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ABSTRACT

This document describes a model, called VANESA, of the
release of radionuclides and generation of aerosol accompany-
ing reactor core melt interactions with structural concrete.
The document also serves as a user's manual for an implemen-
tation of the VANESA model as a computer code.

The technical bases for the VANESA model are reviewed.
This review includes a description of the thermodynamics and
kinetics of vaporization from melts sparged by gases evolv-
ing from concrete. The thermochemistries of 25 elements of
interest in reactor accident analyses are described. Limi-
tations to the rate of vaporization caused by condensed
phase mass transport, surface processes, and gas phase mass
transport are discussed. Limitations on the extent of
vaporization caused by the behavior of bubbles rising in a
melt are treated.

Mechanical generation of aerosols as bubbles burst at
melt surfaces or as a result of liquid entrainment is con-
sidered. A description of these processes based on data for
gas-sparged water systems is included in the VANESA model.

Some limiting solutions to the problem of the competi-
tive processes of nucleation of particles from vapor, conden-
sation of vapors on surfaces, and coagulation of particles
are examined. From these examinations an approximate model
of the aerosol particle size produced during core debris
interactions with concrete is devised.

The attenuation of aerosol emission during core debris/
concrete interactions by an overlying water pool is dis-
cussed. A model of the attenuation is developed. In this
model aerosol entrapment is considered to be the result of
particle diffusion, 1inertial impaction, and sedimentation
within gas bubbles rising through the water pool. Allow-
ances are made in the model for nonspherical bubbles.

The document concludes with a description of a computer
code implementation of the VANESA model. This implementa-
tion of the model was used in recent assessments of the
behavior of radionuclides during severe reactor accidents.
Comparisons of the predictions of radionuclide release
during core debris/concrete interactions obtained with the
VANESA model and with older models are presented.

-iii/ziv-
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I. INTRODUCTION TO THE VANESA MODEL AND ITS USES
IN SEVERE REACTOR ACCIDENT ANALYSES

VANESA is a mechanistic model of the release of radio-
nuclides and generation of aerosols during the later stages
of a severe reactor accident when reactor core debris inter-
acts with the concrete foundation of the reactor contain.
ment. This document describes the technical rationale for
the physical and chemical models that make up VANESA. The
last chapter of this document describes an implementation of
the model as a computer code.

The interactions of high temperature core debris wih
the concrete foundation of a reactor containment is a most
important phase of severe reactor accidents. Since the
publication of the Reactor Safety Study in 1975,1  the
loads placed on reactor containments by these interactions
and the release of radionuclides from the core debris that
occurs during these interactions have been included in
severe accident analyses. Early analyses of the interac-
tions were hampered by the lack of experimental data. The
analyses were based, therefore, on simple bounding models.
These models were intended to be conservative to compensate
for unknown or unappreciated features of the interactions.

Substantial improvements have developed in the under-
standing of severe accident phenomena since publication of
the Reactor Safety Study. The many experimental and analytic
investigations into core debris interactions with concrete
have led to significant revisions of the descriptions of
these interactions used in the Reactor Safety Study. Equally
dramatic improvements have been made in the ability to pre-
dict the response within the reactor containments to accident
phenomena.

The VANESA model was formulated to predict radionuclide
release and aerosol generation during core debris/concrete
interactions in a manner that takes advantage of the many
improvements in technology that have occurred since the
Reactor Safety Study. A key objective in formulating the
model was to obtain predictions that were realistic and
avoided deliberately conservative, bounding, assumptions.
In this, the VANESA model is a departure from the approach
toward radionuclide behavior adopted 1in past analyses.
Realistic estimates of radionuclide release and aerosol
generation are essential if the full capabilities of modern
tools for predicting phenomena within reactor containments
are to be employed in accident analyses. Realistic estimates
also permit an understanding of how the peculiarities of
reactor plants and accident sequences affect ex-vessel



release and aerosol generation. The efficacy of natural or
engineered safety features can be evaluated only if models

employed in the analyses portray physical and chemical
processes in realistic fashion.

The VANESA model predicts the following features of the
radionuclide release and aerosol generation during core
debris interactions with concrete:

1. The total mass of aerosol generated and the rate of
generation.

2. The concentration of aerosols in the gases evolved
during core debris attack on concrete.

3. The composition of the aerosol including the contri.
butions of nonradiocactive materials as well as those
of radionuclides.

4. The size and size distribution of the aerosols.
5. The material density of the aerosol.

6. The effects coolant pools overlying core debris will
have on the production and nature of aerosols.

This body of predictions from the VANESA model is commonly
referred to as the "ex vessel source term." An effort has
been made to tailor the predictions of the ex vessel source
term so0 that they satisfy the input needs of other models
used in accident analyses.

The predictions obtained from the VANESA model are in
some cases different than the "conventional wisdom" that has
been developed from simpler, supposedly bounding models of
the ex vessel source term used in the past. Discussions of
the vses that have been made of the VANESA model and the
substantive predictions obtained from the model arte pre.
sented in the next chapter of this document. A thorough
discussion of the technology available for the formulation
of the VANESA model is attempted in subsequent chapters.
This discussion of the technical bases for the model \is
presented to rationalize the approximations adopted by the
model . It also provides an indication of where the model
could be improved. The document concludes with a descrip-

tion of a firet attempt to implement the model as a computer
code,



11. HISTORICAL BACKGROUND AND SUBSTANTIVE
PREDICTIONS OF THE VANESA MODEL

Experimental studies of the interactions of reactor core
debris with concrete have been sponsored at Sandia National
Laboratories for several years by the U.S. Nuclear Regulatory
Commission (USNRC). These experiments have shown that models
of the ex vessel core debris interactions with concrete
developed tor the Reactor Safety Study did not accurately
portray the phenomena arising in these interactions that
could affect the nature of severe reactor accidents. In
response to these experimental findings, the USNRC initiated
a program to develop a revised model of ex-vessel core debris
behavior. This program has produced the CORCON code5:*
which describes the thermal and chemical aspects of the
attack on concrete by reactor core debris.

The experimental investigations demonstrated that large
quantities of aerosols were produced during core debris
interactions with concrete.!l A photograph in Figure 1
shows the production of aerosols during the sustained inter-
action of about 220 kg of stainless steel at 1700°C with
limestone concrete. Aerosol concentrations in the gases
evolved as molten steel attacked concrete during this test
were about 9 grams per cubic meter of gas at standard pres-
sure and temperature,. In tests with so called "corium”
(54 w/0 UOy, 16 w/0 ZrOz, and 30 w/o stainless steel) melts,
aerosol concentrations in excess of 100 grams per cubie
meter were observed.l?

Aerosol generation was not considered explicitly in the
CORCON development effort although it was obvious from the
test results that the aerosol production during core debris/
concrete interactions was quite different than that predicted
by the models developed for the Reactor Safety Study. Empir-
ical correlation of experimental data led to a model which
has recently been termed the Murfin Powers correlation:l®

[A)] « Agexp( E/RT) (aVg+B)

where [A) ~ aerosol mass per cublc meter of gas at stan-
dard pressure and temperature evolved during
core debris attack on concrete (g/md),

Vg « superficial velocity of evolved gas passing
through the melt at the bulk melt temperature
(m/s),

T + absolute melt temperature (K),

R « gas constant,






E = 37800 cal/mole,
A, = 104,

a = 24, and

B = 3.3,

This correlation has many attractive features. Aerosol
production is, as would be expected, dependent on both
temperature and the gas g¢generation rate, The activation
energy, E, which characterizes the temperature dependence of
aerosol production, has a value that might be expected for
vaporization processes involving chemical reactions of melt
constituents with evolved gases. Aerosol generation does
not go to zero as the superficial velocity of evolved gas
goes to zero. The parameter B in the correlation reflects,
apparently, a contribution to aerosol release by natural
convection of gases over the melt surface. The correlation
suffers, however, from all of the failings of an empirical
correlation of experimental data. First, parametric values
in the correlation (E, Aga, and AyB) are determined by
fitting the model equation to experimental data. This ties
the correlation to the underlying data base and makes appli-
cation of the model to situations not investigated experi-
mentally most difficult to justify. Second, the correlation
does not yleld aerosol composition information. Experimen.
tal composition data were used directly and without scaling
to ascertain the extent of radionuclide release predicted
with this correlation. Use of experimentally determined
aerosol compositions, again, ties the model intimately to
the underlying data base and makes predictions for the
diverse circumstances encountered in severe accident analyses
quite uncertain. When this uncertain procedure was used,
the results suggested that the model developed for the Reac-
tor Safety Study was not a conservative upper bound on
ex-vessel radionuclide release.l

In 1981, the USNRC initiated a study of the available
data concerning the behavior of radionuclides during severe
reactor accidents. The intent of this effort was to ration-
alize flission-product releases observed during the reactor
accident at Three Mile Island,!® to ascertain if the obser-
vations had geraric applicability to all severe reactor acci-
dents, and to determine if there was a technical basis for
altering regqgulations concerning radionuclide behavior during
accidents., The considerations in this review were focused
on the behavior of more volatile radionuclides such as Cs, I,
and Te during the in-vessel phases of an accident. Radio-
nuclide releases from core debris outside the reactor vessel
were not examined in detail. Results of the review were pug-
1ished in a document commonly referred to as NUREG-0772.
An important conclusion of the review was that substantial



improvements had occurred in the understanding of radio-
nuclide Dbehavior under accident <conditions since the
publication of the Reactor Safety Study. The improved
understanding made it possible to revise methods for
estimating the potential releases of radionuclides during
severe reactor accidents.

Shortly after completion of NUREG-0772, an effort was
initiated by the NRC to use available models to reassess
source terms for radionuclides during severe reactor acci-
dents. Agair, the initial focus of this work was on the
release and transport of radionuclides within reactor coolant
systems. In the fall of 1982, it was recognized that models
of ex-vessel release of radionuclides developed for the
Reactor Safety Study, too, might deserve improvement, An
informal request concerning such improved ex-vessel models
was made by the NRC of Sandia National Laboratories.

In response to these requests, the VANESA model was
developed. The intent in this development was to produce a
mechanistic model for prediction of both radionuclide release
and aerosol generation during core debris interactions with
concrete, Deliberately conservative assumptions were
avoided, Simple correlations of empirical data were not
used. An effort was made to devise a model of sufficient
depth and sophistication that it would mesh well with future
"best-estimate" models of accident phenomena as well as with
cruder, risk-assessment, codes available at the time. This
treatment of release was adopted recognizing that code vali-
dation would be based on small scale tests. A mechanistic
basis is essential to confidently extrapolate from tests to
large-scale situations that have not been examined experi-
mentally.

The relationships between the VANESA model of ex-vessel
radionuclide and aerosol generation and other models of
severe accident phenomena are shown in Figure 2. The VANESA
model requires input concerning initial conditions derived
from models of core meltdown and radionuclide release within
the reactor coolant system. Boundary conditions for the
analyses done with the VANESA model are provided by models
of core debris interactions with concrete. Results obtained
with the VANESA model provide inputs to containment response
models and models of engineered safety systems such as steam
suppression pools in boiling water reactors.

In the development of the VANESA model, an attempt was
made to address ex vessel release to a level of sophistica-
tion consistent with phenomenological treatments in the
CORCON®+® model of core debris/concrete interactions and
the CONTAIN!O model of containment response.

The earliest applications of the VANESA model were for
the NRC- sponsored source term reassessments,? In these
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analyses, initial condition inputs to the model were derived
from the risk assessment models of in-vessel processes
(MARCH3) and in-vessel release (CORSOR%). CORCON(modl)5 was
used to provide boundary condition information concerning
core debris/concrete interactions. Results obtained with the
VANESA model were used as input to the NAUA 4 model”? of
aerosol behavior within containment and the SPARC model®
of aerosol trapping by steam suppression pools.

The VANESA model has been used in the analyses of many
types of reactors and accidents. For the reassessment effort
the model was used in the analysis of about 16 accident
sequences hypothesized to occur at the Peach Bottom (Mark 1
BWR), Grand Gulf (Mark TII BWR), Sequoyah (ice condenser
containment PWR), Surry (subatmospheric containment PWR),
and the Zion (large, dry containment PWR) plants. More
recently, the model has been used in analyses of accidents
at the Kuo Sheng, Limerick (Mark II BWR), the FitzPatrick
(Mark 1 BWR), and the Brown's Ferry (Mark I BWR) reactors.

These many analyses have shown that the VANESA model
frequently produces a substantially different portrait of
ex-vessel radionuclide release and aerosol generation than
that derived from the model developed for the Reactor Safety
Study.l The more substantive predictions obtained from
the VANESA model are discussed below.

