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OECD

In 1948, the United States offered Marshall Plan aid to Europe,
provided the war-torn European countries worked together for their own
recovery. This they did in the Organisation for European Economic
Co-operation (OEEC).

In 1960, Europe’s fortunes had been restored; her standard of living
vas higher than ever before. On both sides of the Atlantic the
interdependence of the industralised countries of the Western World vas now
videly recognised. Canada and the United States joined the European countries
of the OEEC to create a new organisation, the Organisation for Economic
Co-operation and Development. The Convention establishing the OECD was
signed in Paris on 14th December 1960.

Pursuant to article 1 of the Convention, which came into force on 30th
September 1961, the Organisation for Economic Co-operation and development
shall promote policies designed:

-- to achieve the highest sustainable economic growth and employment
and a rising standard of living in Member countries, while
maintaining financial stability, and this to contribute to the
development of the world economy;

-- to contribute to sound economic expansion in Member as well as
non-member countries in the process of economic development; and

-- to contribute to the expansion of world trade on a multilateral,

non-discriminatory basis in accordance with international
obligations.

The original Signatories of the Convention were Austria, Belgium,
Canada, Denmark, France, the Federal Republic of Germany, Greece, Iceland,
Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the Unided Kingdom and the United States. The following
countries acceded subsequently to the Convention (the dates are those on which
the instruments of accession were deposited): Japan (28th April 1964),

Finland (28th January 1969), Australia (7th June 1971) and New Zealand (29th
May 1973).

The Socialist Federal Republic of Yugoslavia takes part in certain wvork
of the OECD (agreement of 28th October 1961).
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NEA

The OECD Nuclear Energy Agency (NEA) was established on 20th April ‘ -
1972, replacing OECD’s European Nuclear Energy Agency (ENEA, established on
* 20th December 1957) on the adhesion of Japan as a full member.

NEA nov groups all the European Member countries of OECD and Australia, '
Canada, Japan and the United States. The Commission of the European
Communities takes part in the work of the Agency.

The primary objectives of NEA are to promote co-operation between its
Member governments on the safety and regulatory aspects of nuclear
development, and on assessing the future role of nuclear energy as a
contributor to economic progress.

This is achieved by: i

-- encouraging harmonisation of governments’ regulatory policies and
practices in the nuclear field, with particular reference to the
safety of nuclear installations, protection of man against ionising
radiation and preservation of the environment, radioactive waste
management, and nuclear third party liability and insurance;

-- keeping under review the technical and economic characteristics of
nuclear power growth and of the nuclear fuel cycle, and assessing
demand and supply for the different phases of the nuclear power to
overall energy demand;

-- developing exchanges of scientific and technical information on
nuclear energy, particulary through participation in common services;

-- setting up international research and development programmes and
undertakings jointly organised and operated by OECD countries.

In these and related tasks, NEA works in close collaboration with the
International Atomic Energy Agency in Vienna, with which it has concluded a
Co-operation Agreement, as well as with other international organisations
in the nuclear field.
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The NEA Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made up of scientists and engineers. It was set up in
1973 to develop and coordinate the activities of the Nuclear Energy Agency
concerning the technical aspects of the design, construction and operation of
nuclear installations insofar as they affect the safety of such installations.
The Committee’s purpose is to foster international co-operation in nuclear
safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and
for collaboration between organisations which can contribute, from their
respective backgrounds in research, development, engineering or regulation, to
these activities and to the definition of its programme of work. It also
revievs the state of knowledge on selected topics of nuclear safety technology
and safety assessment, including operating experience. It initiates and
conducts programmes identified by these reviews and assessments in order to
overcome discrepancies, develop improvements and reach international consensus
on technical issues of common interest. It promotes the coordination of work
in different Member countries including the establishment of co-operative
research projects and international standard problems, and assists in the
feedback of the results to participating organisations. Full use is also made
of traditional methods of co-operation, such as information exchanges,
establishment of working groups, and organisation of conferences and
specialist meeting.

The greater part of CSNI's current programme of work is concerned with
safety technology of water reactors. The principal areas covered are
operating experience and the human factor, reactor coolant system behaviour,
various aspects of reactor component integrity, the phenomenology of
radioactive releases in reactor accidents and their confinement, containment
performance, risk assessment, and severe accidents. The Committee also
studies the safety of the fuel cycle, conducts periodic surveys of reactor
safety research programmes and operates an international mechanism for
exchanging reports on nuclear power plant incidents.

In implementing its programme CSNI establishes co-operative mechanisms
vith NEA’s Committee on Nuclear Regulatory Activities (CNRA), responsible for
the activities of the Agency concerning the regulation, licensing and
inspection of nuclear installations with regard to safety. It also
co-operates with NEA’s Committee on Radiation Protection and Public Health and
NEA’s Radioactive Waste Management Committee on matters of common interest.
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FOREWORD

It was agreed in October 1987 by CSNI's Principal Working
Group on the Confinement of Accidental Radioactive Releases
(PWG &) that a simple benchmarking problem on the chemical
thermodynamic modelling associated with molten core debris/
concrete interaction releases which had been undertaken in the
United Kingdom as an outcome of the September 1986 CSNI
Specialist Meeting on Core Debris/Concrete Interactions would
form the basis of an international exercise. The problem was
intended as a calibration of capabilities to calculate
thermochemical equilibrium in simplified systems intended to
approximate systems arising during the interaction of core
debris with structral concrete. It consisted of two parts :

— Part A was a simplified standard problem intended to
test the numerical solution techniques involved in
defining chemical equilibrium in the various codes;
the aim of this part of the exercise was to double
check that any discrepancies were really due to data
rather than codes themselves; the components or data
supplied for the test had no significance;

—- Part B was intended to examine the variability of
results obtained when various treatments of
thermochemical equilibrium were employed; participants
used their own choice of species and thermodynamic
data (the initial components, amounts and test
conditions were specified); this part of the exercise
will be highlighting some of the sensitivities.

The overall exercise should therefore pinpoint the issue
of how wide divergences of different data bases are for
temperatures of relevance and the range of species of interest.

The report on Part A of the benchmark exercise is attached.
The report, which was prepared by Dr. M.A. Mignanelli (AEA
Technology, Harwell Laboratory) and Dr. P.N. Smith (AEA Technology,
Winfrith Technology Centre), was endorsed by CSNI's Task Group
on Fission Product Phenomena in the Containment (FPC), responsible
for the organisation of the exercise, PWG 4 and CSNI. A list of
members of the FPC is given in an annex to the report.
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Summary
A. L’Homme, Chairman
CSNI Principal Working Group on Confinement of Accidental Radioactive Releases
(PVG4)

This report concerns the first part of an exercise comparing
calculation models of the release of radionuclides during corium-concrete
interaction in a severe accident at a nuclear reactor.

The objective of the first part of the exercise was to establish
wvhether the methods applied in the codes of calculation of the chemical
equilibria, introduced as such appreciable discrepancies in the results.

A simplified standard problem was devised for this purpose, which
consisted in calculating the concentrations of different chemical species in
different phases at equilibrium.

Several codes were tested in the exercise: codes specially developed
for the specific problem posed (SOLGASMIX, GEMINI, MELANGE, CHEMEQ, MPEC), a
single code calculating the corium-concrete interaction as a whole (VANESA).

The main conclusions of the exercise are as follows:

-- there is good agreement between specific codes (including different
versions of the same code); in particular, they accurately predict
the extremely small releases to the gas of some of the chemical
species envisaged;

-- the VANESA code, which is not specifically designed for this
problem, produced different results: the main reasons for the
differences were identified. Certain aspects, however, will need to
be looked at more closely in the follow-up to the comparison
exercise.




Introduction
The benchmark exercise was established to assess the magnitude of the

differences in the predicted releases resulting from the different
models of the condensed and gaseous phases and from the different
thermodynamic data employed in the various codes used to model
core-concrete interactions. The objective of Part A of the exercise is
to establish whether the method of calculation of the chemical
equilibriea in itself introduces discrepancies in the results. A
simplified standard problem waS»deviséd to test the numerical methods of
the codes used by various organisations. The speciation, thermodynamic

data and a description of the system was provided.

