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ABSTRACT
,

CORCON is a computer code for modelling'the interactions
between molten ccre materials and concrete, such as might occur
following a core. meltdown accident in a idght Water Reactor. It
may also be applied to experiments which simulate such accident
conditions. The code predicts the behavior of the system,
including heat transfer, concrete ablation, cavity shape change,
and gas generation. The first version, CORCON-MODI, was released
in 1981. This report is a complete users' manual'and reference
for the updated version CORCON-MOD 2. The major changes are the
inclusion of models for solidification of the melt and for its
-(non-explosive) interactions with coolant water. In addition, a
number of improvements have been made in response to experience
with CORCON-MODl. The new code remains compatible with the old-

in the sense that MOD 2 will accept any input data set which was
accepted by MODl.
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NOMENCLATURE

[o/g(pg-pg)]1/2a Laplace constant =

A Area

[A] Aerosol concentration

cp Specific heat at constant pressure

b Heat capacity of layer i for the new layer mass at thei
old temperature

f Fraction of evolved gas entering bubbles

9.806 m/s2): Gibbsg Gravitational acceleration ( =

free energy

h Specific enthalpy; heat transfer coefficient
i

H Total enthalpy

6H Change in enthalpy; latent heat of fusion
,

|

AHabl Heat of ablation

k Thermal conductivity

1 Liquid layer thickness

L Characteristic length; layer thickness

m Mass

M Molecular weight
|

Nu Nusselt number ( = ..L/k)[

p Pressure

P Power

Pr Prandtl number ( = ucp/k)
q Heat flux

Q Heat flow

r Radial coordinate

rb Equivalent spherical radius of a bubble
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R Radius of layer

Ro Universal gas constant ( = 8.3141 J/g-mol K)
3

Ra Rayleigh number ( = q86T 1 /vc)

Re Reynolds number ( = pub /u)

s Specific entropy; slope in Shaw viscosity model

s Surface recession (ablation) rate

S Volumetric heat source

t Time

T Temperature

Average streamwise velocity in gas filmu

ub Velocity of rising bubbles

Terminal rise velocity of a single bubbleUT

v Molar volume

V Volume

V Superficial velocitys

Streamwise coordinate (along gas film)x

Mole fraction of species i
xi

Xi Layer enthalpy change in temperature units ( = AH/C)

Vertical coordinate (positive downward in cavityz
definition)

a Gas void (volume) fraction ,

B Volumetric coefficient of expansion

6 Gas film thickness: crust thickness

c Emissivity i

0 Cavity surface inclination angle

r Thermal diffusivity

xii
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K Time constant in decay power expression
u Dynamic viscosity

Kinematic viscosity ( = y/p)v

p Density

a Surface tension

OB Stefan-Boltzmann constant ( 5.67 x 10-8 W/m2 4)K=

$ Volume fraction of solids in a solid-liquid mixture
Q Degree of implicitness employed in solution of inter-

layer and pool surface heat transfer (fully explicit =
0 i O 1 1 = fully implicit)

Subscripts

a Atmosphere

abi Ablation

B Bubbling film

c Concrete: convective
cln Coolant

CHF Critical Heat Flux

e Elemental

f Fluid

F Film

fg Vaporization

g Gas phase

i ith species or layer

I Interface

i Liquid phase

L Laminar; layer

xiii
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Leid Leidenfrost (minimum film boiling point)

p Pool

r Radiative: radial

R Radial

Net radiationradnet
Solidifications

sat Saturation

sur Surroundings

T Turbulent; top

TR Transition

W Ablating concrete surface (wall)

z Axial

Superscripts

k kth temperature range in thermal equation of state

1 Liquid, liquidus

m Melting state

nth time leveln

Standard or unperturbed stateo

s Solid; solidus

Projected-

Property of new composition at old temperature^
,
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1. INTRODUCTION

A proper assessment of the risks to the public associated
with the operation of nuclear power plants requires a realistic
evaluation of the important accident sequences. The Reactor
Safety Studyl demonstrated that the risks associated with Light
Water Reactors (LWR's) are dominated by core meltdown sequences.
In these hypothetical accident sequences, loss of normal and
emergency cooling systems leads to melting and slumping of the
core. If uninterrupted, this is followed by failure of the
pressure vessel and deposition of molten core and associated
structural materials onto the concrete floor of the reactor
cavity.