1. Aerosol generation during core debris interactions with
concrete 1is not as intense but lasts far longer than

aerosol production during in-vessel phases of an accident

The total rate of aerosol production during a particular,
hypothesized reactor accident is shown as a function of time
in Figure 3. The aerosol production in-vessel lasts for
about 30 minutes. Peak rates of aerosol generation of nearly
1000 g/s are predicted by the combination of the MARCH and
the CORSOR models. The peak rates of ex-vessel aerosol pro-
duction predicted with the VANESA model are about an order of
magnitude lower. But, the ex-vessel aerosol production per-
sists for many hours. In fact, aerosol production had not
ceased when the calculations were terminated after 10 hours
of core debris/concrete interactions.

The timing of ex-vessel aerosol production predicted by
the VANESA model is quite different than that arbitrarily
assumed in the model used in the Reactor Safety Study. The
Reactor Safety Study model was based on an assumption that
significant radionuclide release woull occur for only two
hours after the start of melt/concrete interactions. As
shown in Figure 4, the aerosol production is predicted with
the Reactor Safety Study model to cease in some accidents
just when the VANESA model predicts the production rate to
reach a maximum.



T T T T T T T T 1 I ] 3
1
e
IN-VESSEL - . )
RELEASE | : |
|
- I |*———— DURATION OF RSS
S 1000 ¢ I | EX-VESSEL RELEASE 4
w : | | :
- ' ' 3
- 4 - _, 4
- - = I .
z 2\
o | w | :
“ . |
« 3 -3
8 'F 4 | :
= : <l 3
o F =l | EX-VESSEL RELEASE ]
4 | = )
o <z |
w
8 L a | §
x -1
w a1 |
3 B
] | | ]
H | { d
- ' : 4
|
| | L ] 1 L 1 | 1 1 1
1 2 3 a 5 5 7 - 9 0 M 12
TIME (h)

Figure 3. Comparison of the Rate and Duration of Aerosol Generation During the In-Vessel
and Ex-Vessel Stages of a Severe Accident



-OI_

AEROSOL RELEASE RATE (GRAMS/SECOND)

Figure 4.

1000 ; T . 1 T T T T T T T -

- ~

- .

4 k D T VANESA |

Sttt ‘.} 1

100 g

E 3 \ .

- \ B

= N ‘*

i—‘ \ -

L ~— 3

y — i

o -

TOR SAFETY =74l :

.J

ﬁ
. 1 1 L L 1 1 L 1
i 2 3 4 S 6 7 8 =

TIME AFTER THE START OF INTERACTION (HOURS)

Comparison of the Rates of Aerosol Generation Predicted With the VANESA Model
and the Reactor Safety Study Model



2. Aerosols produced during ex-vessel core debris interac-

tions are predicted to consist primarily of nonradiocac-

tive materials

The Reactor Safety Study model does not treat aerosol
production from sources other than the reactor fuel and
radicnuclides. The VANESA model includes analyses of vapor-
ization and aerosol formation by constituents of the fuel
cladding, control rods, structural steels, concrete as well
as aerosol formation by fuel and radionuclides. In most
cases the nonradioactive materials are the dominant source
of aerosols. The relative contributions of constituents of
concrete, steel, and core materials (fuel, clad, etc.) and
radionuclide to the aerosol predicted to be produced during a
typical reactor accident are shown in Figure 5. Initially,
core materials and radionuclides make nearly equal contribu-
tions to the aerosol. But, as concrete is ablated, constit-
uents of concrete quickly become major contributors to the
aerosol. Of course, the precise values of the contributions
of constituents of concrete, steel, and core materials to
aerosols produced during melt interactions with concrete vary
according to the details of the plant and accident in ques-
tion. The trend for radionuclides to be very low level
contributors and nonradioactive materials to be the dominant
contributors is generally predicted. The aerosol mass pro-
duced by these nonradioactive sources 1is of significant
importance to the prediction of radionuclide behavior in the
containment.?

3. The nature of release is quite dependent on plant and
accident features

The Reactor Safety Study model was intended to conserva-
tively bound the radionuclide releases that accompany core
debris interactions with concrete. The estimates obtained
from this model were thought to be of generic applicability
to all plants and accidents. Integral release fractions
assumed in the Reactor Safety Study model for seven isotopes
are shown in Table 1.

The realistic estimates obtained from the VANESA model
are sensitive to the features of the plant and accident in
question. Estimates of the release for two hypothesized
accidents are shown in Table 1. These estimates are shown
as ranges rather than point values to reflect the results of
sensitivity studies of the VANESA predictions.? The results,
even recognizing the uncertainty ranges ascribed to the
results from sensitivity studies, are quite different. They
also differ from the estimates obtained from the Reactor
Safety Study model. The sensitivity studies have shown that
predictions obtained from the VANESA model are quite depend-
ent on initial conditions specified as input to the model.

Bl
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Table 1

Comparison of the Cumulative Radionuclide
Releases Predicted With the VANESA Model

Reactor

Safety Study

Element Releasec Prediction*’?

Xe 1.0

Cs 1.0

1 1.0

Te 1.0

Ba 0.01 (0.002-0.05)

Sr 0.01 (0.002-0.05)

Ru 0.05 (0.01-0.25)

La 0.01 (0.002-0.05)

Ce 0.01 (0.002-0.05) s
*Fraction of the inventory in

interaction with concrete start.

+Generic prediction--applicable to all reactors.
in Reference

dUncertainty
within parentheses.
bsiliceous concrete.
CLimestone concrete.

ranges

quoted

o o e

and the Reactor Safety Study Model

Ex-Vessel Release Fractions*

VANESA Release
Predictions for

TMLB'
Accident at

Surrxb

0.18-0.62
0.0082-0.33
0.001-0.66
<5x10-4
3x10-4.0.29

1x10-5-0.21

the

debris

1 are

AE
Accident at

Peach _Qttonc
3.0

1,0

1.0

0.56-0.77
0.32-0.60
0.62-0.836
<5x%10-4

0.012-0.057

0.023-0.082

at the melt

indicated



These initial conditions are typically obtained from models
such as MARCH and CORSOR. The predictions are also somewhat
sensitive to the modeling of core debris/ concrete interac-
tions and the nature of concrete assumed to be present in
the plant.

4. The extent of radionuclide release is predicted to be
different than assumed in the Reactor Safety Study

Examination of results presented in Table 1 shows that
predictions of the integral releases of cesium and iodine by
the VANESA model and the Reactor Safety Study model are quite
similar. The integral release of tellurium is predicted by
the VANESA model to be less than the prediction from the
Reactor Safety Study model. Some caution needs to be
attached to this finding. Tellurium release is predicted
usually to be occurring at a significant rate when calcula-
tions with the VANESA model are terminated. Had calculations
been continued, tellurium release might have approached the
value assumed in the Reactor Safety Study. The release rate
of tellurium is, however, predicted by the VANESA model to
be slower than the rate assumed in the Reactor Safety Study
model.

VANESA predictions of the releases of radionuclides such
as Ru, Mo, Tc, and Pd are always much less than was assumred
in the Reactor Safety Study.

Of more interest perhaps are the predictions obtained
with the VANESA model concerning release of the more refrac-
tory radionuclides such as Sr, Ba, La, and Ce. 1In some cal-
culations, integral releases of these refractory elements
are predicted to be comparable or even much less than was
assumed in the Reactor Safety Study model. In other cases,
the refractory radionuclide releases are found to be many
times higher than was thought when the Reactor Safety Study
model was devised. The VANESA model predictions suggest
that there are cases where the Reactor Safety Study model
predictions do not conservatively bound releases of the
refractory radionuclides.

5. Ex-vessel release can maintain radiocactivity suspended
in the containment atmosphere

Rerosols evolved ex-vessel accentuate the agglomeration
and sedimentation of radioactive particulate injected into
the containment atmosphere as a result of the earlier, in-
vessel, accident processes. VANESA predictions of the ex-
vessel source term lead to particularly efficient sweeping
of the atmosphere by these aerosol processes since the VANESA
predictions include aerosol mass contributed by nonradioac-
tive sources. But, the radionuclides lost from the atmos-
phere are replaced by radionuclides released from the core
debris ex-vessel. These radionuclides released ex-vessel,

-



too, agglomerate and settle. However, as long as they are
replenished by further ex-vessel releases, there will be
suspended radioactivity available for release from the plant
should the containment rupture.

The more protracted ex-vessel release predicted with
the VANESA model means that a significant inventory of
releasable radioactivity is available for 1long periods as
particulate suspended in the containment atmosphere.

The importance of the timing of radionuclide release
can be seen by examining the plant releases of Cs, I, and Te
shown in Table 2. This table shows the amount of radioactiv-
ity that escapes into the environment after natural mitiga-
tion processes have operated on material released from the
core debris. 1In all cases, a larger fraction of the tellur-
ium inventory escapes the plant than either cesium or iodine.
In some cases, the plant release fraction of tellurium is an
order of magnitude larger than the cesium or iodine release
fractions. Cesium and iodine escape the reactor fuel early
in an accident and are subjected to natural mitigation
processes for long periods of time. Tellurium, on the other
hand, is released predominantly late in an accident and ex-
vessel. The tellurium release occurs slowly so that there
is some available to escape the plant even if containment
rupture occurs many hours after initiation of the accident.

6. Water pools overlying the debris interacting with con-
crete can sharply attenuate aerosol emissions into the
reactor containment

Water may enter the reactor cavity when core debris is
interacting with the concrete. Water can be admitted to the
cavity as a deliberate measure to arrest the accident. Or,
water may enter the cavity as a natural consequence of the
accident. The presence of this water was not consid2red in
developing the Reactor Safety Study model. Water pools over-
lying the debris are considered in the VANESA model. Such
water pools are found to efficiently scrub aerosols from
gases evolved during the core debris/concrete interaction.
A comparison of the ex-vessel source term for an accident
with and without a water pool overlying core debris interact-
ing with concrete is shown in Figure 6. The water pool in
this hypothetical accident attenuates aerosol emissions to
the containment by about an order of magnitude.

It is clear that the VANESA model is different than
previous models of aerosol production and radionuclide
release during core debris interactions with concrete. It
is clear also that these differences can affect the estimates
of radioactive material releases from a plant during an acci-
dent. The technical considerations that produced these
differences in the modeling of ex-vessel releases are the
subjects of the next five chapters of this report.
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Table 2

Comparision of Cs, I, and Te Release
from Plants During Severe Accidents?

Release* From the Plant Predicted
for the Indicated Plant and
Accident Sequence

surry surry Peach Bottom
Element TMLB'5 TMLB' ¢ ™
Cs 3.9 0.02 4.5
I 4.6 0.28 4.8
Te 11.0 8.1 19

*Percent of initial core inventory.

-16-
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III. THE APPROACH TO EX-VESSEL RELEASE MODELING
ADOPTED IN VANESA

A. Ovetview

The approach adopted for the development of the VANESA
model of ex-vessel release involves the following ideas:

1. The model should recognize both the vaporization and
the mechanical mechanisms of aerosol formation.

2. The model should consider aerosol generation by both
radionuclides and nonradioactive constituents of the
molten debris in the reactor cavity.

3. The thermochemistry of vaporization is recognized,
but it is also recognized that kinetic factors may
limit the realization of the vaporization potential
indicated by thermochemical analyses.

4. DRerosol particle characteristics as well as the rate
of aerosol production should be predicted by the
model.

5. The mitigative effects of an overlying water pool
should be recognized in the model.

The Reactor Safety Study model of radionuclide release
during core debris interactions with concrete depicts the
mechanism of release as exclusively vaporization. Certainly,
the high core debris temperatures hypothesized in the Reactor
Safety Study would be conducive to extensive vaporization of
core debris constituents. A series of thermochemical calcu-
latione was done for the Reactor Safety Study to determine
the volatility of selected radionuclides as either atomic
vapors or gaseous molecular oxides. From these simplified
analyses, radionuclide release fractions and release rates
were developed.

Experimental studies since the time of the Reactor
Safety Study have supported the view that vaporization is a
prominent mechanism of release during core debris/concrete
interactions. These studies have shown, however, that the
chemical environment that exists during core debris/concrete
interactions is significantly more vigorous than was supposed
in the Reactor Safety Study. Gases, liberated by the thermal
attack on concrete, sparge through and react with the melt.
The melt itself dissociates into distinct oxide and metallic
phases. The chemistry within these condensed phases is
further complicated as molten concrete and reinforcing steel
are incorporated into the molten core debris. A far richer
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vapor phase chemistry than that considered in the Reactor
safety Study is known to develop. In addition to atomic and
molecular oxide vapors, vapor phase hydroxides, polymers,
hydrides, and mixed metal species such as SnTe and AgTe can
form above core debris interacting with concrete.