Specification of the system
The systerm that is being modelled consists of a gas phese, & liquid

oxide solution phase and a liqdid-metal solution phase, all in

equilibrium. The components in each phase are &s follows:’

Gas phase: O,, uo,, uo,, UOH, Bz, H,0, Zr, Cr, La, La0, K, KOH
Oxide solution: UO,, U,0,.4, zr0,, Cr,0,, La,0,, K,0
Metal solution: U, 2r, Cr, La, X. '

The oxide and metal solutions are treated as ideal, with the

molecularities as specified in the above list, and the temperature and
pressure of the system are 2500K and 1 atmosphere respectively. The
final equilibrium composition that is calculated is such that the gas

phase is in equilibrium with the oxide and metal solutions.

The input amounts in moles of the various species that are specified for

this particular problem are,

H,0 (g) 5.0E+4
vwo, (o) 3.0E+5
La,0, (o) 1.0E+2
X,0 (o) 1.5E+4
ir (m) 1.0E+5
cr - (m) 5.0E+5

The Gibbs energy of formation for each component of the system is

specified and is of the form,

AG; = A + BT J.mol-!
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where T is in degrees Kelvin. The Gibbs energies of formaztion of all
elements in their normal physical form at 298.15K are tazken to be zerc.
The velues for the coefficients A and B for the species are given in

Tetle 1.

TABLE 1 - Thermoéynamic data for the components of the system
[l

AGg = A + BT *
Species
A . B

0, (g) 0.0 0.0
uo, (g) -5.083560E+5 2.280E+]
vo, (g) -8.368000E+5 8.117E+1
Uo: (g) 2.493900E+4 -2.619E+0
B, (g) 0.0 0.0
E,0 (g) -2.464376E+5 5.4BlE+1
zr (g) 6.095980E+5 -1.320E+2
cr (g) 3.794340E+5 -1.318E+2
Lz (g) 4,208690E+5 -1.142E+2
Lz0 (g) -1.477080E+5 -5,272E+]
K (g 6.8E5400E+4 -6.976E+]
KO (g) -2.402840E+5 1.074E+1
vo, (o) -1.080000E+6 1.690E+2
U,0,., (O} -2.250000E+6 3.914E+2
zrC, (o) -1.058000E+6 1.940E+2
Cr,C, (o) -1.120776E+6 2.534E+42
Lz,0, (0 -1.790049E+6 2.820E+2
K,0 (o) -4,547004E+5 2.254E+2
U (m) 0.0 0.0

Zr (m) 0.0 0.0

Cr (m) 0.0 0.0

La (m) 0.0 0.0

K (m) 0.0 0.0

* En = 107

The selection of species in the system and the input amounts are not
intended to represent & particular case of a core-concrete interaction.
The intention was to assess how the different codes treat small amounts
of a component in the presence of large excesses of other materials.
Similarly, the treatment of the solution phases was not considered
important in this part of the exercise. The objective of Part B of this
exercise is to assess how the participants model the solution phase and

the chemical egquilibria during core-concrete interactions.
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Participants

A number of replies for this part have been received from groups using
different codes. In general the solutions have been obtained using
either the method of the minimisation of the total Gibbs free energy of
the system or the Brinkley method. A list of the workers and the
organisations they represent is shown in Table 2 together with the name
of the code employed. Including the UK contributions, 15 solutions have
been submitted. It should be noted that one of the solutionms, DP (2LAT)
assumed a different molecularity of the species than that specified in
Part A. Although the results are shown the differences in the values

are not discussed in detail in this report but will be dealt with in

Part B of the exercise.

Results

The results from the various calculations expressed as the number of
moles of each species in the gas and solution phases at equilibrium are
shown in Table 3. The contributor for each set of results can be
derived by referring to the references in Table 2. A number of
contributors had made errors in the input of the stoichiometry of the
species or the thermodynamic data which resulted in differences in the
results. These in the mein were identified and further calculations

were requested for the correct input.

The Non-VANESA Calculations

It can be seen from the Table that there is good agreement between the
results obtained from the studies using the SOLGASMIX code (numbered 1,
3, 4, 5, 7 and 9 in Table 3).

The slight variations in the values for the species between the sets of
data are due to the use of different versions of the SOLGASMIX code
(1985 and 1986 versions) and the SOLGASMIX-PV code. The results from
the other codes, that employ the method of the minimisation of the total
Gibbs free energy of the system (FG(CHEQ), JD(MELE) and KM(MPEC) or the
‘Brinkley method (DP(BRIN)), are in good agreement with the SOLGASMIX

calculations.
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TABLE 2 - Participants in the Part A exercise

Worker Organisation Code * Ref
M A Mignanelli  Harwell laboratory, SGMX MM (SGMX)
F Garisto Atomic Energy of Canada CHEMEQ FG (CHEQ)
E Borioli ENEL, Thermal and Nuclear  SGMX-PV EB(SGPV)
Research Centre, Milan VANESA 1.01 £
R Sairanen Technical Research SGMX-PV RS (SGPV)
Centre of Finland
J J de Wolff KEMA, Arnhem, Netherlands SGMX-PV JW (SGPV)
D A Povers Sandia National Labs. i# DP (BRIN)
#H# DP (2LAT)
J Dufresne CEN, France GEMINI 88 $ -
SGMX 88 JD (SGMX)
MELANGE 88 JD(MELE)
E H P Cordfunke ECN, Petten, Netherlands SGMX-PV EC(SGPV)
K Muramatsu Japan Atomic Energy MPEC2 KM (MPEC)
Research Instit. JAERI
G Capponi ENEA, Rome VANESA 1.01 GC(VASA)
E Manilia
P N Smith Winfrith, UKAEA VANESA PS(VASA)
# PS(HCAL)
## PS (HCAV)

* SGMX refers to the SOLGA
SCMX-PV refers to the adaptation of the SO

T Besmann, ORNL.

£ Only the partial p

SMIX code developed by G Eriksson.
LGASMIX code by

ressures of the gas phase determined (EB(VASA)).

# Code based on the Brinkley method; similar approach used in the

VANESA code.

## As above but assuming a two latti

model.

ce model instead of the molecular

$ The results using GEMINI 88 were jdentical to the results using

MELANGE 88.

# Hand calculation based upon the specified problem - details in

Appendix 1.

¥# Hand calculation-based upon the VANESA methodology - details in

Appendix 2.
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With the few exceptions noted above these codes agree well with the hand
calculation presented in Appendix 1, PS(HCAL). - This confirms that the
extremely small releases of some species are accurately predicted by the
codes. This is of considerable importance as the released amounts of
the various species vary by almost .eight orders of magnitude and the
release fractions vary by almost nine orders of magnitude, hence the
smaller releases could easily be locst in the errors if an inappropriate

numerical scheme were used.

The VANESA Calculations
The VANESA code was designed to deal with a dynamic core-concrete

interaction, not with the highly simplified and somewhat artificial

equilibrium problem set for Part A of this exercise and therefore a
direct comparison with the other results is not possible. It is for
this reason that the VANESA submissions are considered separately in
this report. However, a nurber of simple modifications can be made to
the code which somewhat simplify the indirect comparison to be described

below. The modifications required in order to obtain the PS(VASA)

solution displayed in Table 3 are:

i) Remove the trap which halts the calculation if no concrete

components are added to the melt during & time-step.

ii) Overwrite the eight-parameter fits to the Gibbs energies of
formation with the linear fits specified for the species

considered in this problem.
iii) Print out the partial pressures of the gaseous species for later
conversion to molar releases by hand (thus preventing the

equilibrium releases from being modified by the kinetic

calculations performed within the code).
iv) Set the activity coefficient for K,0 to unity.