The interaction of the resulting pool of debris with the
concrete has been identified as an important part of the accident
sequence. The debris is maintained at elovated temperaturen by
decay heat from non-volatile fission products retained in the
melt. The temperatures and heat fluxes involved are sufficient
to decompose and ablate concrete; such attack could fail
containment by basemat penetration. This would result in a
release of radioactivity to the soil underneath the reactor
building.

Potentially more important are the various mechanisms which
can lead to above-ground failure of containment and release of
radioactivity to the atmosphere. The most obvious of these
involve the large amounts of water vapor and carbon dioxide which
are produced by the decomposition of concrete. These gases, if
they come into contact with molten metals, are reduced to hydro-
gen and carbon monoxide. (Small quantities of hydrocarbons and
other species are also formed.) All four major gases contribute
to the risk of eventual overpressurization of containment; hydro-
gen and carbon monoxide are also combustible, presenting an addi-
tional risk of sudden overpressurization if they are ignited.
Also, ablative attack may cause the failure of internal struc-
tures in the containment building such as the reactor pedestal in
a boiling water reactor (BWR): the resulting mechanical disrup-
tion could fail the containment itself. Finally, heat from the
debris may be sufficient by itself to cause the failure of con-
tainment. This might happen, for example, by degradation of the
containment penetration seals in a BWR.

A rtsearch program to investigate molten core / concrete
interaculons was initiated at Sandia National Laboratories in
July 1975, under the sponsorship of the Reactor Safety Research
Division of the U. S. Nuclear Regulatory Commission. This pro-
gram was initially experimental, but its scope was soon broadened
to include the development of computer models to describe the
interactions. A preliminary model, based on limited data and

1



using untested assumptions, was quickly developed by W. B. Murfin

in 1977.2 This model. INTER 1, was intended as a qualitative
tool, suitable for sensitivity studies; its use for quantitative
prediction was specifically discouraged by its author.2

Following the release of INTER 1, work was begun on develop-
ment of an improved computer code, CORCON. This program was
intended to provide a more detailed--and more mechanistic--
description of the physical processes involved in molten
core / concrete interactions. The first version of the code,
CORCON-MODl,3 was released in 1981. It lacked models for the
freezing of core debris and for interactions between debris and a
coolant (water), which limited its applicability to the early
stages of accidents involving dry reactor cavitier. Later
development work has concentrated on removing these limitations.
Also, as experience with the code accumulated, several
deficiencies in tho existing modelling became apparent and
improvements were made to correct them.

It was decided that CORCON-MOD 1 would be supported as
originally issued. That is, errors which prevented the code from
performing as intended (as indicated by the users manual) would
be corrected, but improved models would rot be issued until an
entire new version of the code was completed. This report
describes that second version of the code, CORCON-MOD 2. The
restrictions mentioned above have been removed by the inclusion
of freezing and coolant models. Heat transfer and viscosity
models have been improved, and the code has been brought into
conformity with the 1977 ANSI standard for FORTHAN programming.4

While CORCON-MOD 2 is a significant improvement over its
predecessor, its predictions should not be accepted blindly for
several reasons. Firstly, there are significant assumptions and
simplifications in the code which can affect its applicability to
certain problems. The most important of these is the quasi-
steady-state model for concrete response. We believe that this
is an acceptable approximation for many hypothetical reactor
accident conditions and for experiments with sustained heating.
However, for many transient experiments the period of ablative
interaction (about 5 minutes) is not much longer than the time
necessary to establish quasi-steady ablation. Secondly, some
sub-models (the freezing model is an example) must be considered
preliminary becauGe the governing phenomena are not yet clearly
understood. Finally, code predictions have yet to be subjected
to extensive comparison with experimental data. (This situation
should change as data become available from Sandia's LMF (Large
Melt Facility) and the German BETA Facility.) Therefore, at

least for the time being, we suggest " caveat usor".