The improved understanding of chemistry that has evolved
since publication of the Reactor Safety Study could be used
to redevelop a bounding thermochemical analysis. Were this
done, there is little gquestion that higher release fractions
would be predicted. Such a bounding approach would not meet
one of the important objectives of the NRC source term
reassessment which was to develop realistic descriptions of
radionuclide behavior under severe accident conditions.
Further, it 1is wunlikely that such bounding estimates of
release would be at all satisfactory for the interpretation
of the many available experimental results.

A substantial portion of the VANESA model is devoted to
the analysis of vaporization. This analysis does consider
the detailed thermochemistry of vaporization. But, this
analysis also considers kinetic factors which might prevent
the vaporization process from reaching the equilibrium limit
defined by the thermochemistry. This inclusion of kinetic
modeling, as well as thermochemical modeling, is an important
difference between the VANESA model and previous models of
ex-vessel release.

A substantial body of data concerning the kinetics of
high temperature vaporization processes has been developed
in the steel industry. Of particular interest are kinetic
analyses of the "carbon boil" phase of steel manufacture.l9
During the boil, oxygen from a lance is directed at the
steel. This causes carbon monoxide bubbles to nucleate under
molten steel at the refractory lining of the furnace. These
bubbles sparge violently through the melt. The appearance
of the melt surface during the "boil" bears a strong resem-
blance to the melt surface observed in core debris/concrete
interactions.17.18 1n both the "boil" of steel and melt/
concrete interactions significant aerosol generation is
associated with gas sparging.

Studies of aerosol production during carbon boils have
suggested two formation mechanisms.Z20-2 One mechanism is
the familiar vaporization process. The second mechanism is a
mechanical produciton of aerosols caused by the bursting of
carbon monoxide bubbles at the melt surface. Similar mechan-
ical aerosol production has been hypothesized for some
welding processes.?3 Mechanical aerosol production is a
phenomenon that is well-known in oceanography?? and by anyone
whose nose has been "tickled"” while drinking champagne.
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Mechanical aerosol production during core debris interac-
tions with concrete has not been considered in previous reac-
tor accident analyses. Yet, there appear to be two occasions
when it is of dominant importance to the ex-vessel source
term. The first of these occasions 1is during the early,
transient stages of core debris interactions when gas genera-
tion rates are quite high. Superficial gas velocities of
over a meter per second have been encountered in experi
ments .18 Such high gas generation viclently agitates and
even levitates the melts. The second of these occasions is
late in a reactor accident. Experimental studies and models
of core debris/concrete interactions have established that
the core debris cools significantly as the interactiocn pro
gresses. Eventually, temperatures of the core debris are
too low to spawn significant aerosol production by vaporiza-
tion. But, even at such low core debris temperatures gas
generation from the concrete is still significant. Mechani
cal aerosol generation by bubble bursting at the melt surface
or by entrainment of melt in the gas flow should then also
be significant.

One Iimportant aspect of the VANESA model is that it
accounts for aerosol production by mechanical processes.
Mechanical aerosol production 1is gquite different than
aerosol production by vaporization. Mechanically produced
aerosols have the bulk composition of the melt from which
they are formed rather than being enriched in volatile
species as are aerosols formed by vaporization. Within the
context of the VANESA model only the uppermost portion of
the core debris participates in the mechanical aerosol
production process.

Experimental studies have shown that the density differ-
ences between the oxidic and the metallic phases of core
debris provide a strong driving force for the stratification
of core debris into layers.l/.18 Most modern models of
core debris/concrete interactions such as CORCON®:® and
the German model WECHSL?5 consider the melt to be strati-
fied rather than a homogenized mixture of metal and oxide as
portrayed in the Reactor Safety Study. The VANESA model,
too, assumes the melt is stratified by density into oxide
and metallic layers. The oxide layer is assumed to be less
dense than the metal layer so that mechanical aerosol genera-
tion is then always from the oxide layer.

Radionuclides partition preferentially among the phases
of core debris. Some radionuclides such as Te, Ru, and Pd
concentrate in the metallic phase. Others, such as Ba, Ce,
and La, enrich the oxide phase. In order to properly account
for the radionuclide release associated with mechanical
aerosol generation, it is necessary that the VANESA model
address the partitioning of radionuclides between core
debris phases. Phase partitioning also figures in the
analyses of thermodynamics and kinetics of vaporization.
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The Reactor Safety Study model focused its attentions on
the vaporization of radionuclides to form aerosols. Though
it was recognized that other constituents of the melt could
vaporize, no attempt was made to account for aerosols formed
from these nonradiocactive vapors.

Experimental studies of core debris/concrete interactions
have established that materials which would not be radioac-
tive in an accident not only contribute to the ex-vessel
aerosol, they would be the dominant source of aerosol during
ex-vessel phases of an accident. Agglomeration and sedimen-
tation of aerosols within reactor containments are among the
most important processes that mitigate release of radionu-
clides from the fuel. These processes proceed at rates pro-
portional to the number concentration of aerosol particles,
raised to a power of between 1.3 and 2. Technology applied
to date in reactor accident analyses does not indicate any
significant sensitivity of aerosol agglomeration and settling
rates to the radioactivity of the particles.*?7 Conse-
quently, introduction of significant masses of nonradioac-
tive aerosols to the containment atmosphere would greatly
accelerate the settling of all aerosols including those
composed of radionuclides. To obtain realistic estimates of
the amounts of radioactivity that escape a plant during a
severe accident, it is necessary, then, to obtain equally
realistic estimates of the generation of both radioactive
and nonradioactive aerosols. The VANESA models treat the
release of radioactive and nonradioactive materials on an
equal footing.

Estimation of the natural mitigation of radionuclide
release from a plant that 1is ©brought about by aerosol
processes in the containment is a key element of modern
reactor accident analyses. Several excellent computer codes
such as NAUA-4,7 CONTAIN/MAEROS,31:32 ana Quick33 are avail-
able for predicting the physics of aerosols in reactor con-
tainments under accident conditions.3% These models all
require descriptions of the aerosol sources to the reactor
containment. Sensitivity studies? have shown that the
features of aerosols entering containment that affect most
significantly the predictions obtained with the aerosol
physics models are:

1. Rate of aerosol generation,
2. Size distribution of the aerosols,
3. Material density of the aerosols, and

4. Aerosol shape factors.

*The accuracy of current aerosol physics models in this
regard can be questioned; see References 8, 28-30.
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It was recognized in the development of the VANESA model
that the characteristics of the particles (density, size,
and shape factors) as well as the mass generation rate would
have to be described if the model was to be useful for
accident analyses.

The Reactor Safety Study considered that core debris
expelled from a reactor vessel would interact with concrete

in a dry reactor cavity. It is recognized now that ex-
vessel core debris behavior may involve combined core debris/
concrete/water interactions. Water may enter the reactor

cavity as a natural consequence of the accident. In pressur-
ized water reactors, accumulators in the reactor coolant
system may dump water into the cavity once core debris has
escaped the reactor vessel and the coolant system depressur-
izes. Or, steam evolved from the reactor during core degra-
dation may condense in the containment and be constrained by
the plant geometry to flow into the reactor cavity. Water
may also be introduced to the reactor cavity as a deliberate
scheme to mitigate severe accident consequences.35

Much has been said about the effects water might have on
core debris/concrete interactions. It has been proposed in
some analyses that water admitted to the reactor cavity would
cause core debris to quench and fragment into a coolable
debris bed.3€.37 once core debris is quenched, there is, of
course, uo significant aerosol generation or radionuclide
release to the containment atmosphere.

The experimental evidence available to date38.39.40 gpeg
not support the assertion that water quenches the core
debris. Rather, all of the evidence seems to indicate that
water admitted to a reactor cavity would form a pool over-
lying the molten debris. The presence of this water pool
does not seem to significantly affect the nature of core

debris attack on the concrete. The water pool would be
expected, however, to affect aerosol production during core
debris interactions. It is well estabiished that aerosol-

laden gases _are decontaminated as they pass up through a
water pool.”.41.42 7Thig decontamination by a water pool
overlying core debris is a significant, natural mitigation
process that has to be included in the VANESA model to obtain
a realistic estimate of ex-vessel radionuclide release and
aerosol generation.

It was recognized in the development of the VANESA model
that computer codes such as CORCON®:6 could provide much
of the information needed to estimate ex-vessel release and
aerosol generation. It was anticipated, in fact, that any
model that was developed would become, eventually, a part of
the CORCON computer program. To meet the exacting deadlines
imposed by the source term reassessment effort, it was
impossible to fully integrate the VANESA model with the
CORCON computer program. Consequently, there are some areas
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where predictions of VANESA replicate predictions of the
CORCON code. At the time the VANESA model was developed,
the CORCON code was being revised and, in fact, this code is
still being revised. The VANESA model was developed then
anticipating changes in CORCON, some of which have yet to be
instituted. Because of this, there are areas considered by
the VANESA model in manners that are different than those
employed in currently available versions of the CORCON code.

B. Physical Depiction of the Core Debris in the VANESA Model

The physical orientation of core debris in the reactor
cavity as conceived in the VANESA model is shown in Fig-
ure 7. The debris orientation conceived in the Reactor
Safety Study and the evolution in the melt configuration
modeled in the CORCON code are shown also in this figure.
The configuration in the VANESA model is gquite simple. A
metallic debris is considered to be the most dense phase and
forms a layer at the bottom of the molten pool. The oxidic
phase, which consists of the urania fuel, zirconium dioxide
formed by steam oxidation of zircaloy cladding on the fuel,
and ablated concrete, forms a molten layer over the metal
layer. A water pool, if present, overlies the oxide melt
layer.

The debris configuration in the Reactor Safety Study
model is depicted as a "homogeneously heterogenous" mixture
of metals and oxides. This is also the debris configuration
adopted in the DECOMP model of core debris interactions with
concrete developed for the Industry Degraded Core Rulemaking
Program.?3 The arguments advanced in attempting to ration-
alize this configuration follow one of two paths. The first
of these paths is a contention that at elevated temperatures
metals such as constituents of stainless steel (Cr, Ni, Fe,
Mn, and Mo) may be miscible with molten reactor fuel much as
are the metals Ta%% and 2r.45 A 1large number of in-
pi1ed46.47.48 3pn4  out-of-pile experiments?® have shown
that at temperatures encountered in 1light water reactor
accidents and even at the higher temperatures produced
during fast breeder reactor accidents, steel does not dis-
solve to any significant extent into oxides such as urania
or zirconia.

The second pathway for rationalizing the Reactor Safety
Study debris configuration is to contend that gases sparging
through the melt will entrain and mix the oxide and metallic
phases into an approximately homogeneous mixture. (Sparging
of the molten core debris by gases evolved from concrete was
neglected in the Reactor Safety Study but is now well
established by experiments to be an important aspect of
debris/concrete 1interactions.) Certainly, Greene>? and
Greene and Ginsberg®l! have conducted experiments with
simulant materials which show that gas sparging can induce
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inter-ixing at the interface between immiscible liquids. Lee
and Kazimi®Z? have argued, however, that these experiments are
not directly applicable to the core debris situation and
have developed a model which suggests gas sparging would not
induce intermixing. Regardless of the outcome of these dif-
ferences, it is clear intermixing of immiscible fluids at
the interface is easier than complete homogenization of a

melt.

Air mixing of immiscible phases is a fairly common indus-
trial process done in Pachuca tanks.®3 Such mixing is seldom
attempted, however, when the immiscible phases can freely
settle as is the case with the oxide and metallic phases of
core debris. When free settling is possible impellers are
used typically. Calderbankll4 nas suggested a correlation
for predicting the power, P, that must be expended per unit
volume of dispersion, V, to maintain a two-phase suspension
well-mixed:

1/3
uC

2/3
pC

- 32(g8p) /3

<o

where g = gravitational constant,
Me = viscosity of the condensed phase,
pe = density of the condensed phase,
Ap = difference in the density of the con-
tinuous condensed phase and the dispersed
condensed phase, and

(P/V) = power dissipated per unit volume of mixture.

The power dissipated to the 1liquid by rising bubbles is
given by

(P/V) = (py-Pg)aVy

where Vg = superficial gas velocity,
Pg = density of gas, and

pe = average density of condensed phase.