From the results obtained by other VANESA users it appears that similar

modifications were also applied by them to the code.

e
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In the VANESA 1.01 code there is no direct interaction between the two
condensed phases. The metal and oxide phases are not in equilibrium &nc
interact only via the gas. The gas is first equilibrated with the metal
phese to set the oxygen potential for the system and oxidise some of the
metzls, which are then transferred to the oxide phase. The vaporisation
of species is then calculated from the oxide_phaselusing the oxygen
potentizl set by the metal phase (more details may be found in Appendix
2). As this will give significantly different results to the case vhere
all phases are simultaneously in equilibriuh. a hand calculation was
performed based upon the VANESA 1.01 methodology. From Table 3 it may
be seen that the hand calculations (PS(HCAV)) agree well with the
results obtained from the VANESA 1.01 code itself (PS(VASA)). A second
hené celculation was also performed in which the gas is first
equilibrated with the metal phase and subsequently with the oxide phase.
This differs from the VANESA ca;culation ih that the oxygen potential in
the oxide phese is set using the oxygen consérvation equation, rather
thaen using the value set by the metal phasé.‘ The second hand
celculation is cf assistance in understanding the impact of some of the
assurptions made in VANESA 1.01 upon the results; details of this
calculation mey also be found in Appendix 2. As & result of these
calculations the differences between the VANESA 1.01 predictions and the
other code precictions are seen to arise from a number of factors which

are ciscussed below.

i) The absence of direct interactions between the two condensed
phases in VANESA 1.01 results in different activities for & nurber
of condensec phéase species. In particular when the metal and
oxide phases are allowed to equilibrate, twice as much zirconium
resides in the oxide layer as in the VANESA 1.01 calculation and

only half as much janthanum remains in the oxide phase.

ii) Although the potassium and lanthanum oxides are treated in the
form prescribed for the problem (viz K,0 and la,0, respectively)
within VANESA 1.01, the chromium oxide ig treated as Cr0,.; ra;her

than Cr,0,. The form chosen makes a difference of almost four
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iv)

V)

-7 -

orders of magnitude in the predicted amount of chromium oxidised o]
and hence in the predicted release of chromium according to the

assumptions within VANESA 1.01.

Indeed, as mentioned in Section 2, Powers submitted a calculation
based entirely upon a two lattice model, in addition to his
calculation based upon the molecular solution model specified for
Part A of the exercise (see NUREG/CR-5196, SAND88-1920 for further
details). The results are displayed in Table 3 as DP(2LAT) and
show clearly that the choice of model makes a large difference to

g e 4 Ak 48

the predictions, in particular, the predicted release of

janthanum differs by a factor of more than twenty between the two

models.

1 Y RN B, | T~ g

The vaporization of zirconium and chromium from the metal phase is

e

neglected in VANESA 1.01. In the case of chromium this results in

an underprediction of the release by three orders of magnitude.

It should be noted that this would be a2 relatively minor concern

for a core-concrete interaction as it represents only a 24%

addition to the non-radiocactive aerosol source.

In VANESA 1.01 the vaporisation of species from the condensed
phases is assumed to have a negligible effect upon the main gas
composition. However, in this problem nearly all of the potassium
is vaporised. This results in a sixty percent increase in the
number of moles of gas present; as all the releases are directly
proportional to this quantity there is an underprediction of all
releases in this simplified problem by VANESA 1.01 due to the
neglect of this effect. As a result of the presence of a
significant partial pressure of potassium the partial pressure of
hydrogen is reduced by forty percent. As the amount of potassium
hydroxide and uranium hydroxide in the vapour phase depend upon
the partial pressure of hydrogen there will be an additional

effect for these species.

In VANESA 1.01 the oxygen potential over the oxide phase is set
equal to the value determined over the metal phase. This leads to
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2 value for the steam to hydrogen partial pressure ratio which is
twice the value for the case with the entire system 2t eguilibrium
and one fortieth of the value over the oxide phase in the case of
equilibration of the gas first with the metal phase &nd then with
the oxide phase. As the release of most species is very sensitive
to this parameter it is responsible for a significant fraction of
many of the differences. 1In addition it should be noted that the
assumption of equal oxygen potentials over the two condensed
phases in VANESA 1.01 replaces the oxygen conservation equation.
The effect on the results due to the non-conservation of oxygen
is, however, small compared to that due to the neglect of the
potassium vaporisation on the gas composition noted above, which
resulte in a loss of 7.5x10% moles of oxygen in the VANESA

czleulezions for this particular problem.

Ccnclusicns

The objective of Part A of this exercise was to determine whether the
method of ceiculztion of the chemical equilibria in core-concrete
interactions in itself introduces discrepancies in the results for the
relezse of species by vaporisation. The results from this simplified
problem have shown thet there is good agreement between different codes
end different versions of the same code used to determine the
equilibrium corposition of multicomponent systems with the exception of
the VANESA 1.C1 code. 1In particular the codes accurately predicted the
extremely smell releases of some of the species. The VANESA code was
notkdesigned to treat the highly simplified and somewhat artificial
equilibrium probleﬁ set for Part A of this exercise. The adaption tec
this problem of the VANESA code, which has been developed specifically
to model the release of radionuclides and the generation of aerosols
during core-concrete interactions, is not straightforward and ‘required
some modifications to the code and to the set problem in order to
produce a fair comparison. As a result the differences between the
VANESA predictions and those of the other codes were found to be due to
the following factors in the VANESA code:

i) The absence of direct interactions between the condensed phases.

YV ANOT AT T
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ii) The treatment of the chromium oxide as an ionic species (Cr0,. )

rether than the molecular species (Cr,0,) specified for this part

of the exercise.

iii) The neglect of the vaporisation of chromium and zirconium from the

metal phase.

s pin~s thrieg i
R

jv) The neglect of the effect of vaporisation of potassium and

chromium species upon the bulk gas composition.

T

v) The use of the metal phase alone to set the oxygen potential over
both phases rather than using the oxygen conservation equation and

allowing the oxide phase to set its own oxygen potential.

The differences are thus seen to arise because of specific assumptions

made within VANESA pertaining to the modelling of dynamic core-concrete
interactions. An additional conclusion for Part A of the exercise is,
therefore, that the VANESA calculations along with the DP(BRIN) and
PS(HCAV) calculations indicate that the Brinkley method used in VANESA

is also capable of accurately predicting extremely small relezses of
species. Also, the items listed above have raised a number of
interesting issues which, although of no concern in Part A, are of
direct relevance to Part B of this exercise and the chemical modelling
of core-concrete interactions. In particular certain condensed phase

1
i
;
¥
]
Y

interactions (eg the Zr-5i0, reaction) and the solution models chosen

_ for the condensed phases (eg molecular versus jonic models) can have a
profound effect upon the predicted releases by vaporisation. There is

also uncertainty concerning the control of the oxygen potential during
concrete interaction which in turn also affects

[}
s e e

the progress of the core-
the releases. Previous studies have shown that the structure of the ;
melt (eg a layered structure OI homogeneously mixed solutions) could ‘
influence the oxygen potential in the system. Finally, the assumptions :
in VANESA concerning the neglect of the release of certain species from |
the metal phase and the effect on the bulk gas composition of neglecting - :
the release of all species should be investigated. These issues will be

discussed further for the more realistic problem set for Part B of the

exercise.
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TAELE 3

Results of the Part A Exercise

ium (moles))