2
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2. PROGRAM DESCRIPTION

2.1 CORCON Phenomenology

CORCON is a general computational model describing the
interactions between molten core materials and concrete. In thissection, we present a brief description of the principal inter-
action phenomena modelled in the code. The generalizations are
based in part on calculations for the " Sample Problem" of Section
7 and similar problems.

A great deal may be understood about core / concrete inter- '

actions from a very simple picture. The attack of core debris onconcrete is largely thermal in a light-water reactor. Decay heat
(and some heat from chemical reactions) is generated in the pool
and may be lost either through its top surface or to concrete.
In many experimental studiec, externally-supplied induction
heating is substituted for the reactor decay heat. In eithercase, so long as the heat source is sufficiently large, the'

situation rapidly approaches a quasi-steady state where these
losses balance the internal sources. The partition of internally
generated heat between concrete and surface is determined by the
ratio of the thermal resistances of the corresponding paths. Inthis simple view, pool behavior is dominated by conservation of
energy, with heat-transfer relations providing the most importantconstitutive relations.

Under most circumstances, the heat flux to the concrete is
sufficient to decompose it, releasing water vapor (adsorbed and
from hydroxides) and carbon dioxide (from carbonates), and to
melt the residual oxidec. The surface of the concrete is ablatedat a rate which is typically several centimeters per hour. Themolten oxides and molten steel from reinforcing bars in the
concrete are added to the pool. The gases are strongly oxidiz-
ing at pool temporttures and will be reduced, primarily to
hydrogen and carbon monoxide, on contact with metals in the pool.
Ultimately the reacted and unreacted gases enter the atmosphere
above the pool. These gases may or may not burn immediately,
depending on their temperature at the time that they reach a
region which is not already depleted of oxygen. Modelling of
these above-pool phenomena is not included in CORCON-MOD 2.

| Gas released at the bottom of the pool rises through it as'

bubbles. In CORCON-MOD 2, this process is described using a
Taylor instability models,6 which is analogous to film boil-
ing. Gas released at the sides of the pool is assumed to form a
rising gas film between the melt and the concrete, although this
is not observable and is not universally accepted. The presence
of gas bubbles in the pool swells it, increasing its depth and
its interfacial area with concrete. These rising gas bubbles

3



also result in the production of aerosols containing fission
products stripped from the fuel debris. The source'ma'y be large

from the point of view of consequences; in terms of reducing pool
inventories, however, it is a relatively minor effect, although a
few fission-product species may be completely depleted.

Because of decomposition in depth, the thermal response of
the concrete is complex. The released gases produce internal
pressures which drive flows of carbon dioxide, steam, and liquid7
water through the pores of the concrete. Experiments per-

formed at heat fluxes sufficient to ablate concrete, together
8 suggest that the major effect is thewith an analytic model

creation of a " wet zone" in the concrete at about 400K, with
pores partially filled with liquid water. Here, adsorbed water

has been freed but not vaporized, and is being driven away from
the heated surface by the internal pressure. At greater tempera-

9 toture rises, however, the temperature profile has been shown
be consistent with pseudo-steady ablation of an effectively homo-
geneous material. Transient concrete response is not treated by
CORCCN-MOD 2, which uses a simple one-dimensional, steady-state
ablation model.

the various oxidicExperimental evidence 10a,ll shows that
species in the melt are highly miscible, as are the metallic
species, but that the two groups are mutually immiscible.
Buoyancy forces are usually sufficient to separate the molten
debris into two phases, even in the presence of vigorous mixing
by gases from the decomposition of concrete. If the oxidic phase

is initially denser than the metallic phase, and settles to the
bottom, a second less dense oxidic layer will form above the
metal; it is composed of concrete oxides ablated by the metal
(lighter than and not miscible in the metal) and steel oxides
produced by chemical reaction with the concrete-decomposition
gases. This three-layer configuration, oxide / metal / oxide, (if it
occurs at all) does not last long: the fuel oxides become diluted
by concrete oxides until the mixture is less dense than the metal
and the pool " rolls over" into a configuration with all oxides in
a single layer above the metal. Of course, this does not happen
instantaneously; during the period when the difference in density
is small, the separation is probably incomplete with substantial
heterogeneous mixing. COHCON calculations, with both MOD 1 and
MOD 2, suggest that the three-layer configuration cannot last more
than about one hour. No mixing is included in the (alculations.