28~



Equating these expressions for power density yields an esti-
mate of the superficial gas velocity necessary to homogenize
the two-phase, condensed mixture. A plot of the gas super-
ficial velocity necessary to keep a two-phase condensed mix-
ture homogenized against the difference in density of the
condensed phases is shown in Figure 8. Superficial gas velo-
cities of about 40 cm/s would be required for a density dif-
ference of 2 g/cm3 and about 140 cm/s would be needed for
a density difference of 4 g/cm3. Superficial gas velocities
through melts attacking concrete are typically less than
150 cm/s and usually are less than 20 cm/s. Note that this
analysis applies only to maintaining the mixture. Actually
getting two liquids homogenized may be more difficult.

Based on this type of analysis it is clearly possible
that a homogenized mixture of oxide and metallic melt could
be formed because of gas sparging if the densities of the
two mixtures were very nearly equal. The densities of the
oxide and metal phases of core debris can become similar for
brief periods of time during core debris attack on concrete.
As the attack progresses, the condensed products of concrete
decomposition are incorporated into the oxide phase reducing
the density of this phase. The reaction of gases produced
by decomposing concrete oxidizes the lower density constit-
uents of the metallic phase (Cr and 2Zr), thus causing the
density of the metal to increase. Depending on the relative
densities of the metal and oxide at the start of core debris/
concrete interactions (see below), the two phases can reach
equal densities. Such a situation would have, of course,
only a transient existence. Further concrete attack and
incorporation of concrete decomposition products into the
oxide melt would create greater disparity in the densities
of the metallic and oxide phases. This would make it more
difficult to maintain a suspension.

It must be emphasized that the above analysis only demon-
strates the possibility that for transient periods of time
the metallic and oxidic core debris phases could be mixed.
This configuration has never been observed in melt/concrete
interaction experiments.

The debris configuration modeling in the CORCON code is
very much more complicated than that in either the VANESA
model or the Reactor Safety Study model. The CORCON model
follows the evolution in the phase densities described
briefly above. Classical tabulated densities for phase con-
stituents are used in the analysis. (See Section IV-A-11.)
These densities are assumed to be additive and are used to
compute the densities of the oxide and metal phases. Based
on such analyses, it is usually true that at the start of
core debris attack on concrete, the oxide phase composed
principally of urania and zirconia is the densest material
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in the system. This oxide phase is then assumed to form a
coherent layer at the bottom of the molten pool. The steel
forms a layer above this dense oxide. Concrete ablated by
the metallic layer is assumed to float and to form a light
oxide layer over the metal and below any water pool that is
present. Concrete ablated by the dense oxide layer is imme-
diately incorporated into the dense oxide layer and reduces
the bulk density of this layer. The density of the metallic
layer also evolves as zirconium and chromium are oxidized to
ZrOp and Cr303 which float to the 1light oxide layer. Rein-
forcing steel melted during the attack on concrete is also
incorporated into the metallic layer, thereby increasing the
density of the layer.

At some point the dense oxide layer incorporates suffi-
cient concrete and the metallic layer becomes dense enough
that the oxide layer will float on the metal. When this is
pred.cted to happen, the debris configuration is altered in
the CORCON model to be the same as that depicted in the
VANESA model. That is, a single oxide melt layer overlies a
dense metallic layer. No attempt is made in the CORCON model
to describe the transient pericd in which the urania-rich
oxide and the metallic phase have such similar densities that
they could be easily homogenized.

Unfortunately, repeated experiments in which clad fuel
and steel have been melted together have consistently shown
the metallic layer to be the more dense.39.5% A variety
of explanations for this result, which seems so anomalous in
light of the apparently well established densities of the
mixture constituents, have been offered. These explanations
have invoked scale effects associated with small laboratory
crucibles and even highly imaginative 1liquid-state phase
changes. The result has been so consistently observed that
the investigators at the Kernforschungszentrum Karlsruhe have
constrained their WECHSL modelZ6 to always have the metal-
lic phase as the lowest layer in the molten pool regardless
of the relative densities of the oxide and metal phases.
The scle exception to the experimental observations of this
debris configuration is a result obtained by Powers and
Arellano®5 when they exposed concrete to the action of
"corium" melts generated metallothermically. These inves-
tigators found that after the melt had solidified, the
metallic phase was sandwiched between a dense and a light
oxide phase much as depicted in the CORCON model for early
stages of ex-vessel debris interactions.

Recently, Powers®® has provided an explanation for the
relative densities of melt phases. The additive use of den-
sity data for pure constituents of the melt is criticized in
this explanation. The crux of the explanation is that zir-
conium metal so reduces the oxygen potential that uranium
dioxide becomes hypostoichiometric. 1In doing so, a uranium
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metal potential is established. The stainless steel provides
a sink for the uranium. Sufficient uranium can be incorpora-
ted into the steel to make the metal phase more dense. The
sandwich configuration of the metal phase observed in the
tests done by Powers and Arellano arose because all of the
zirconium metal was oxidized in these tests. Consequently,
vranium metal was not incorporated into the metal phase.

Thus, it would be expected that the configuration of the
oxide and metal phases of core debris at the start of melt
attack on concrete would depend on the extent of zirconium
oxidation during in-vessel phases of an accident. In the
more usual situations in which in-vessel zirconium oxidation
is incomplete, the metallic phase would be the more dense
and would remain the more dense phase throughout the core
debris/concrete interactions. That is, the debris config-
uration depicted in the VANESA model would be established
though there might be a transient period during which
evolved gases would homogenize the phases of the core
debris. Further details concerning Powers' arguments on
phase relations in core debris are presented below in connec-
tion with the thermodynamics of vaporization processes.

From the preceding discussions it is apparent that the
details of core debris configuration are not yet well

resolved. Varinous models have adopted various approaches.
Fventually, however, the core debris will assume the con-
figuration used in the VANESA model. Fortunately, uncer-

tainties in the debris configuration do not create large
uncertainties in the release predictions. As will be shown
below, debris configuration has its greatest effects on the
mechanical generation of aerosols.*

C. Steps in the Analysis Done by the VANESA Model

A brief outline of the steps of the analysis done in the
VANESA model 1is presented here. These steps are shown
schnematically in Figure 9.

It is presumed that input data of the following types
are available for the model:

1. Initial mass and composition of the core debris
including the inventoriés of radionuclides present
in the core debris when it emerges from the reactor
vessel.

*Debris configuration can affect predictions of debris tem-
perature, concrete ablation, and the like. Variations in
these quantities will affect, of course, the release predic-
tions but they do not mandate changes in the release model.
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2. Composition of the concrete including the composition
of the reinforcing steel used in the concrete.

3. The maximum radius of the molten pool as a function
of time.

4. The rate at which condensed products of concrete
decomposition are incorporated into the core debris
pool as a function of time.

5. Core debris temperatures as a function of time.

6. The rates at which CO; and H0 are evolved from
the concrete and pass through the molten pool as
functions of time.

As currently implemented as a computer code, the VANESA model
is particularly suited to receive necessary inputs from the
CORCON code.5 Calculationes have been made using input con-
cerning the core debris/concrete interactions derived from
the DECOMP code,%3 the INTER subroutine®7 of the MARCH code,
and experimental data.®

Once the necessary inputs are assembled, the first step
in the analysis is to apportion materials between the oxide
and the metallic phases of the core debris. Apportioning
these materials is a thermodynamic stability process and is
discussed below in connection with the thermochemistry of
vaporization.

The next step in the analysis is establishing the free
surface available for vaporization. Free surfaces are at the
perimeters of the melt pool and the surface area provided by
gas bubbles sparging through the melt. For typical core
debris configurations encountered in reactor accident analy-
ses the surface area provided by gas bubbles far exceeds the
geometric surface area of the melt. For instance, a 100-ton
molten pool in a 3-meter radius cylindrical cavity might pro-
vide a geometric surface area of about 65 square meters. If
this core debris were at 2000 K and attacked limestone con-
crete to produce about 30 moles of gas per second, the gas
bubbles sparging through the melt would provide about 2700
square meters of surface area. Consequently, establishing
the available free surface for vaporization is a matter of
gas bubble dynamics and is discussed below in connection with
the kinetics of vaporization.

Analysis of vaporization involves both thermodynamic and
kinetic considerations. These considerations must be taken
separately for the oxide and metallic phases. The thermody-
namic analyses in the VANESA model establish the driving
force for and the maximum extent of vaporization of core
debris constituents. The kinetic analyses determine the
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approach to the maximum extent of vaporization of core
debris. Discussion of the thermodynamics and kinetics of
vaporization constitute much of the next section of this
report.

Once gas bubbles reach the surface two things happen.
Bubbles burst at the surface throwing off some amount of
surface melt as aerosol-sized droplets. Vapors contained in
the bubble are released to the atmosphere above the melt.
Analysis of the amount of material converted to aerosols by
the mechanical action of the bursting bubbles is the next
step in the VANESA model. Once the nature of this mechani-
cally generated aerosol is known, the condensation of vapors
either by homogeneous nucleation or by deposition on surfaces
such as aerosol surfaces can be evaluated. Such evaluations
provide a description of the particle size distribution of
the aerosol evolved during core debris interactions with
concrete.

Finally, the decontamination of aerosol-laden gases as
they pass through any water pool overlying the core debris
must be evaluated. The decontamination process is largely
of a physical rather than chemical nature. It affects both
the amount of aerosol evolved and the particle size distri-
bution of the aerosol. Decontamination will also affect the
composition of the bulk aerosol if the composition of indi-
vidual aerosol particles is allowed to depend on the particle
size as is suggested by experiments.

Decont mination of the aerosol-laden gases is the last
step in the VANESA analyses. Output from this last step of
the model would be provided to a containment behavior model
such as NAUA-4 or CONTAIN in an accident analysis effort.

Further descriptions of the steps in the VANESA model
are presented in the next few chapters ¢f this document.
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IV. VAPORIZATION

Vaporization is the most important of tua2 mechanisms
leading to release of radionuclides and generation of
aerosols during core debris interactions with concrete.
Vaporization is the cause of the largest amount of release
especially early in the interactions when core debris tem-
peratures are highest. But, perhaps of more importance,
vaporization is the reason aerosols and vapors can be
enriched in debris constituents relative to the condensed
phase core debris. In particular, the aerosols and vapors
can be enriched in radionuclides.

The quantitative evaluation of a vaporization process,
in any context, involves two steps. The first of these steps
is the determination of the driving force that leads to the
condensed-to-vapor phase transformations of core debris con-
stituents. This first step is a thermodynamic analysis.
When completed, it defines both the driving force and the
maximum extent of vaporization of the debris constituents.
Were a bounding result adequate, examination of the vaporiza-
tion process could be stopped upon completion of the first
step. There can be, however, barriers that prevent or
retard achieving the maximum vaporization defined by the
thermodynamic analysis. To produce more accurate estimates
of the vaporization processes, it is necessary to continue
the examination to a second step which is a determination of
the kinetics of vaporization.

This chapter is devoted to the discussion of the thermo-
dynamicse and the kinetics of vaporization processes. An
attempt is made to describe the technology available for the
quantitative prediction of these processes. These descrip-
tions of the available technology are used to provide a
rationalization for the approximations concerning vaporiza-
tion made in the current implementation of the VANESA model.
Vaporization is, of course, acutely dependent on the peculiar
chemical and physical properties of the constituents of core
debris. Consequently, it is in this chapter that most of the
core debris chemistry and the chemistry of core debis inter-
actions with concrete are discussed.

A. The Thermodynamics of Vaporization

Condensed phase core debris, instantaneously extracted
from the reactor vessel and deposited into the reactor cavi-
ty., would not be a chemically equilibrated system regardless
of the time this core debris spent in the reactor vessel,
the temperature of the core debris or the extent of mixing
of the debris. Core debris has a vapor pressure. Until
this equilibrium vapor pressure is established about the
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core debris, there will be a net phase change of debris
constituents to the vapor phase. The disequilibrium of
the core debris is contiaued and accentuated as gases
evolved from the concrete sparge through or around the
debris.

At any instant in time, a control volume in the debris
can be defined such that this control volume is isothermal

and 1isobaric. The free-energy of the control volume is
given by:
N(c) N(g)
G(System) = ¥ n(i)G(i) + jZ n(j)G())
i=1 =1

where N(c)

number of constituents of the condensed phase,
N(g) = number of constituents of the gas phase,

n(i) = Number of moles of the itD constituent of the
condensed phase for i = 1 to N(c¢).

n(j) = Number of moles of the jtP constituent of the
gas phase for j = 1 to N(g).

G(system) = free-energy of the control volume,
G(i) = AGg(i) + RTRn [y(i) x(i)].
G(]) = AG¢()) + RTRn [&()) P(j)].