1 2 3 4 5 6

Species MM (SGMX) FG(CHEQ) EB(SGPV) RS (SGPV) JW(SGPV) DP(BRIN)
0, 3.028E-8 2.984E-8 2.984E-8 2.98B0E-8 2.984E-8 2.98B3E-8
uo, 3_549T+0  3.498E+0  3.497E+0 3.500E+0 3.497E+0 3.497E+0
vo, 1.3€3E-2  1.344E-2  1.344E-2 1.340E-2  1.344E-2 1.344E-2
UCkH 6.987E~4 £.936E-4 6.035E-4  6.930E-4 6.935E-4 6.934E-4
H, 4,969z ~4 4,9GG2+4 4.,999E+4  5.000E+4 4,999E+4 4.999E+4
H,0 5.702E+0 5,.702E+0  5.702E+0 5.700E+0  5.702E+0 5.702E+0
YAq 9.552E-3 9.435E-3 C.434E-3 9.430E-3 9.433E-3 9.433E-3
Cr 6.902E+3 6.803E+3 6.803E+3 6.800E+3 6.803E+3 6.803E+3
le 1.760E-2 1.730E-2 1.731E-2 1.730E-2 1.730E-2 1.730E-2
10 4,8282+0 4.759E+0  4.759E+0 4.760E+0  4.759E+0 4,.759E+C
X 2.683E+4 2.8B2c+4 2.882E+4  2.BBOE+4 2.882E+4 2.8B2E+4
XCH 2.319E+0  2.335E+40 2.335E+0  2.330E+0 2.335E+0 2.335E+0
uC, 2.755E45 2.755E+5 2.755E+5  2.760E+5 2.755E+5 2.755E+5
v,0,., 2.163E+1  2.163E+1  2.163E+l 2.160E+1  2.163E+1 2.163E+l
2r0, 5.699E+4 5.699E+4 5.699E+4 5.700E+4 5.699E+4 5.699E+4
Cr,0, 7.96CE-4 7.998E-4  7.995E-4 8.000E-4  7.995E-4 7.994E-4
Lz,0, 5.935E+] 5.937E+1 5.938E+1 5.930E+1 5.937E+]1 5.937E+]
X,0 4.500E-9  4.611E-9 4.610E-9  4.610E-9 4.610E-9 4.610E-9
4] 2.444E+4 2. 444E+4 2.444E+4 2.440E+4 2.444E+4 - 2, LL4E+4
Zr 4.301E+4  4.301E+4  4.301E+4 4.300E+4  4.301E+4 4.301E+4
Cr 4,931E+5 4,932E45 4.932E+5  4.930E+5 4.932E+5 4.932E+45
Larb 7.646E+] 7.648E+1 7.649E+] 7.650E+1 7.648E+]1 7.64BE+]
1.163E+3 1.179E+3  1.179E+3 1.180E+3 1.179E+3 1.179E+3
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TABLE 3 (Cont'd...)

Results of the Part A Exercise

(Amount of each species at equilibrium (moles))

7 8 9 10 11

Species JD(SGMX) JD(MELE) EC(SGPV) KM(MPEC)  PS(HCAL)
0, 3.029E-8  2.986E-8 2.984E-8 3.012E-8  3.010E-8
vo, 3.540E+0 3.498E+0  3.497E+0  3.508E+0  3.500E+0
vo, 1.364E-2 1.344E-2  1.344E-2 1.351E-2  1.350E-2
UOH  6.988E-4 6.934E-4 6.935E-4 6.972E-4  6.900E-4
H, 4.999E+4  4.999E+4  4.999E+4  4.999E+4  5.000E+4
H,0  5.702E40 5.703E+0 5.702E+0  5.719E40  5.730E+0
Zr 9.576E-3  9.436E-3  9.438E-3  9.472E-3  9.430E-3
Cr 6.903E+3  6.803E+3  6.803E+3  6.80BE+3  6.890E+3
La 1.756E-2 1.731E-2 1.730E-2 1.735E-2  1.720E-2
La0  4.820E40  4.760E+0  4.759E+0  4.766E+0  4.740E+0
K 2.883E+4  2.882E+4  2.882E+4  2.882E+4  2.8B0E+4
KOH  2.320E+0 2.335E+0  2.335E40  2.342E+0  2.330E+0
UO,  2.755E45 2.755E+5  2.755E+5  2.755E+5  2.760E+5
U,0,., 2.163E+1 2.163E+l 2.163E+1 2.169E+1  2.170E+l
2r0,  5.699E+4  5.699E+4  5.699E+4  5.700E+4  5.700E+4
Cr,0, 7.997E-4 8.001E-4 7.995E-4  B8.049E-4  7.940E-4
La,0, 5.935E+1 5.937E+1 5.937E+1 5.934E+1  5.930E+l
K,0  4.486E-9 1.696E-9  4.610E-9  4.653E-9  4.590E-9
U 2.444E+4 2.444E+4 2.444E+4 2.445E+4 2.450E+4
zr 4.301E+4  4.301E+4  4.301E+4  4.300E+4  4.300E+4’
cr 4.931E+5 4.932E+5  4.932E45  4.932E+5  4.931E+5
La 7.646E+1  7.64BE+l  7.648E+1  7.654E+l  7.670E+1
1.163E+3  1.180E+3 1.179E+3 1.181E+3  1.190E+3

e St k't AT e e

T

e T e b Y 4

T S S o
s




Amount of e

- 12 -

TABLE 3 (Cont'd...)

Results of the Part A Exercise

ach species at equilibrium (moles))

12 13 14 15
Species  GC(VASA) PS(VASA)  PS(HCAV)  DP(2LAT)
0, 5.323E-8 6.079E-8 5.970E-8  2.94BE-8
uo, 2.364E+0 2.192E+0 2.180E+0  3.465E+40
uo, 1.580E-2 1.562E-2 1.550E-2  1.323E-2
UOH 3.550E-4 3.084E-4 3.050E-4 6.911E-4
K, 4.999E+4 4.999E+4 5.000E+4  4.99SE+4
H,0 9.939E+0 1.062E+1 1.060E+1  5.66B8E+0
Zr 4,100E-4 6.990E-4 6.900E-4  9.496E-3
Cr 2.373E+0 3.081E+D 3.060E°0  6.79BE+3
Lz 5.916E-3 5.190E-3 5.150E-3 7.718E-4
Lal 2.814E+0 2.625E+0 2.620E+0  2.110E-1
K 2.16BE+4 2.999E+4 3.000E+4  2.8B2E+4
KOk 7.560E+3 5.628E+D 1.800E-2  2.321E+0
U, 3.000E+5 3.000E+5 3.000E+5  2.72BE+5
U,0,.¢ - - - 5.304E+3
Zr0, 2.499E+4 2.499E+4 2.500E+4  5.667E+4
cr,0, 1.810E-1 0.000E+0 0.000E+0  3.228BE+l
Lz,0, 9.859E+] 9.868E+1 9.870E+1  3.928BE+2
X.0 3.806E+2 0.000E+40 0.000E+0  7.804E-2
U 0.000E+0 0.000E+0 0.000E+0  2.452E+4
ir 7.501E+4 7.501E+4 7.500E+4  4.333E+4
Cr 5.000E+5 4.997E45 5.000E+5  4.932E+5
La 0.000E+0 0.000E+D 0.000E+0  3.414E+0
K 0.000E+0 0.00CE+0 0.000E+0  1.1B0E+3

e gy P
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APPENDIX 1

APPROXIMATE ANALYTIC SOLUTION

The calculation is split into a main calculation followed Dby
a series of perturbation calculations as indicated in Table
Al.1. The lanthanum is treated as 2 perturbation as it is
present in only a small amount. The ﬁ20“.5 is neglected in
the main calculation as little hyperstochiometric urania are
likely to be formed in the presence of significant quantities
of unoxidised zirconium. The gas phase species containing
uranium and zirconium are 1eft to the perturbation

calculations in view of their known involatility.

Al.1 The Main Calculation

As the number of moles of unoxidised zirconium and chromium
greatly exceeds the number of moles of steam we can safely
assume that most of the steam will Dbe reduced to hydrogen,

ie
P (H20)

A B em—— << ], (Al1.1)
p (Hz)

where p(a) denotes the partial pressure of species, &, in the
gas. Let X denote the mole fraction of species « in the
metal phase and Y, the mole fraction of the corresponding
oxidised species in the oxide phase. AlsO let x denote the
partial pressure of hydrogen (p(Hz)) and note that x<1 if
pressures are measured in atmospheres, as the total pressure

is one atmosphere.

