 052618
3. 2321
2.515¢~12
7.837e~18
S 274014

Results Obtained for Case B at 2000 K with Lowver
Bound FPree -~ Energy Data for some Vapor Bpecies.

FREE-ENERCY
(CAL/7MOLED

~44487
-336@2
-305e7
-24151
~43187
-36758
~23348
-188' 1

-310862
-268347
-18811)
-272568
-321816
~187168
-123154
-315457
-278208
~474828
-335410
~491035%
~188475%
347878
~504532
~496837
-520420
~528442
=173488

~77358
-13137
-938:8%
-280%7
~168854
1735%¢
-1380%2
-271642
-3777:18
-138588
-28280!
-541602
aBias
~113148
-225878
~118798
«~2878.8



SPECIES

TABLE 4.

MOLES

3. 855e-02
1. 66Qe-27
2. 384de-07
4. 305e-R8
S 83%5e-11
1. ’.l."’
1.563¢+13
1.421e~18
1. 18318
6. 6630-23
1, 36508
S. B82e-0%
3. 528e-07
2. 6040-05
S 045e-10
1. 502¢-06
1. 134e-10
4, 552408
2.205e-10
1.831e-08
1.883¢-11
S. 107«~87
2. 058611
1, 3544-08
4,2320~18
2. 75812
1.865e~12
1. 03105
2. 41208
1.872e-180
4. 618e~11
B.8i0e~10
LoBR2e-0)
.00 e~0%
3.801e-04
3153 2
2.68le-08
1. 484008
6. 004e-08
267104
A 33506
3 847407
4, 883e-13
" .l..".
8 S4Be-22
4 52318
7. 103-08

(continued)

MOLE FRACTION

-6~

PRESSURE

(ATHS)

3. 726e-04
! BR4e-25
2. 304008
4, 251e~11
S.63Ge-13
1. 335e~15
1.511e-15
1. 374e-18
‘a m.'“
b, 44Be-05
1. 323e~10
S. 88307
3. 41be-08
2. 51607
4. 082012
1. 452008
1. 088e-12
4, 350e-10
2.222e~12
‘- ,“.°’.
1.828e~13
S. B22e-28
1, 988e-13
1. 308e-11)
4. 050e-18
2.6840-14
1.602e~12
§. 062e-08
2! ”l.-..
1.808e~12
4 4B4e-13
6. 501e~12
1.8386-P3
8. 675«-08
3. 874e-08
3 RiBe-02
2.601e-08
1. 415«-08
7.783e~10
2.58)e-0C
B. P50e-08
3. 52%«-0%
4. 7208e-18
2.8)3e-20
8. 250424
4 37621
6. B65e-)1)

FREE-ENERCY
(CAL/MOLE)

457
-73278
-1132867
~2588302

ee11?
~38%3%
~181788
~-256559
~437426
~41842
-112476
184478
-32557¢
-58552
-56874
-5e303
~135262
-197837
-32828%:
-7153%

S
-1683268
-18173¢2
-338787
-196821
-354204
-8178
172280
~288168
~187624
323482
-370347
~136472
220003

16718
“141028
208870
~122819
272528
-20827
~1230%7

11318
“114270
“17187)
-15065"
~180432
-218382



properties of the condensed phases can be developed that
analytic models will not be needed to interpolate and
extrapolate the data base.

It should, however, be remembered that uncertainties in the
thermodynamic properties of vapor species define a limit on
the refinement of condensed phase models. It should also be
remembered that modeling of the condensed oxide phase is not
the only technical issue of thermochemical analyses of core
debris interactions with concrete. Other topics that can be

just as important include:
Completeness of the gas phase speciation

including the importance of vapor phase hydrides,
pmixed oxides and intermetallics.

2. Non-ideality of the metal phase

3. Importance of halide and sulphide-bearing gases
evolving from the concrete.

)7~
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A submission for the CSNI/PWG~4/GREST standard problem on chemical thermodynimic
modeling in core-concrete interaction releases of radionuclides is described.

Part A of the exercise is a highly defined benchmark calculation in which data and
speciation are specified. The problem is, however, ambiguous concerning the
definition of an {ideal solution. Consequently, two solutions are provided. In one
solution, specified species are treated as molecular entities to define the ideal
solution. In the second, mixing is assumed to occur ideally on cationic and
anionic lattices. The different results obtained in these calculations illustrate
the importance of condensed phase modeling in the analyses of high temperature
welt interacti ns with concrete.

Part B of the exercise consists of six problems in which the temperatures,
pressures and bulk compositions of the melts are specified. Data and speciation
are to be supplied as parts of the solutions to the problems. Results of
calculations for these six problems are prisented. Additional scolutions are
provided to illustrate the effects of speciation in thr cordensed oxide phase,
non-ideality in the condensed metal phase and uncertainty n the thermodynamic
properties of gas phase species.
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