AGg (k) free-energy of formation of the constituent k,

R

1

gas constant,

X(i) = mole fraction of the ith constituent in the
condensed phase,

y(i) = activity coefficient of the ith constituent
in the condensed phase,

P()) = partial pressure of the jt'P constituent in
the gas phase,

®(j) = fugacity coefficient of the jtB constituent
in the gas phase, and

T = absolute temperature.
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The control volume will be at equilibrium when G(system) is a
minimum with respect to variations in n(i) for i = 1 to N(c¢)
and n(j) for j = 1 to N(g)., subject tc the constraints of
mass balance and that all n(i) and n(j) be nonnegative.

The differential of the control volume free-energy is:

N(c) N(g)
dG(system) = J§ G(i)dn(i) + ¥ G(j)dn(}))
i=1 j=1
N(c) N(g)
+ L n(i)dG(i) + T n())dG(j))
i=1 j=1

The sum of the third end fourth terms on the right-hand
side of this equation are identically zero for the isother-
mal, isobaric system (Gibbs-Duhem Theorem). Then, equilib-
rium is achieved when

N(c) N(g)
dG(system) = 0 = § G(i)dn(i) + § G(j)dn(j) .
i=1 j=1

subject still to the mass balance and nonnegativity con-
straints.

The first approximation made in the current im, .ementa-
tion of the VANESA model is that equilibrium can e found
separately for the system consisting of the gas phase and the
metallic, condensed, core debris phase and the system consis-
ting of the gas phase and the oxidic, condensed, core debris
phase. The second approximation is that the equilibrium
found for a control volume at the mean phase temperature and
pressure is applicable for all regions of the condensed phase
in question.

Temperature gradients within the core debris phases
should be small and easily neglected as long as the condensed
phases are liquid and well stirred by the sparging gases.
When the core debris solidifies significant temperature
gradients would be expected to exist and these gradients

could not be neglected. Solidification would 1lead, of
course, to many other difficulties in the analysis of vapori-
zation. Consequently, the current implementation of the

VANESA model is restricted to the analysis of vaporization
from liquid core debris.

Neglect of the pressure differentials across a phase of
the core debris ought not lead to significant errors in
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typical accident analyses. The pressure differentials are
the result of the hydrostatic head of the core debris. The
pressure differential across 100 tons of core debris spread
over 30 m? will amount to only about 1/3 atmosphere. The
ambient ;- essure of the debris during a severe accident wili
be typically 1-10 atmospheres. Neglect of the hydrostatic
head will lead then to errors of only 3-30 percent in the
pressure within the debris.

Vapor formation processes can be complex. Consider the
formation of vapor from a condensed phase species MOy. The
most familiar vaporization process is just unary vaporization
described by the stoichiometry:

(MO ] <= MO, (g)

#here the brackets have been used to indicate that the
enclosed species is a constituent of the condensed phase.*
Evaporation of water and the distillation of alcohol are
familiar examples of wunary vaporization prccesses. The
delightful feature of such vaporization processes 1is that
the vapor pressure established by the process over a pure
condensed species 1is a function of temperature alone.
Even when there are complications such as vapor phase
polymerization:

anOx]*——'; (MO_) (9)

the vapor pressure is just a function of temperature. Con-
sequently, data can be obtained and tabulated for the vapor
pressure.

Unfortunately, not all vaporization reactions are as

simple as the unary process. The atmosphere surrounding a
condensed phase necd not be inert toward the condensed phase
and can induce vaporization. For instance, reaction

stoichiometries such as:

[HOx] + H,O0 » HOX*I(Q) + H

2 2

+ M(g) + xH,O

[HOx] + XH 2

2

*Parenthetical indications following chemical species used
here and elsewhere in the report are defined as follows:
g = gas; % = liquid; s = solid; ¢ = condensed material
either solid or liquid.
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can be envisaged. When the atmosphere is not inert toward
the condensed phase, then the vapor pressure is a function of
the atmosphere composition as well as the temperature. The
indefinite variability of atmosphere compositions makes it
impractical to tabulate data for such vaporization processes.

A general reaction stoichiometry for vaporization into a
steam/hydrogen atmosphere can be written as

HOx + (w-x) H

,0 * MOH, + (W-X-y/2)H,

Clearly, by selecting y = 0 and w = x, this stoichiometry
represents a unary vaporization process. Other choices for
y and w yield stoichiometries that reflect vapor species in
the M-O-H system. For instance, by setting y = w # o, vapor
phase hydroxides are described. Or, by setting w = o, vapor
phase hydrides are described if y # o. The stoichiometry of
the general reaction prescribes that the mass balance con-
straint must be

dn(HOx) (w-x) dn(HZO) = —dn(MOwHy)

]

-(w-y/2-X) dn(Hz)

Then, the equilibrium pressure for the single vapor species
MOy Hy is given by:

(Ww-x-y/2)
P[HO“Hy] ¢[M0!§!1 P(HZ) ¢(HZ)

X(MO,] Y[MO_] P(H,0) $(H,0)

where

AG(Rxn) = AGf(HOwHy) - AGf(HO‘) + (w-x-y/2) AGf(Hz)

- (w-x) AGf(HZO)

Expressions of this type must be written, of course, for each
vapor species involved in a vaporization process. The extent
of vaporization of the condensed phase species MOy is then
determined by the partial pressures of all the vapor species
composed of the element M.
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The above equilibrium expression shows the thermochemical
features of the system that must be known to characterize the
vaporization process:

1. Free-Enerqgies of Formation of Species Involved

Free-energies of formation are available for many of
the species thought now to be important to questions of
vaporization during core debris interactions with con-
crete. There 1is, and always will be, a question of
completeness. That is, are there species important to
vaporization that have not been characterized in terms
of their free-energies of formation?

2. Fugacity and Activity Coefficients

Data for the fugacity coefficiesnts of vapor species
and the activity coefficients of condensed phase species
are not readily available for sytems as complex as core
melts. These features of a system must be obtained from
a model.

Condensed Phase Concentrations

Were a core melt a homogeneous material, the initial
concentrations of the condensed phase constituents are
established, of course, by the initial conditions of the
problem. The evolution of these concentrations with time
is the product of vaporization analysis. But, core melts
are not homogeneous. It is necessary to know, then, how
constituents partition among the condensed phases of the
core debris. Were models of the in-vessel phases of the
accident sufficiently sophisticated, the partitioning of
melt constituents would be included with melt composition
as part of the initial conditions for the vaporization
analysis. Since these in-vessel models are not yet
developed sufficiently to do this, the vaporization anal
ysis must include a description of the partitioning of
constituents among the melt phases.

4. Vapor Pressures

Vapor pressures of the gas phase species are the
major product of the thermodynamic analysis of the vapor
ization. An important input to this determination of
vapor pressures is the speciation of the vapor phase.

The general vaporization equation can also be used to
ascertain how well the thermodynamic features of the system
must be known to limit the uncertainty in the vapor pressure
to a prescribed value. If synergistic wuncertainties are
ignored, then the relative uncertainty in P(MOUHY) is given
by:




2
a[p(no!rxl)] (6_(:)2 (5_,1.)2 (0_)2 :
P(MO_H, ) * I\e * AT RT

, [stP /R, 2 /5PN
. - P(H,)/P(H,0) /] * 4 \P(H)

2 2 2
. <6mnox)1> . <6[x(nox)1> ) <6[¢(so!ay)1>
Y(MO_ ) X(MO_ ) ®(MO_H )

AG(Rxn) and

where G

[0}

5(k] uncertainty in quantity k.

The uncertainty in the standard state free-energy change
associated with the vaporization reaction can be important if
the vaporization reaction is nearly spontaneocus (AG = 0).
But, in general, this will not be the case. The uncertainty
in the vapor pressure caused by uncertainty in the free-
energy data will be bounded, usually. An estimate of this
uncertainty might be &8[G/R] = 0.01G/R. The uncertainty in
the vapor pressure caused by uncertainty in concentrations,
activity coefficients, and fugacity coefficients 1is also
bounded. Pessimistic estimates of the uncertainties in the
parameters might be

6[°(Howﬂy)] = ¢(H0wﬂy)
6[X(H0x)] - X(HOx)

6[Y(MO, )] = Y(MO,)

The uncertainty in temperature might be about + 100 K. Then
for temperatures on the order of 2000 K,

2
sT\? _ -3
( T) 2.9 % 10

The uncertainty in the hydrogen pressure cannot exceed the
actual system pressure. An estimate of &[P(Hz)] might
be 4P(Hy). Then,
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S§(P(MO_H )]

Wy o3 2 2
PO 1) <3+ 2.6 x 1077 (G/RT) + ay

Wy

2
, [8(P(H,)/P(H,0))
(w-x) e =
B P(H,)/P(H,0)

The value of y will seldom exceed 4 and the value of w - x
will seldom exceed 3, €0

2

§(P(MO_H )] -3 2
< 67 + 2.6 x 10™° (G/RT)

: X
P(HOwHy)

€

ﬂ

2
6[P(H2)/P(H20)]

P(Hz)/P(HZO)

+ 9

Uncertainties caused by temperature may become important if
(G/RT)Z2 is very large. But in this case the vapor pressure
would be small and uncertainties in the vapor pressure would
be inconsequential. Uncertainties in the hdyrogen-to-steam
ratio (which means uncertainties in the oxygen potential of
the system) can amount to factors of 10. This means that the
uncertainties in the partial pressures of vapor species with
oxidation states different than the parent, condensed phase
species will be dominated by uncertainties in the oxygen

potential. Vapor species produced by either oxidation or
reduction of condensed phase species are very important
during core debris concrete interactions. Consequently, a

lot of attention must be paid to the oxygen potential of
debris interacting with the concrete.

The technology available for obtaining information needed
to produce thermodynamic descriptions of the vaporization
processes during core debris/concrete interactions 1is the
subject of the next few subsections of this chapter.

1. Partitioning Core Debris Constituents Between the Con-
densed Phases

The equilibrium partial pressure of a vapor over core
debris will be a function of the mole fraction of some con-
densed phase constituent:

P(MOy(OH)y) = X[MOyx] f(P,T, compositions of gas and
condensed phases) .
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At the start of a reactor accident, the various constituents
of interest are located in phases such as the fuel, alloys,
or concrete. The locations of these materials at the start
of an accident may not be the most thermodynamically favored
when the several condensed phases are considered to form a
thermochemical system. Consider, for instance, the re-
fractor metal ruthenium. Many studies of spent reactor
fuel59.80 have shown that ruthenium, along with other
metals, forms metallic inclusions within the fuel. Forma-
tion of these alloy inclusions within the fuel minimizes the
free-energy of ruthenium relative to the distribution of
ruthenium as a species such as RuO; dissolved in the urania
lattice. It would seem obvious that further alloying of
ruthenium with other metals such as cladding or structural
steel would further reduce the free energy of the system.
This does not occur during normal reactor operations simply
because of the barriers that bar migration of ruthenium to

these other metals. During core degradation and melting,
these Kkinetic barriers are 1lost or are substantially
reduced. Once the core material slumps into the lower

plenum, the oxidic fuel phase comes into intimate contact
with a metallic phase. There is then opportunity for ruthe-
nium to alloy with the bulk metal phase. The opportunities
for such alloying are extended when molten core materials are
expelled from the reactor vessel into the reactor cavity.

Alloy formation by ruthenium affects its propensity for
vaporization via the concentration term X(Ru) in the vapor
pressure equation. (There are also effects arising from the
activity coefficients but these are typically less impor-
tant). Thus, different vapor pressures would be calculated
if ruthenium were assumed to be evenly distributed throughout
the core debris rather than concentrated in the metallic
phase.

If kinetic barriers to partitioning of core debris are
low, then the extent of partitioning can be estimated by
assuming the condensed phases are equilibrated. The parti-
tioning process for an element can be formally described by
the stoichiometry:

(MImetal + oxidant -+ [MOylgxide

Partitioning requires an oxidant. This oxidant can come from
any of a variety of sources. For an equilibrium analysis,
the source of the oxidant is not important. Only the oxygen
potential of the system needs to be known. The oxygen poten-
tial, P(O3), 1is conveniently expressed in terms of the
hydrogen to steam partial pressure ratio:
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P(HZO)

L exp[AGf(HZO)/RT]

1/2
(9(02’) P(H,)

Then, the formal stoichiometry of the partitioning process
is:

(MImetal + XH20 = [MOyxioxide + XH

The equilibrium disposition of the element between the
condensed phases is then given by:

~-[AGg (MOy) + XAGg(Hz) - OGg(M) - xAGg(H20))/RT =

f¥imMo 1 yiMo, 1 | . (PX(H,) o*(n,) |
a8 § n
XYY T X o) o¥uy01

where y [MOy ]

"

mole fraction of MOy in the oxide phase,

Y[MOy] = activity coefficient of MOy 1in the oxide
phase,
X[M)] = mole fraction of M in the metal phase, and
Y[(M] = activity coefficient of M in the metal

phase.