Then from Tables Al.2 and Al.3 we have

p(K) = 160.3 Xy
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and
p(KOH) < 149.1 A X << p(K) (Al.2)

in view of (Al.1). Hence we can neglect the pressure of KOH
in the gas and treat the formation of KOH as a perturbation
at the end of the main calculation. The final location of
most of the potassium can be narrowed down by noting from
Tables Al.2 and Al.3 that |

YK << A\ XKZ :<< XK2 < 1
indicating that very little remains in the oxide at
equilibrium. Hence conservation of potassium atoms requires

that

N_ X+ w BK) # 2 Ny ) (A1.3)
where Nm = number of moles in the metal phase,
p = V/RT, V = gas volume, ﬁ = gas cbnstant,
T = system temperature,
N, = moles of potassium oxide initially present.

Conservation of hydrogen yields

px = N (al1.4)

where NH o= number of moles of H20 initially present.
2

Keeping the total pressure at one atmosphere imposes the

condition:

x + BK xK + BCr XCr = 1, . (Al1.5)

But as B, % 0.09 and XCr < 1 we make the initial‘

c
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approximation :
x + By Xy * 1. (A1.6)
Combining (Al.3) and (r1.4) yields
N0 PK .
N+ --;-—- Xy = 2Ny (21.7) -
a0 Pk 6 5
where —e—————0 > 8 X 10~ and Nm ~ 5.5 x 107,

X

Bence, to a first approximation we ignore the first term of
equation (Al.7) and apply (r1.6) to arrive at the results:

H,O
tho + ZBK 8
X, == 234 X 1073, (A1.9)
a5 _ .
K
. 4 :
p = 8 x 10 . (A1.10)
Note that, to this approximation, we have
. . 4
Ng(K) = pp(K) % p(l-x) = 3 x 10
number of moles of species «a in the

(where Ng(a) denotes the

(e¢) and Nx(a) will later be used to

£ species in « in the metal and
)

t of the potassium is

gas and similarly N

denote the number of moles ©

oxide phases, respectively), that is mos

in the gas and

. 3
Ng(Cr) = pp(Cr) = uBpy Xor < pBo T 7.24 x 10,

t of the chromium is in the condensed phases. 1In

that is, mos
the metal phase,

fact most of the chromium must reside in
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which may be seen as follows: from Tables Al.2 and Al.3 we

see that
2
Y X
Cr _ 3.223 x 107° A —=X
YZr xZr
and
2
Y X
Cr -6 Cr
= 1.437 x 10 A —
Y N

hence YCr << YZr < 1 and YCr << YU < 1 unless

4 B ,
X, € 1.223 x 1070 & X7 << 1
and
X, € 1.437 1076 xcf << 1;

this would mean that most of the zirconium and uranium must
pe in the oxide phase, for which there is insufficient oxygen

in the problem.

Therefore most of the chromium is in the metal phase and we

have

YCr << 1 or YU + YZr = 1 (A1.11)

xcr = NCr/Nm (Al.12)

Also, as both major components of the oxide phase have the

same stoichiometry, viz MO,, the oxygen balance implies

L1 o 5

Y e e e & e e

i e e e S e
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where Nx = pumber of moles in the oxide phase,

NO = number of oxygen atoms in the system.

Then balancing the number of metal atoms in the condensed

phases we get:

Nm + Nx (YU + YZr + 2YCr) s Nm + Nx B NU + NZr + NCr
. 5
> Nm = 5.675 x 107 , (p1.14)

hence XCr = 0.890. (A1.15)

i1t only remains to apportion the uranium and zirconium

between the oxide and metal phases. The conservation laws

for uranium and zirconium are, respectively:

Nx lU + Nm kU = NU (rl1.16)
hx YZr + bm Xzr = th . (A1.17)

These can be solved simultaneously with equation (Al.11) and

the condition for chemical eqguilibrium between the uranium

and zirconium species displayed in Table (Al.2) to give

2 \{ - - _7
(cu-l)Nx Y, ot [CUhU + N, (cy l)Nx] Y, N, = o] (A1.18)

for YZr' The other mole fractions can then be determined by

back substitution to give:

y, = 0.1713 » N (2r) = 2.697 % 102

y. = 0.8287 » N_(U) = 2.755 x 10°

(A1.19)

0.07585 =+ Nm(Zr) = 4.304 x 104

>
"

Zr
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X, = 0.04317 » N (U) = 2.450 x 10%

- Zr _ ‘ -4
Then A -w\ = - 1.1455 x 10 ' (A1.20)

from Table 2, and the gas composition is therefore:

4
Ng (H,y) = px = 5 x 10

Ng (H20) = Aux = 5.728 (A1.21)

_ 2 _ -8
Ng (05) = Aguh 2.812 x 10

Refinement

We now note that the assumption embodied in (Al.6) introduces

an B% error, as BCr XCr = 0.08055, hence we can get a better

approximation by setting

x + By X, % 0:91945 (Al.22)

Substituting for By X from (Al.22) into (A1.7) gives a

second estimate for X:

- No XK) x = 0.91945 NH o (A1.23)

(23, + N
K 2

H20

or

x = 0.5844. (nr1.24)

This results in an improved estimate for Xy and hence NQ(K):

X, = 2.090 x 1072 » N_(K) = 1.186 x 10° . (A1.25)

K

2
Then Y, = Cx Xx YZr/XZr

P

B R
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from Table Al.2 and hence

N (K) = 4.590 x 1072 . (Al.26)
Conservation of potassium atoms then implies that
' 4
Ng(K) = 2.881 x 10" . (A1.27)

From eguation (Al.4) we see that the improved estimate of x

jeads to an improved estimate for up:
4
u = 8.556 x 10 . (Al1.28)

This in turn allows the estimate of the chromium distribution

in the system to Dbe improved. The amount of chromium in the

gas is given by

_ _ 3
Ng(Cr) = p By Xer = 6.891 x 10 (r1.29)

and hence
Nm (Cr) = 4.931 x 105 . (al.30)

Then Table Al.2 gives

YZr 3/2 -4
N (cr) =N_C —_— X = 7.940 x 10 . (a1.31)
pd x Cr X T
Zr
The amount of oxygen in the gas is also affected by the

change to giving
-8
Ng (02) = 3.008 x 10 (Al.32)

Finally the amount of KOH in the gas can be estimated using

Tables Al.2 and Al.3:

e g Aty e it £, e e



Ng(KOH) = 2.334.

Al.2 The Perturbation Calculations

(A1.33)

In this section the results of the previous sections are
) assumed to be unaffected by the results of the perturbation
calculations. The concentrations of the remaining yranium

and
Al.4 and Al.5 to give

N (00,) = 3.496

K (U0.) = 1.349 x 1072
g 3

N (Vo) = 6.904 x 1074

Ng (zr) = 9.342 x 1073
Nx (U204.5) =‘21.69.
The lanthanium conservation equation is

u [p(La) + p(La0)] + N X, + 2N Y, = 2N,

zirconium species are then easily estimated using Tables

(Al.34)

(Al1.35)

Substituting from Table Al.4 for p(La), p(La0) and YLa in

terms of xLa leads to a quadratic equation for xLa'

the positive root yields:

) N_ (La) = 76.67
Nx (La) = 59.28
N (L) = 1.716 x 1072

Ng (LaO) = 4.740.

taking

(Al.36)

D A e T s
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21.3 Results

All of the reguired results were derived and appear in the

previous two sections. For convenience they are grouped

together and displayed in Table 2l.6.