Soluti.n of this equation is subject to the condition that
Y[MOy] M(oxide) + X[M] M(metal) - M(M, total)

where M(oxide) = moles of condensed oxide phase,
M(metal) = moles of condensed metal phase, and

M(M, total) = total number of moles of element M in the
system.

The generality of this abstract example is not reduced if

M and MO, are selected so that their activity coeffi-
cients in the metallic and oxide phases at equilibrium,
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respectively, are equal to one.* Also, for most reactor
accident situations involving temperatures in excess of
1500 K, it 1is acceptable to set ¢[Hz] = ¢[H0] = 1 (see Sec-
tion IV A-3, below). The equilibrium partitioning is then

given by:
~[AGg(MOy) + XAGg(Hp) - AGg(M) - XAGg(Hz0))/RT =
- n|Y[MOx]/X(M])| + x 1n;9[321/p[5201:

The partitioning of an element is expressed by the con-
centration ratio Y[MOy]/X[M]. The equilibrium expression
shows that this ratio can never be zero or infinite. (The
partial molar free energy of a condensed phase constituent
will go to minus infinity if the concentration of a consti-
tuent of a phase goes to zero while the concentration in the
other phase remains finite). The actual value assumed by the
concentration ratio is a function of both temperature and the
oxygen potential of the core debris. 1In general, temperature
and oxygen potential will vary significantly over the course
of core debris interactions with concrete. As a result, the
partitioning of debris constituents between the metallic and
oxidic phases of core debris would be expected to vary as
the interactions progress. Fortunately, the variations in
partitioning are not significant for many constituents of
core debris.

Consider as an example, the partitioning of barium
between the metallic and oxide phases. For this example,
the activity coefficients of barium in the metallic phase
and barium oxide in the oxide phase are taken to be one.
The total barium inventory in the core debris is taken to be
500 gram moles. The core debris is assumed to consist of
6 x 105 gram moles of oxide and 8 x 10° gram moles of
metal. Results of the partitioning calculations for tempera-
tures of 1900, 2200, and 2500 K are shown as functions of the
hydrogen-to-steam partial pressure ratio in Figure 10. These
conditions span those encountered in typical core debris/
concrete interactions.

The partitioning of barium is shown by these results to
vary with temperature and the oxygen potential of the
debris. But, for all the conditions considered in these

*This selection is rather easily done for the abstract exam-
ple. For applications to partitioning of real species, it
simply shifts the problem from one of determining activity
coefficients to one of determining the values of AGg(k).
The difficulties posed by activity coefficients are dis-
cussed further, below.
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Figure 10. Calculated Partitioning of Barium Between the Oxide and Metallic Phases of

Core Debris



calculations, barium is found predominantly in the oxide
phase. Even at the highest temperature and lowest oXxygen
potential (highest hydrogen-to-steam partial pressure ratio)
only about 1 percent of the barium is in the metal phase.
For less severe conditions, the concentration of barium in
the metal phase becomes very small indeed.

The results obtained here for the partitioning of barium
are similar to results obtained for many other constituents
of core debris. That is, partitioning of most core debris
constituents is predominantly into one condensed phase or the
other (metallic or oxidic). Though the extent of partition-
ing varies with conditions, the variation does not change
significantly the amount of the constituent found in the
preferred phase.

The partitioning behavior calculated for barium and most
other constituents of the core debris is not univercal. The
partitioning of molybdenum between the oxide and metal phase
is shown in Figure 11. Here, the variations in the parti-
tioning of molybdenum with oxygen potential are significant.
For all the temperatures considered, the partitioning of
molybdenum is calculated to vary from predominantly into the
oxide phase to predominantly into the metal phase as the
hydrogen-to-steam ratio varies from one to ten. Hydrogen-
to-steam ratios in this sensitive range are encountered
in core debris/concrete interactions once zirconium and
chromium in the debris have been oxidized to ZrO, and
Cr,03, respectively.

The results of the partitioning calculations described
above have been obtained assuming condensed phase activity
coefficients are equal to one. There are reasons to believe,
however, that this assumption concerning activity coeffi-
cients may not be adequate for the purposes of partitioning
calculations. Examination of the equilibrium expression for
partitioning shows that nonunity activity coefficients could
alter significantly the predicted partitioning. The altera-
tions are not 1likely to change qualitatively conclusions
derived from the calculations in which partitioning is pre-
dominantly into one phase or the other for conditions typical
of core debris/concrete 1interactions. Nonunity activity
coefficients might have much more significant effects on
partitioning of elements such as molybdenum that is predicted
to vary over the range of conditions that could be expected.

There are some useful data on radionuclide partitioning
among the phases of core debris. Fischer et al.®Z? melted
mixtures of iron and urania doped with nonradioactive iso-
topes of important radionuclides. The melting was done with
an arc-furnace in an argon atmosphere of unspecified oxygen
potential. Results from these experiments are shown in
Table 3. Somewhat similar results have been obtained by
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Table 3

Experimental Partitioning of Radionuclides
Between Iron and Urania®?

Wt % Wt %

Element in Urania in Iron

Zr 0.86 < 0.04

Zr 1.45 < 0.04

Zr 1.02 0.07

Y 1.50 0.10

Y 1.50 0.04

La 0.35% < 3 x 10-4

La 0.135% 1 x 103 to 1 x 10-5

Ce '0.68 0.02

Pr 1.94 0.16

Pr 0.55 0.02

Sr 0.86 < 5 x 10-3

Sr 1.02 < % x 10-3

Ba 0.41 < 9 x 10-3

Ba 0.51 <7 x 10-3

Ru < 0.01 1.29

Ru < 0.01 1.14

Ru < 0.01 1.60

Ru < 0.01 0.21

Ru < 0.01 0.45

Ru < 0.01 0.61

Mo 0.08 1.20

Mo 0.06 1.02

Mo 0.07 0.97

Mo 0.12 0.84

Nb 0.32 0.56

Nb 0.36 0.74

Nb 0.68 0.54

Nb 0.30 0.88

Nb 0.90 0.01

Nb 0.60 0.18
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Parker et al.49 in simulated core meltdown experiments
using flowing steam/hydrogen atmospheres. In a qualitative
sense, the experimental data show that most species partition
predominantly into one phase or the other There are excep
tions to this typical behavior. Partitioning of niobium is
noteworthy in this context.

Direct application of the experimental data on parti
tioning is not easily done. In none of the experiments have
oxygen potentials been controlled or even measured. The
experiments have all been susceptible to kinetic effects.
The experiments have not spanned the range of conditions
expected to arise in the course of core debris/concrete
ilnteractions

lack of attention to the chemistry of core debris
in-vessel phases of severe accident adds to the diffi
»f establishing the partitioning of core debris consti
tuents during ex-vessel phases of an accident

current implementation of the VANESA model, a

treatment of partitioning has been adopted.
experiments and simplified thermochemical

as those described above for barium and

ybdenum are used to define the partitioning of low
centration speciles These species are considered to be
*lusively in either the oxide phase or the metal phase as

11
i

\ Table 4 This partitioning 1is taken to be 1invar
*onstituent of the core debris, UO,, Zr,
I partitioned on this basis The
from the | vessel models are
these species. Uranium is assumed
sively 1n the 03 phase As gases from
29 2F, CE, ¥9, | Ni, the pro ts of
049, FeO and NiO, are assumed to pass into

3
the debris

1ing adionuclides and other low concentration
exclusively 1into one phase or another provides
simplification of the VANESA model. The assump
ires that vaporization of a constituent need only be
ldered from one phase At first this might seem unde
The considerations above concerning the thermo
constituent partitioning hinge on equating the
across a phase boundary. [f two con

are n equilibrium with each other then the

the vapor phase over each condensed phase

same at equillibrium, Thus, the thermochemical

for vaporization of constituents will be the
condensed phaset For most low concentration

f core debris, however, ne phase will be

Any vaporization from the dilute phase will




Table 4
Partitioning of Species Assumed in the
Current Version of the VANESA Model
Species in the Species in the

Metalic Phase Oxide Phase

Elements Invariantly Partitioned

Ag Al,04
Mn Bao
Mo Ca0O
Ru Ce0y
Sb CsOH
Sn Csl
Te K20
Lajy04
Na,0
NbO
5105
Sr0
uo,

Partioned as Interaction Progresses

Cr Crp04
Fe FeO
Ni NiO
ir 2r0p
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result in a sharp reduction in the activity of the volatile
constituent in the dilute phase. Further significant vapori-
zation from the dilute phase will not occur until additional
constituents are provided from the condensed phase which is
more concentrated in the volatile material.

Once the core debris has assumed the configuration
adopted for the VANESA model, constituents of one condensed
phase can be transferred to another condensed phase only by
mass transport across the relatively small surface area
between the two phases. This type of mass transport between
two immiscible phases is routinelg encountered in steel manu-
facturing and can be quite slow.63.64

A simple model for the mass transport of a constituent
across the oxide/mecal phase boundary can be constructed.
Assume that agitation of the melt phases by sparging gas
keeps each melt phase uniformly concentrated except in a
boundary layer adjacent to the interface. Assume, as before,
that the transformation of an element from the metallic
phase to the oxide phase involves the chemical process

M + xH0 » MOy + XxHjp

At the interface, the concentrations of the elements are
assumed in equilibrium. That is, only mass transport away
from the interface or to the interface need be considered
and any chemical kinetics are rapid. Then, as before,

p X
Y(Mox; interface) H,.O

X 2
X(M; interface) Py
2

exp [~ AG(Rxn)/RT]

The mass transport equations to and from the interface for
dilute solutions are approximately

1 dN(M) metal X .
A at = K(m) Pasiae [X(M; bulk) - X(M; interface)]
dN(MO_)
b X oxide : :
A T K(o) Paciar [Y(Hox. interface) - Y(Mox. bulk)]
where g%{!l = rate per unit geometric surface area that
M is supplied from the metal phase to the
interface,
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dN(MO_)
———%_ _ rate per unit geometric surface area that

o MOy is removed into the bulk oxide from
the interface,

K(m) = mass transport coefficient in the metal
phase,

K(o) = mass transport coefficient in the oxide
phase,

X(M; bulk) - mole fraction M in the bulk metal phase,
X(m; interface) = mole fraction M at the interface,
Y(MOy: interface) = mole fraction MOy at the interface,

Y(MOy: bulk) = mole fraction MOy in the bulk oxide
phase,

metal

selar * molar density of the metal phase,

oxide

nolae * molar density of the oxide phase, and

A = surface area for mass transfer.

Assume that the bulk oxide phase is completely depleted of
MOy 80 Y(MOy: bulk) = 0. Also assume that the transfer pro-
cesses are in quasi-steady state, so:

dN(MO_)

AN(M) _ X dN
at dt © 4t
Then,
%%% - g " PL
meta X
K(m)p oxide H.O
molar K(0)Ppotar P 2 exp[}gcé¥;n1]
H
2
= X[M; bulk]

The mass transport coefficients, K(m) and K(o), can be found
from the Higbie surface renewal model,®5 to be
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- 1/2
K(m) = 2 n.un]

-

D(MO_)
Mo . 8
K(o) = 2 "‘c

1/2

=

where D(M) = diffusion coefficient for M in the metal
phase,

D(MOy) = diffusion coefficient for MOy in the oxide
phase, and

te = characteristic time.
The characteristic time for the system can be taken as the

reciprocal of the frequency bubbles pass through a unit sur-
face area of the interface

v -1

tert-(i23) *v

c

3 "y 5

where Vg = surficial gas velocity (cm/s) and

£y = radius of a bubble (cm).
The diffusion coefficients can be taken from the Wilke cor-
relation:®

: (E )IIZT .

- 0.
D=7.4%10 100u (Pmolrar)

where Mg = molecular weight of the transporting species,
Pmolar = Mmolar density of the phase, and
u = viscosity of the phase (Poises).
If the metallic phase is assumed to have a viscosity of
5 cp®? and the oxide phase is taken to be urania somewhat

enriched in silica from the concrete so its viscosity is

about 1 poise,®7 then the ditfusion coefficients for M and
MOy are about

D(M) = 9 x 10-5

83



and

D(MOy) = 2 x 10-6

Then the mass transport coefficients for superficial gas
velocities of 20 cm/s are

K(m) = 0.024 cm/s

K(o) = 0.0036 cm/s

which are txpical of values found by experiments in steel
processing.63.64,6 Then for transfer of molybdenum at

2200 K and P, /P = 20, the mass transport equation becomes

Hy " " HZ0

1 dN

S5 " i )
A dt [0.0019 y 7] = X(M: bulk)

1 x 10

or

%% 1 x 1077 X(M: bulk]A

For a melt with a geometric surface area of 3 x 10% em?,
the rate at which molybdenum could partition into the oxide
phase is obtained from this model to be about 2 x 10-5
moles/s. This rate of transfer would not seriously alter
the composition of the metal phase. FEven {if all of the
transferred material vaporized from the oxide phase, it
would not seriously contribute to the release of molybdenum
from the melt. An increase in the superficial gas velocity
to 200 cm/s would not alter the conclusion. A change in the
chemical conditions that leads to more significant partition-
ing of molybdenum into the oxide phase could alter the con-
clusion, of course.

Gas phase transport of constituents from one condensed
phase to another can be a more ~fficient process than con-
densed phase mass transport, if the gas is saturated. Satu-
rating the dilute condensed phase by this process can be
rapid. But once the dilute phase is saturated it will not
affect the amount of material carried away by a saturated
gas. Again, neglect of release from the dilute phase is not
a major source of error.
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2. Activities and Activity Coefficients

At several points in the discussions of the thermochem-
istry of vaporization from mixtures, activity coefficients
for constituents of the mixture have been mentioned. In
this subsection, these activity coefficients are discussed
and the technology available for estimating activity coeffi-
cients is reviewed.

Consider the free-energy of one mole of a mixture com-
posed of constituents A and B. If this mixture was of a
mechanical nature, such as sand and steel balls, suv that by
some mechanical means it could be separated into batches of
its pure constituents, then the free-energy of the mixture
would simply be the weighted sum of the free-energies of the
constituents:

G(mechanical mixture) = XpG(A) + XpG(B)

where Xi = mole fraction of the i'M mixture constituent
and

G(i) - free-energy of the pure i'D constituent.

If, however, mixing occurs at the molecular level, the con-
stituents lose part of their individual chemical identities.
No longer is a molecule of one constituent, for instance the
A constituent, surrounded only by other A molecules. There
is some finite probability that a given A molecule will con-
tain in its coordination shell a B molecule. Likewise, the
B molecules are no longer in the same coordination environ-
ment they experienced as a pure material. By mixing A and B
at the molecular level, new sites any individual atom can
occupy have been created. That is, it is no longer essential
that B molecules reside adjacent to other B molecules
et cetera. This means that, at a very minimum, molecular
mixing has created the opportunity for much greater disor-
dering of the mixture than was possible when the constituents
retained their own chemical identities. This opportunity for
greater disorder is reflected by greater entropy in the mix
ture than in the sum of the pure constituents. 1If the A and
B molecules exhibit no preferences for locations in the mix.
ture lattice sites and the interactions between A and B mole-
cules have the same energies as interactions between two A
molecules or two B molecules, then the free-enerqy of the
molecular mixture is:

G(molecular mixture) = XpG(A) + XgG(B)
+ RT[XANn(Xp)+Xgin(Xg))
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The additional term in this expression relative to that in
the expression for the free-energy of a mechanical mixture
reflects the increased entropy created by molecular mixing:

AS(mix) = -R[XaRn(Xp)+Xpin(Xg)]

The expression for the free-energy of the mixture can be
differentiated with respect to the amount (not mole fraction)
of a constituent in the mixture to get the partial molar free
energy of the constituent:

a(nh+n§3 G(mixture)

anA = G(A) + RT n(a

G(mixture)

Ao-ngl
ann = G(B) + RT ln(XB) = G(B) 4+ RT ln(aa)

d(n

where nj = moles of the i'PM constituent in the mixture
and

aj = activity of the ith constituent.

From these differentiations, it is immediately apparent
that this mixture model, defined by hypothesizing random
occupation of available sites by A or B molecules, is the
ideal solution model. Activities of the mixture constitu-
ents are equal to the mole fractions of the constituents.
The ideal model is a popular model for mixtures simply
because it can be used with only data for the individual
constituents in the pure state. Data for the mixture itself
are not needed.

The derivation of this ideal model was done by imposing
a severe, and not entirely believable, constraint of random,
isoenergetic occupation of available sites. It would seem
far more likely that a molecule, say a B molecule, would
exhibit some preference for being adjacent to an A or a B
molecule. Further, the enerqgy of interaction between A and
B molecules would be, in general, different than the inter-
actions between two A molecules and between two B molecules.
A formal description of the free-energy of such a more
general mixture model can be written as:

G(mixture) = XAG(A) + XBG(B) + RT[XAln(XA)+XBIn(XB)]
+ f(XA.XB.T)
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The new term, f(Xp.Xg.T). is then added to account for
the nonideal aspects of the molecular mixing. (The addi-
tional term is called the "excess free energy.") Again, the
partial molar free-energies of the constituents of this
general mixture can be found:

a(nA g) G(mixture)
an = G(A) + RT !n(XA) + f(XA.XB.T)
+ (XB) at/axA
a(n E_hc(mixture)
an = G(B) + RT ln(XB) + f(XA.XB.T)
- (I-XB) at/axA
or
a(n G(mixture)
4§_.
an = G(A) 4+ RT ln(YAXA)
= G(A) + RT ln(aA)

?(nA'nB) G(mixture)
anB

i

G(B) + RT !n(YBXB)

u

G(B)

+

RT !n(aB)

where f = f(Xp.Xg.T) and ap and ag are the activities of A
and B, respectively. The activity coefficients of A and B
are yp and yg, respectively.

This nonideal mixture model involves parameters not char-
acteristic of the pure constituents--activity coefficients.
The price of introducing greater realism into the mixture
model is the requirement for additional information about
the specific mixture as well as information on the pure con-
stituents of the mixture. This can be a very high price
indeed. As suggested by the functional form of f(Xp.Xg.T).
this additional information must be obtained as a function of
temperature and a function of composition. It presents a
rather serious problem simply because sufficient measurements
of f(Xp.Xg.T) may not have been made.
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A substantial portion of the research into mixtures has
been devoted to the formulation of models for the function
f(Xp.Xg.T). The next level of approximation after that used
for the ideal solution model is to assume random occupation
of sites in a mixture occurs, but that the energy of inter-
actions between A and B molecules is not the same as between
just A molecules or just B molecules. This is the "regular
solution"” model.l65 For this model

£(Xp.Xg.T) = LXpXp

RT nyp L(Xg)?

W

RT fnyg = L(Xp)2

i

where L is a parameter found typically by fitting the model
to experimental data. By making more complicated assump-
tions concerning site occupation and the energetics of
interactions, more complicated models can be created. Some
of these models are shown in Table 5. Unfortunately, the
diversity of chemical behavior exceeds the diversity of
thermochemical approximations, so that completely empirical
correlations have appeared. A frequently used emgitical
correlation is that developed by Redlich and Kister:16

N
N
f(XA.XB,T) = (XAXB) [j§1 Lj(T) (XA—XB) ]

The data requirements for binary mixtures are demanding. For
mixtures more complex than those involving just two constitu-
ents, the data requirements can become formidable indeed.

Parametric values for the various nonideal models listed
in Table 5 can be temperature-dependent. Thus, the activity
coefficient of a condensed phase species will depend, in
general, on the composition and the temperature of the phase.

Activity coefficients are also dependent on the pressure
experienced by the condensed phase:

P

V(i)
In(y(i.P)] = Wn(y(i.P )] + ¢ rT 9P
ref
where Yy(i.P) = activity coefficient of the itPM condensed

phase constituent at pressure P,
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Model

Ideal Solution

Regular Solution

Margules

Van Laar

Nonrandom Two
Liquid

LI

Table 5

Some Models of Condensed Phase Mixtures

Excess Free Enerqy

=0

= LXp(1-Xp)

lrrxn(l-x‘) [A( l-Xl) + BX.]

"
-
>
-
0l
»
>
-
o

Activity Coefficients

L Tt LA
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Pref = reference pressure which is usually one
atmosphere, and

V(i) = partial molar volume of the i'® constituent
of the condensed phase.

Partial molar volumes of condensed phase constituents are
almost never known. For systems that are not too strongly
nonideal at conditions well removed from their critical
points, the partial molar volumes of the constituents may be
approximated by their molar volumes when pure.

Then,
V(i) (P-P )
Pn(y(i.P)]) = en[y(i.P_ )] + -—-—5;—-‘11—

For typical constituents of core debris, the molar volumes
are on the order of 20-30 cm3/mole. For a pressure of
10 atmospheres and a temperature of 1800 K, the second term
(the so-called Poynting correction factor) on the right-hand
side of the above equation will have values, typically, of
only 0.0012 to 0.0018. Pressures encountered 1in core
debris/concrete interactions, then, cause negligible changes
in the activity coefficients of condensed phase species.

The mixtures that are of interest in the study of
ex-vessel core debris interactions are very complex. Many
constituents must be considered. <(tudies of these mixtures
have 1ever been conducted in sufficient detail to make it
possib e to rigorously pursue some of the higher level
approximations of the free energy of mixtures. Data are
available for the pure constituents. In some cases there
are datal®® for binary mixtures involving the metallic
constituents. But very little information will be found for
ternary and higher order combinations. These facts mean
that thermochemical models, including those in the VANESA
model, will have to rely heavily on ideal solution models.
Since the beautiful Rachel cannot be wed, it is wise to
examine the virtues of the ugly Leah. 169

Consider again the ideal and the regular solution models
for binary mixtures:
G(ideal) = XaG(A) + XgG(B) + RT[Xp &n(Xp)

+ Xg in(Xg)]
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G(regular) = XpG(A) + XgG(B) + RT[Xp In(Xp)

+ Xg in(Xg)] + LXpXp

It is immediately obvious that the entropy of mixing con-
tribution to the free energy of the mixture, RT(Xp in(Xp)
+ Xg in(Xg)]., is a linear function of temperature. As temp-
eratures increase this entropic contribution will become
more important and will, eventually, dominate the mixture
free energy. At sufficiently elevated temperatures the cor-
rection to the thermochemistry produced by the regular solu-
tion term, LXpXg. will not be important in comparison to the
entropic term. The same will be true for the higher level
approximations discussed above and shown in Table 5. At
sufficiently high temperatures, all mixtures approach ideal
behavior. This is true because thermal excitations ot mole-
cules will eventually overwhelm any preference molecules
exhibit for sites in the mixture lattice and the energetics
of bonding will become small in comparison to the thermal
energy.

The VANESA model concerns itself with high temperature
vaporization. Vaporization occurs because bonding that keeps
a molecule in the condensed state becomes weak in comparison
to the thermal energy a molecule can acquire through fluctua-
tions. It would appear then that the VANESA model is con-
cerned with situations in which the entropic contributions
to the mixture free energy are important, if not dominant.
For this reason, the ideal solution model might be a better-
than-expected first approximation.

The ideal solution model was developed above for binary
mixtures. What was said for mixtures of two materials can
also be said for mixtures containing more constituents.
Thus, the free energy of an ideal mixture of N components is

N N
G(mixture) « ¥ xio(i) + RT x’ ln(x’)
i=1 j=1

But note what happens as constituents are added to the mix-
ture. The mole fraction of each constituent becomes smaller
and as a result the absolute magnitude of the entropic term
becomes larger. This is a most important observation. Con-
sider a mixture of equal parte of A and B. The entropic
contribution to the free-energy of the mixture is -0.693 RT.
Now, suppose the mixture consists of equal parts A and B and
a 1/10 part €. The entropic contribution to the free energy
of the mixture is now -0.949 RT--an increase by almost
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50 percent. For the very complex mixtures involved in the
interaction of core debris with concrete, the entropic con-
tributions to the free-energy of mixing can be huge and may
overwhelm in importance any contribution by terms added to
the mixture free energy to reflect nonideality. The minimum
model to adequately portray this important feature of the
mixture is the idesl solution model.