TABLE Al.l: Species Considered in the Main Calculation and

es Ltons ) o e ———
__the Perturbation Calculations

Main Calculation Perturbations
Gases HZO, Hz, 02 Uoz. UO3, UOH
Cr, K, KOH 2r, La, LaO
Condensed U, 2r, Cr, K La
Pnases UOz, ZIOz, Cr203, L8203, U204.5
K,0

© o ——————r
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TABLE Al .2: Main Reactions Considered

Reactions

Resulting Equilibrium
Equations

Gaseous

Heterogeneous

Condensed

H20 F=£ Hz + % 02
zr(c) + 2H,0(g) =

2102(C) + 2H2(g)

K(c) == K(g)

)

K(c) + H0(g) —

KOH(g) + % Hy(g)
cr(c) ==cCrl(g)
— AV

U0, + Zr T

ZrOz

2C1203 + 3Zr ;::3

4Cr + 32rO0,

2K,0 + Zr p——d

4K + Zr02

= 2
P(Oz) = A5 A

- 2
Ygr = Bzy M Xgzr

p(K) = BK XK

p(KOH) = BKOH XJ; XK

p(Cr) = Bey Xcr
Yy Xgzr = Cy Yzr *u

2, 3
Yeor Xzr

2 _ A2 4
Yg Xgr = Ck Yzr XK

. 2,3,4
= Cecr Yzr Xer

e

et e R
LS
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TABLE Al .3: Coefficients for Main Reactions
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Coefficient Value
Ag 2.679 x 1077
Byr 1.721 x 108
By 160.3
BxoH 149.1
Bor 9.050 x 10”2
Cy 8.508
Cor 9.319 x 10710
Cx 2.103 x 107°

i A P g 1 AW e e Y

e
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TABLE Al .4: Perturbation Reactions Considered

Reactions

Resulting Equilibrium
Equations

Heterogeneous

Condensed

U0, (c) &2 U05(q)
UO,(c) + Hy0(g) &=

Uo3(g) + Hy(g)
U0, (e) + 3/2 Hy(g)
== UOH(g) + H,0(g)
zr(c) ==12r(g)
La(c) = Lalg)
La,053(c) + Hy(g) &=

2La0(g) + Hy0(g)

4 0204.5 + Zr "-——A
8UO, + 2r0,
2Lan03 + 3Zr —=

32r02 + 4la

p(UOB) = Bygg /X Yy A

p(zr) = By, Xgy
p(La) = Bp, Xpa
p(Lao) = BLaO'/YLa7A

- -
Yy = Cy (Ygr/Xge)* ¥y

3/2
Ypa = Cpra (Yzr/Xgy)

P

i ey sy e e s e
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TABLE Al.5: Coefficients for the Perturbat
Coefficient Value

Buo, 4.930 x 107°
Byo, 1.661 x 1073
Byon 1.459 x 10732
Byy 1.439 x 107°
Bya 1.485 x 1073
B; .0 4.442 x 1077
Cy 7.748 x 107>
Cra 2.878 x 103

o R YWy Y R AR T e




TABLE Al .6: Results of the Hand Calculations
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Species Equilibrium Amount (moles)
0, 3.01 x 1078
vo, 3.50
U0, 1.35 x 1072
UOH 6.90 x 1074
H, 5.00 x 104
H,0 5.73
Zr 9.43 x 1073
Cr 6.89 x 103
La 1.72 x 10'2
Lao 4.74
K 2.88 x 104
KOH 2.33
U0, 2.76 x 10°
U,04.5 2.17 x 10?1
Zr0, 5.70 x 104
Cr,04 7.94 x 1074
La,0,4 5.93 x 10!
K50 4.59 x 10°°
U 2.45 x 104
zr 4.30 x 104
Ccr 4.93 x 10°
La 7.67 x 10t
K 1.19 x 103
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APPENDIX 2

VANESA - TYPE CALCULATIONS

in VANESA the gas is first equilibrated with the metals only.
The vaporisation of some of the metals is then calculated,
however, as neither zirconium nor chromium release is
considered from the metal phase in VANESA all of the
vaporisation will occur from the oxide phase for this
particular calculation. The composition of the gas over the
oxide phase is then calculated (to be explained below) and
finally the vaporisation from the oxide phase is estimated.

A2.1 Eaguilibrium Over the Metal Phase

We use the same notation as in Appendix 1. The requirement

that the pressure be one atmosphere is

x(1+%) + A A2 =1 ' (r2.1)
and as before we assume

N << 1 (r2.2)
leading to the approximation to (r2.1):

x = 1. (a2.3)
Conservation of hydrogen atoms reguires that

Ngx (147) = NH20
which approximates to

N, 7 Ny o. (22.4)
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Considering the oxidised form of chromium to be Cro1 5 the

oxygen balance is

- 2 =
Ng (x+2B A7) + Ny (2%, + 3/2 Xor) = Ny o (22.5)

which can be approximated by
> -3 =
2§, (1% Yo ) = Ny o (A2.6)

The effect of considering CrO1 5 instead of Cr203 is
discussed below. BAs most of the oxygen is likely to be taken

by the zirconium we assume

YCr << 1 » YZr = 1 (r2.7)

and

N, =% NH o (r2.8)

The conservation eguations for zirconium and chromium are

respectively:
Nx + Nm th = NZr . (A2.9)
Nm (l‘XZr) s Ncr . (Az-lO)
Hence
N - % H,O
X, Zr 2 = 0.1304 (A2.11)
TN+ N -k ano

and therefore we can deduce A from Table A2.1l:
. -4 :
A= 2.111 x 10 . (r2.12)

Knowing A and XCr =1 - er' we can calculate YCr from
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Table A2.1

-4
Yo, = 1.223 x 10 (A2.13)

which is indeed much less than 1, as is A, as reguired. The

amounts of oxidised zirconium and chromium are approximately

given by
v . |
Nx (zr) = 2.5 x 10 (A2.14)
Nx (cr) = 3.058 . (r2.15)

The gas composition is seen to be
. 4

'Nc (Hzo) = Ng » x = 10.56 (r2.16)

-

. e 2 . -8
pg (0,) = hg AN F 5.96% x 10
Note that vaporisation of chromium is not considered, if it
were its contribution to the gas pressure would Dbe

approximately

plCr) = B, Xgp * 7-870 X 1072 (A2.17)

ie an B% effect.

A similar calculation was performed assuming the oxidised
chromium to take the form Cr203, as was intended for this
exercise, rather than Crol.s. The only result that turns out
to be significantly different between the two calculations is
the amount of chromium which is oxidised which is 3.74 x 10"4
models of Cr,0, compared with 3.058 moles of Cr0, g. This is

negligible compared with the 2.5 x 104 moles of ZrO,

[N e S

st oy y—— T n
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produced, but obviously has a large effect upon the predicted

amount of chromium vaporised which is based only upon its
activity in the oxide phase in this case (see below).

A2.2 The Main Equilibrium Over the Oxide Phase

1f the gas were then to equilibrate independently with the
oxide phase the following set of equations could be used,
where a subscript o indicates the value of a parameter (such
as A, x etc) which was calculated from the equilibrium with
the metal phase, that is used as input to the calculation of

the equilibrium with the oxide phase.

Firstly we have the hydrogen, oXxygen and potassium
conservation equations, which are, respectively:

Ng [x(1+r) + % 2] = NHZO , z = p(KOR) : (r2.18)

Ng [2p(02)+x x + zq = Ay NHZO + % Ng(y+z), y = p(K) : (A2.19)

2[Nxo - % Ng(y+z)JYK + Ng (y+z) = 2NK20 . (A2.20)

number of moles initially in the oxide phase for

]

where N
X0

this calculation
= number of moles in initial oxide inventory plus

number of moles of oxide formed when
equilibration with the metal phase occurred.

The condition that the pressure remains at one atmosphere is
p(02) + x (1+4\) + y + 2z = 1. (r2.21)

Finally we have the conditions for chemical equilibrium:

2
p(02) = A A (r2.22)

e

T -
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y = BK YK A (A2.23)
z = BKOH YK A X . (A2.24)

In VANESA it is assumed that the vaporisation of species from
the melt has a negligible effect upon the main gas
composition; hence the pressure of potassium and potassium
hydroxide vapours is neglected in equations (A2.18) and
(A2.21) and equations (A2.20), (A2.23) and (r2.24) are
therefore not needed at this stage. In addition the oxygen
balance is replaced by the requirement that the oxygen
potential remain unchanged when passing from the metal layer
to the oxide layer ie the equilibrium over the oxide phase is

dependent upon the equilibrium over the metal phase.

For comparison two sets of calculations are performed below:
the first set based upon eguations (A2.18) to (A2.24) and the

seconéd set based upon the VANESA assumptions.

A2.2.1 Independent'Ecuilibrium with the Oxide Phase

Equations (A2.18) to (A2.24) require some simplification if
the solution is to be found easily; this is done by
neglecting small terms in the equations as appropriate.
Equation (n2.20) can be greatly simplified by noting that the
fist term on the jeft-hand-side is small compared with the

second:
2 N_ Y 2 N Ayz 2 N
x K 2x° < —s X0 = 3.75 x 1077 &, (a2.25)
Ng ¥ By Ny, oY Bk Mh,0 |

hence the first term is negligible so long 2as
A << 2665 (r2.26)

which we assume to Dbe the case, and sO we see that




+ =
Ny (y+z) = 2NKZO . (A2.27)

The pressure eguation (A2.21) can be simplified if

Ay kz << 1 to give

x (1+A) + y +z =1 (nr2.28)

¢

which puts a tighter condition on A, viz
A << 193, (A2.29)
which supercedes condition (A2.26).

A similar simplification can be made to the oxygen balance
equation (A2. 19) if 2A 2 << Ax. But even if all of the
potassium vaporises w1th no hydroxide formation the number of

moles of hydrogen gas is (5-1.5)x 104 = 3.5 x 104 and the

total number of moles of gas would be (5+3)x 104 = 8 x 104,

so 1l » x » 7/16. Hence if

x 7
A << > = 8165

2A 32a
o o]

(which is certainly true if (A2.29) holds) we have

L N_ (y-z) # N_Ax = A N (A2.30)
g g o] Hzo

As Y has been eliminated from equation (A2. 20) we can reduce
the number of equations by eliminating Yk between equations

(A2.23) and (A2.24) to give

B
z=0Ay /X , ©= goa = 149.1 . (A2.31)

K

v g g mei e =y oy o
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The approximate equations to be solved are therefore:

Ng (y+z) = 2 NK20 (A2.27)
x (1+7) + y + 2z =1 (A2.28)
y -z = 2:Ax = 2Ag NHZO/Ng (n2.30)
Ng [x(1+)) + % z] = NH2° (A2.18)

(n2.31)

z = OAYy’/x .

These equations will be seen to be very good approximations

to the original eguations. However, even in order to solve

these eguations it is simplest to introduce two further

ns which are less accurate and then correct the

approximatio
The additional

solutions by a perturbation calculation.

approximations we use are

A << 1, 2xx <<y and 2RONH20 << Ngy (A2.32)
In which case the eguations become

y = 2z

Ny = Nxzo

x + 2y =1 (A2.33)

Ng (x + %y) = NHzo

r s (evx)7t

giving rise to the approximate solution




Nxzo 6
y =2 = = = = 0.2069
N + 3/2 N 29
H,0 K,0
N - % N
H.O K_0
x = —2 2 =17 - 0.5862
N + 3/2 N 2 ' . o
H,0 K ,0 |
- (a2.34)
- 7.25 x 10°
Ng Nﬂzo + 3/2 Nxzo - 7.25 x 10

\ = 8.760 x 1073

Clearly condition (A2.29) is well satisfied and as

o H,0 3

2 - 1.4 x10

N
gY

so is condition (n2.32). However

2 A x _ 5 x lb—2 '

Y

y leads to a 53 error which can be

so the assumption 2ix <«
wations (a2.18), (A2.27),

reduced by substituting back into eq
(a2.28) and (A2.31) the perturbation (from egquation

(A2.30)):

y =z + £ (A2-35)

where € = 2AX - 210 NH

which leads to

e A APl P VT

i ey
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N + 3/2 N o

.0
N =2 = 7.268 x 104
9 (1-% €)
NK2O - (5 NHzo + Nxzo) €
z = = 0.2014
N + 3/2 N
H,0 K,0
©
y =2z +¢€¢*= 0.2114
= 1222 - ¢ = 0.5821
(1 + )
z -3
A = - 8.375 x 10
ey vx

The other reguired quantities then follow easily.

2

K, (0,) = K Ay A° = 1.366 x 1074

g o

- - N - 4

hg (Hz) = N x.- 4.231 x 10

N (H,0) = AN x = 3.543 x 102
g 2 g

N, (K) = gy = 1.536 X 10°

K, (KOB) = N2 = 1.464 x 104

- % N (y+z) = 3.251 x 10°

2,.2 _ -
N, (K) = N Yg =N Ay /BS = 3.356 x 10

(r2.36)

(r2.37)
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A2.2.2 The VANESA Assumptions ?

The oxygen potential is assumed to be the same as it was over
the metal layer and is a function of the temperature and [
partial pressure of the oxygen only. Hence,as the
temperature is the same in both phases the oxygen partial
pressure must be the same over both phases, ie p(02) is known
over the oxide phase. As equation (A2.22) is to be applied
this means that A remains unchanged in this case ie , 3

A= ko. (a2.38)
Neglecting p(k) in equation (A2.21) gives

x (1 +2) = 1-p(0,) =1 (22.39) :

+ x =1, ’ (A2.40)

as it was over the metal layer.

Finally (A2.18) implies

N_ =N (r2.41)

Thus we see that the gas composition remains unchanged in
this case when passing from the metal to the oxide phase,
according to the VANESA assumptions.

A2.3 The Perturbation Calculations

The perturbation reactions and the resulting equations kwhich

give the vaporisation of most species into the gas) are
displayed in Table A2.4 and the parameters needed for the
calculations ére lisied in Table A2.3 for the two cases
studied in SectionVAZ.Z. Again two sets of calculations are
performed corresponding to the two cases studied in the

previous section.
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A2.3.1 1Independent Equilibrium with the Oxide Phase

The calculations follow straightforwardly from Tables A2.3
and A2.4 with the exception of chromium. Bere direct

application of the vaporisation equation

_ =3
p(Cr) = /rgCr YCrz A (r2.42)

results in a predicted release which is much greater than the

inventory of Cr203 in the oxide layer which is

No, = 3.74 x 1074 (A2.43)
ra

in this case. Therefore we introduce the conservation

equation for chromium:

Cr

x N p(Cr) + N_ ¥ = N . (r2.44)
o] % Cr2 2

Combining within (A2.43) gives

B N B N
2 Cr g Cr Cr2
p(Cr)® + ——3— p(cr) - —_— =0 (A2.45)
2 A7 N AT R
p 4 pd

whose solution is

2 N
. Cr,
p(Cr) = = (A2.46)

g

je virtually all of the chromium is vaporised and hence

v f 2 . (a2.47)
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Note that if vaporisation of chromium from the metal phase
had been considered we would have a much greater inventory of
chromium for this calculation, viz: '

- _ 3 .

In this case the right-hand-side of equation (A2.44) would be

replaced by % ﬁCr and the solution (A2.46) would hold with

L ﬁCr replacing NCr ; again showing that virtually all of the
2

chromium would be in the gas phase. Equation (A2.47) can
therefore be used to predict the amount of chromium in the

condensed phase when % N is substituted for N .
Cr Cr2

The inclusion of vaporisation of chromium from the metal
layer is seen to result in an enormous increase in the

predicted release of chromium.

A2.3.2 The VANESA Assumptions

Again most of the releases are predicted directly from Tables
A2.3 and A2.4, with the exception of the potassium and
chromium releases where the predicted releases greatly exceed
the inventory in both cases. In VANESA this is dealt with by
restricting the release to the initial inventory and so that
procedure is adopted here. In the case of potassium the
release has been split between elemental potassium and
potassium hydroxide in direct proportion to the initial,
unphysical predicted partial pressures.