Though the ideal solution model may be suitable for the
overall description of mixtures in the VANESA model, the
behavior of &specific constituents, particularly radio-
nuclides, may be of sufficient interest to require a more
detailed treatment. This might at first appear to be a dif-
ficulty. The derivations above show that as soon as nonideal
characteristics for one constituent are introduced, they must
be recognized for all constituents. This is true in a rigor-
ous sense. But it is possible to adopt approximate treat-
ments that are not rigorously correct and still not cause
gross violations of thermodynamics that lead to unrealistic
behavior. Consider the activity coefficients for mixtures
consisting of a large amount of A, which could be urania, and
a small amount of B, which could be a radionuclide. The
activity coefficients of these constituents are:

ln(v“) « L X,/RT

2
B

ln(v') = L X_,/RT

2
A

Clearly, as the mole fraction of B becomes emall, the
activity coefficient of A approaches one at a second order
rate. The activity coefficient of B, on the other hand, is
practically invariant as the mole fraction of B becomes
emall. Thus,

tn(yp) = 0
in(yp) = L/RT

It is then possible to introduce simplified corrections to
the ldeal solution model for individual constituents,
especially if these constituente are present at low concen
trations.

Though an approximate method to ¢ rrect for nonideali-
ties is available, there is still the problem of determining
the correction to be made. One source of information is
phase diagrams of binary pairs of melt constituents. The
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ideal mixture assumption implie. one of two types of phase
diagrams:

1. No so0lid solubility but complete 1liquid phase
miscibility.

2. Complete miscibility in both the solid and 1liquiad
phases.

The first of these diagrams will involve a eutectic inter-
action between the constituents. If the constituents are
designated A and B, this eutectic ie located at a tempera-
ture T(c¢) and a composition X(e¢) found by the simultaneous
solution of:

= B

AH_(A)
anl s Tl - nathams
0 = : T - 'r.(A)J + In(X(e))
AH_(B) [ )
e Lackdll D R T
0 = R ) - T.(A) + In(1l-X(¢c))

where the differences in the heat capacities of the liquid
and solid have been neglected and AHp(1) « heat of fusion of
the i'h constituent, Tp(i) « melting point of the ith consti-
tuent,

By comparing the predicted location of the eutectic with
that experimentally observed, an indication of the need to
model nonideality is obtained.

The second of these ideal phase diagrams will produce a
classic, lenticular, two-phase region whose boundaries are
found by the simultaneous solution of

PRS- .. | B 7Y
R ) T.(A) Y(A)
P . -
0. ™ 1y ], eJltdeBean)
R T T-(l) (1-Y(A))

where X(A) « mole fraction of A in the liquid phase and
Y(A) « mole fraction of A in the solid phase.

Again, comparison of the predictions of the ideal solu-
tion model to the actual phase dliagram will indicate the



need for a more sophisticated treatment of the condensed
phase. A thorough study of the various binary interactions
that arise in molten core debris has not been attempted.
Some analyses have been done which will {illustrate the
procedure:

) 222‘“1202 System: A calculated phase diagram for

this system is shown in Figure 12. The predicted eutectic
occurs at T = 2192 and X(UOz) = 0.291. These results compare
well with the experimental determinationl70 that the eutectic
is at T = 2173 K and X(UOz) = 0.26. This suggests that ideal
solution interactions are appropriate for the UO,-Al03 sys-
tem.

2. UOZ—SIOZ System: A calculated phase diagram for the

the U0,-5S10, system is shown in Figure 13. A eutectic inter-
action is predicted to occur at T = 1713 K and X(UOp)
= 0.091. The experimental data for the UO,-5i0,; system are
not firmly established. Lange et al.l7l observed a eutectic
interaction at _10-15 mole percent UO, but at a temperature of
1923 K. Lungul7? gbserved liquid phase immiscibility in this
regime and thought any invariant point on the diagram would
occur at very low uranium dioxide concentrations. A sche-
matic representation of the Lungu diagram is shown in Fig-
ure 13, Obviously, the interactions between S$iO; and UO,; are
not ideal. If the Lungu diagram is correct then there is a
strongly positive excess free-energy of mixing in the sys-
tem. This implies, of course, activity coefficients that are
greater than one. Correction for the nonideality to conform
with the Lungu diagram is not easily done. Since the two-
phase miscibility gap in the liquid phase is not symmetri-
cally disposed around a mole fraction of 0.5, a regular
solution model would not describe the system adequately.

A regular solution model can be used to make the system
conform to the diagram proposed by Lange et al. When this is
done, the activity coefficients for urania and silica are
found to be about

150 2
tn(y(U0,)) = 2 [1 . x(uoz)]

150 ‘
tn(y(810,)) = [x(uoz)]

Thus, the phase diagram obtained by Lange et al, implies that
activity coefficients are greater than one though not as
great as values suggested by the Lungu diagram.

e
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b UO;-Z:O;: The phase diagram for the UO2/Zr0O; system
at very high temperatures indicates that 2rO; and UO; are
mutually soluble in both the liquid and the solid states.l73
The two-phase region has a minimum rather than a classic len-
ticular shape. Powers®l has examined this system using a
regular solution model for both the 1liquid and the solid
phases. A comparison of his calculated diagram and data from
Reference 85 is shown in Figure 14. Parameterization of the
regular solution model yields

3500 2
tn(y(Uo,)) = =3 [1 - x(uoz)]

3500 2
In(y(Zro,) = 3 [x(uoz)]

That is, deviations from ideality are positive.

4. NaZO-SiOZ System: Sodium enters into the core

melt with ablated concrete. Selection of NajO as a constitu-
ent for the melt is a convenience for presentation of the
results. But it §s likely that the material is better con-
sidered to be sodium silicate. Considering molten sodium
silicate to be an ideal mixture of Nay0 and Si0O; leads to
prediction of & eutectic of T = 1124 K and X(Si0Oz) = 0.639.
This, of course, is at striking odds with the observed phase
diagram for the system.l’5 The observed phase diagram
includes several compounds and eutectic interactions between
these compounds. Attempts to model the behavior of sodium
oxide in silica lead to rather complex models.l76

Scme vaporization studies of sodium silicate have been
conducted.l Data for the activity of Nay0 in a 50 mole
percent mixture with silica for temperatures between 1100 and
1400 K can be fit well to an expression of the form:

RT fn(y(Naz0)) = -29,000

If the system is assumed regular, then
tn(y(Na,0)) = =§§$1§9 i = X(NaZO))z

Extrapolation of this regular solution expression to 2500 K
indicates the activity of Naio entering the melt as a 50 mole
percent mixture with silica is only 0.0031

-
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A similar situation arises also for potassium oxide.l178
The activity of K30 is very much less than would be suspected
from the concentration.

The quantitative model for the Naj0-Si0O; system developed
above applies only to the activity of sodium oxide as it
enters the core melt during ablation of the concrete. Once
dissolved in the larger melt, the activity coefficient is
affected. Assume that the oxide phase of a core melt can be
simplified to be a ternary mixture of UOp, NaO, and $i0;.
Assume further that the UO-Naj0 and the UO,-S5i0, systems are
ideal. Then, the activity coefficient of Na0 in the mixture
will be given by

RT 2n[Y(Naz0)] = X2(Si0z)a + X(Si03) X(UOz)a

where a = -116,760 cal/mole is obtained from the analysis of
the Nay0-5i0, system. Clearly, when concrete ablation has
just begun X(Si0O,) will be much less than one and Na0 will
behave in an essentially ideal manner. As the ablation pro-
gresses, and the sili:a concentration of the melt increases,
Na0 will become less and less ideal. For a typical analysis
with the VANESA model, the activitx coefficient of NazO esti-
mated in this way falls to 6 x 10-% when concrete constitutes
about 50 mole percent of the core melt.

The behavior of silica incorporated into the core melt is
a compiex issue that as yet has not been ellucidated by the
analyses possible during the 1limited time available for
development of the VANESA model. The analyses above are suf-
ficient to show that Na0 and K0 ought not be considered
ideal melt constituents.

The presence of silica in the melt may affect the vola-
tility of radionuclides. In particular, ablated concrete
that is incorporated into the melt may alter the speciation
of barium and strontium in such a way that they are less
easily vaporized. Approximation of the melt as a regular
ternary system consisting of UO; - SiO; - BaO (or SrO) and
using the barium silicates (aazsfo‘ or BaSiO3) as the basis
for parameterizing the regular solution will lead to the con-
clusion that the melt need contain only about S mole percent
silica to reduce the activity of barium oxide and conse-
guently the barium volatility by a factor of ten. Such low
silica concentrations would be obtained quickly during melt
interactions with concrete.

It must be remembered, however, that silica enters the
melt in a far from pure state. Typical concretes contain a
variety of materials more basic than silica. Iron oxide,
sodium oxide, and potassium oxide will compete with barium

wlle



or strontium for reaction with silica.85 But, the most abun-
dant competitors for reaction with silica in typical con-
cretes are magnesium and calcium. Approximation of the melt
as a ternary system is then not adequate. The effects of
competition for silica must be included.

To obtain a sense of the effects silica might have on the
volatility of barium, a simple model is considered here. It
is assumed melted concrete can be represented as a mixture
of CaO and Si0O;. The oxide phase of the core melt is con-
sidered to consist of ablated concrete, barium oxide, and
other "inert" oxides. The constituents of the melt are con-
sidered to speciate into BaO, CaO, SiOp, BaySi0O4, BasSioOj,
CasiO3, and Cay8i04 as well as the "inert" oxides (UO;,
2r0z, etc.). The speciation can be expressed by the reac-
tions

BaO() + $i0z(%) == BasSiO3(%)
BaO(2) + BaSiO3(2) == BaSiO4q (%)
CaO(2) + Sioz (%) = CaSiO3(!)
CaO(%) + CaSiO3(R) = CayS5i04(%)
This speciation is, of course, very simplistic. It is well

established that wupon melting, silicates exhibit a broad
range of polymerization.87.343-345 papjons such as

4-
Si.O4

etc.

have been identified in liquefied silicates.87
It is further assumed, despite the simplistic speciation,

that the melt is ideal. That is, the activity of barium
oxide in the melt is equal to its mole fraction:
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a(Ba0) = X(BaO) = m(BaO)/Im(i)
i

where m(i) = moles of the ith species,

Im(i) = m(Ba0) + m(Ca0) + n(SiOz)
i

+ m(BaSiOa) + n(BaZSiO‘)
+ m(CaSio3) + n(Cazsio‘)
+ m(I), and
m(I) = moles of "inert"” oxides in the melt.
The activity of BaO determined in this way can be compared to

the activity of barium oxide neglecting speciation within the
melt:

M(BaO)
M(BaO) + M(CaO) + u(sioz) + M(I)

a'(Ba0) = X'(Ba0O) =

where M(i) = moles of the ith constituent
in the melt where
i = BaO, Cao, sioz, and inert oxides (1).

The discrepancy between the two estimates of the activity can
be expressed in terms of an activity coefficient:

X'(BaO)Yy = X(BaO)

The activity coefficient expresses then the magnitude of the
error attendant to the current implementation of the VANESA
model which neglects silicate formation.

To pursue the model, free-energy data for the various
species are needed. Data for BaO(%), CaO(%), and SiOy(%)
were taken from the JANAF Tables (279 a,c). Thermodynamic
data for the silicates in the liquid state were estimated
from data for the crystalline silicates98.290 35 follows:

a. The enthalpy of fusion of CajySiO4 was taken to be the

sum of the enthalpies of fusion of Casioj 290 ang
Ca0.279 The melting point was taken to be 2403 K.290
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The heat capacitx of liquid CaySi0O4 was taken to be
49 cal/mole-K.29

b. The enthalpy of fusion of CaSiO; was taken to be
19800 cal/mole. The melting point was taken to be
1817K, and the heat capacity was taken to be
35 cal/mole-K.290

¢. The entropies of fusion and the heat capacities of
ligquid BaSiO3 and BaySi0O4 were taken to be the same
as those of the respective calcium silicates. The
melting points of BaSiOj and Ba;SiO4 were taken to be
1878 and 2033K, respectively.98

This simple model was applied to the binary system
Ca0 - Si0j3. Calculated and experimentally determined
activity coefficients for Ca0O in this system at 1873K are
compared below:

Bulk Activity coefficient of CaO

Mole Fraction
cao From expt155 Calculated
0.8 0.79 0.845
0.7 0.46 0.474
0.6 0.015% 0.105

This comparison is quite pleasing since it is unlikely that
the experimental activity coefficients are more accurate
than +0.1.

The model was then applied to a hypothetical core melt
consisting of 300,000 moles of inert oxide, 400 mocles of bar-
ium, and a constant 30,000 kg of concrete represented as a
mixture of Ca0 and SiO; with varying ratios of calcium and
silicon (C/S ratio). Results obtained for assumed tempera-
tures of 2500 and 2000K are shown below:

At 2000K for At 2500k for
c/s=1 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>