A2.4 Discussion of Results

The results of the two sets of calculations are displayéd in
Table A2.5. For comparison the results should also be
compared with those for the complete equilibrium calculation
contained in Table.Al.6. There are many noticable
differences between the results of the three calculations
detailed in Appendices 1 and 2. The reasons for many of the

< e R R Ty e e SIRE e s SO it T
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differences become clear upon inspection of Table A2.3 where
the major parameters required for the release calculations
are displayed for all three cases. Each of the factors

responsible for the discrepancies is discussed below.

a2.4.1 No Solution - Solution Interactions in VANESA

The diseqguilibrium assumption between the condensed phases in
VANESA results in different activities for a number of
species in the condensed phases compared with the complete
equilibrium assumption. This is particularly important for
zirconium in this problem as eguilibration of the condensed
phases results in more than twice as much zirconium becoming
oxidised as in the disequilibrium case due scavenging of
oxygen from the uranium and potassium oxides. It also
affects the lanthanium which partitions roughly equally
between the oxide and metal phases if eguilibrium is

established, thus reducing its activity in the oxide phase.

A2.4.2 Molecularity in the Oxide Phase

Although the potassium and lanthium oxides are treated as
molecular entities in VANESA, as specified in the problem,
the chrome oxide is treated as CrO, g @s opposed to the Cr203
used for the main problem. This was seen to have a very
large effect upon the predicted oxidation of chrome in the
metal phase which determines the activity of chrome in the
oxide phase and hence jts release into the gas, according to
the assumptions in VANESA.

p2.4.3 The Neglect of Vaporisation from the Metal Phase in
VANESA

The vaporisation of chromium and zirconium from the metal
layer are both neglected in VANESA. In the case of chromium
the amount that would vaporise from the metal layer is orders
of magnitude greater than the amount which is oxidised and

forms the inventory in the oxide layer (see Table A2.5). The

L )
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neglect of this chromium vapour results in an enormous under-
prediction of the chromium release.

A2.4.4 Neglect of the Partial Pressure of Vaporised Species
in VANESA

The vaporisation of species from the melt is assumed to be a
small perturbation on the system in VANESA. In the system
under consideration this assumption does not hold, in
particular nearly all of the potassium is vaporised. The
main effect this has on the system is to increase the number
of moles of gas and decrease the partial pressure of
hydrogen (see Table A2.3). As all releases are proportional
to the number of moles in the gas phase the underprediction
of Ng by VANESA will result in an underestimate of the
releases. Some of the releases also depend directly upon the
partial pressure of hydrogen (as opposed to A, to be
discussed below). The release of such species is therefore
affected by the overprediction of the hydrogen partial
pressure in VANESA.,

a2.4.5 Lack of Oxygen Conservation in VANESA

The replacement of the oxygen conservation equation by the
assumption of equal oxygen potentials over the oxide and
metal pahses has two important consequences. Firstly all of
the potassium sesquioxide is predicted to be vaporised as
elemental potassium gas, with no change to the amounts of
oxygen or water vapour in the atmosphere; this means that

7.5 x 103 moles of oxygen (02) are lost from the calculation.
Secondly it results in a value for A (the ratio of the
partial pressure of water vapour to that of hydrogen) which
does not correspond either to the entire system being at
equilibrium, or to the gas being in equilibrium first with
the metal phase, then independently with the oxide phase (see
Table A2.3); as the release of most species is very sensitive
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to this parameter it produces large differences in the

predicted vaporisation.
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TABLE A2.l: Me
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tal-Gas Reactions

Reaction

Resulting Equilibrium Egquation

Cr + 3/2 Hy0 ==Cr0; g5
+ 3/2 Hy

Zr + 2H20__‘ Zr02 + 2H2

.

~

- 372 -
Yor = Agp A /2 Xeys

Boy = 45.86
= 2 .
Ypr = Bgy A Xgpi

Agy = 1.721 x 108

TABLE A2.2: Main

Oxide-Gas Reactions

Reaction

Resulting Equilibrium Egquation

*K,0(c) + Hy0(g) == 2KOH(g)

*K,0(c) + Hy(g) == 2K(g) +

p(0,) = A A2

2 2.679 x 20°°

o]
p(KOH) = Bgoy "YK A% ¢

- 4

p(K) = By YYg/h ;

By = 190.4

* These are treated as perturbation calculations in VANESA

(see Table A2.4).
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TABLE A2.3: Parameter Values for the Perturbation
Calculations
Disequilibrium between the
metal and oxide phases All Phases
Parameter Simultaneously
With Oxygen With VANESA in Equilibrium
Conservation Assumptions
N, 3.251 x 10° 3.401 x 10° 3.325 x 10°
Ng 7.268 x 104 5 x 104 g x 104
x 0.5821 1l 0.5844
A g.375 x 1073 2.111 x 1074 1.146 x 1074

as P

A J
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TABLE A2.4: Perturbation Reactions

Reaction

Resulting Equilibrium Equation

Uo, (¢) == U0, (g)

Uo,(c) + Hp0(g) —U03(g)

+ Hy(g)

Uo, (e) + 1.5 Hy (g) &=

UOH(g) + Hy0(g)

Zr0, (c) + 2H, (g) —

zr(g) + Hy0(g)

*1cro) glc) + 1.5 Hy(g)¥=—

cri(g) + 1.5 Hy0(g)

+1Cr,05(c) + 3Hp(g) prem—
2Cr(g) + 3H20(g)_

La,05(c) + 3Hy(g) ==
2La(g) + 3H,0(q)

La,03(c) + Hy(g) &=
2La0(g) + H,0(g)

*K,0(c) + Hp0(g) =

2KOH (g) BKoOH
*K,0(c) + Hy (g) _ p(K) = Bk ¢YK7X :
2K (g) + H,0(g) Bg = 190.4

P(UOZ) = BUOZ YU

= )
BU02 = 4.930 x 10

I)(IJC>3) = :th33 A ‘YL) H

Byo, = 1661 X 1073

p(‘JO}i) = BIKDH Yx ]&J/h H
Byoy = 1-459 x 10712

= -2
p(2r) By, Ygr A :

By, = 8.366 x 10713

r
- ’1-5

= -3
Boy = 1.973 x 10
-3

p(Cr) = /gér YCr2 A

- -3
Boy = 1-973 x 10

p(La) = By, "Ypa A :

= -11
Bla = 1.842 x 10

I)(IJ&C)) = BIQEC) "YI,a; A H

-5
Biao 4.442 x 10

P(KOH) = BKOH YA X YK H
= 2.838 x 104

* VANESA only

+ Equilibrium over oxide layer only

| Note special notation for chromium : the mole fraction of
Cr0y 5 in the oxide layer is denoted by Y., and that of

ello

2 Yor -

Cr,0, by Y HED §
273 Cr, Cr 2
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TAZLE A2 .5: Compariscr cf ; ggi ted Svecies Distritutiorns
Amount (Moles)
Spec.es
with Oxygen with VANES:2
Conservaticn Assumpticns
0, 1.37 x 107% 5.969 x 107€
U0, 3.31 2.18
VO, 9.33 x 1073 1.55 x 1072
UOE g.91 x 107 3.05 x 1074
E, 4.23 x 10° 5.00 x 10%
EoO 3.54 x 102 1.06 x 103
Zr 6.€7 x 107’ 6.90 x 1074
cr 7.48 x 107% 3.06
x(3.94 x 10%)
lz 3.06 x 107° 5.15 x 1073
Lz0 €.1¢ x 107% 2.62
K 1.5 x 10% 3.00 x 10%
KOE 1.46 x 10° 1.80 x 1072
vo, 3.00 x 10° 3.00 x 10°
U,04.5| N/A N/A
210, 2.50 x 10% 2.50 x 10%
Cr,03 1.03 x 1073 0.00
+(2.85 x 107%)
L2503 .94 x 10% 9.87 x 101
K50 3.36 x 1073 0.00
U 0.00 0.00
Zr 7.50 x 10% 7.50 x 104
cr 5.00 x 10° 5.00 x 10°
*(4.98 x 10°)
Lz 0.00 0.00
X 0.00 0.00

* Value if vepcrisation ¢ (Cr)
phase. <
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