If water is present, it will form an additional layer at the
top of the pool. It is often suggested that this layer does not
react violently with the molten material underneath it, but
merely serves as an enhanced heat sink. This is likely to cool

the top of the melt below the solidification temperature, result-
12 haveing in a thin solid crust on the surface. Experiments

4
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shown that the presence of water over simulated debris does not
significantly alter the attack on concrete by the debris.
Another possibility suggested l3 is that gas stirring would be
sufficient to break up crusts as they form with the result that
the molten pool is rather quickly converted to a (coolable)
debris bed. This is supported in the referenced paper by

. evidence from simulant experiments using liquid nitrogen and
water or Freon-ll. A third possibility is the occurrence of a
steam explosion. Violent interactions have been observed when
water was poured onto molten bismuth or lead.L4 CORCON-MOD 2
considers only the first possibility, and does not allow for
either steam explosions or the reduction of a molten pool to a
coolable debris bed.

As time progresses, the pool grows, its surface area
increases, and decay heating decreases. Therefore, pool tempera-
tures and heat fluxes decrease, and the possibility of refreezing
arises. Substantial freezing of the metallic phase may occur.
However, the large internal heating and small thermal conductiv-
ity of the oxidic phase prevent the existence of steady crusts
more than a few centimeters thick. The bulk of this phase will
remain liquid, probably for weeks.lof The question of the
permeability of these crusts and solids to gases is unresolved.

Coupling between the molten pool and the rest of containment
is rather one-sided; the pool serves as a source of mass and
energy while being only weakly influenced by conditions in
containment. (Of course, if material is falling into the pool
from the cavity structure, there is another coupling, but it is
one-sided in the other direction.) Containment pressure affects
the properties of gases in the pool and of any water over the
molten debris. However, the effects--on gas-related heat-
transfer coefficients, on equilibrium gas compositions, and on
the temperature and latent heat of the water--are relatively
small. Heat loss from the top of the molten debris is dominated
by radiation to containment structures or to the overlying
water. Because of the fourth-power temperature dependence of the
radiative flux, this loss is rather insensitive to containment
temperatures (unless they are very high). In the absence of a
water layer, the optical properties of the atmosphere may become
significant. Molecular absorption by atmospheric gases is a
relatively small effect, lot but aerosol concentrations may be
great enough that the atmosphere is optically thick.10g

Because CORCON-MOD 2 is not intended to serve as a full con-
tainment code, no attempt is made to model above-pool structures
as was done by Kelly.15 The surroundings temperature and
atmospheric pressure are user specified and may be given as func-
tions of time. In order to obtain more realistic estimates of

5
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pool losses, the decrease in radiative heat transfer from the
pool surface to the surroundings associated with atmospheric
attenuation by aerosols is approximately accounted for. The
calculation is based on diffusion theory for gray, infinite
parallel plates, and an aerosol concentration is calculated
internally for the purpose of determining the atmospheric
extinction coefficient during the interaction.

2.2 Calculational Cycle

We have designed the calculational cycle in CORCON to reflect
our view of the interrelationships of the various phenomena
described in the preceding Section. Thus, a brief description of
the calculational cycle should aid in understanding the physics
involved, as well as making clear what is (and is not) modelled.

At the start ot a timestep, CORCON-MOD 2 has a complete
" snapshot" of the problem, first from initialization and
thereafter from the results of the preceding timestep. In

particular, it has available the cavity shape, the stratification
of the pool, and the mass, composition, and thermal state
(temperature and enthalpy content) of each layer. In addition,

it has all necessary transport properties, heat fluxes, ablation
rates, and so forth. All of these variables are advanced to new
end-of-timestep values using the calculational cycle described
below, which has been modified from CORCON-MODL.

1. Calculate a timestep. This may be constant (as in
CORCON-MOD 1) or variable, subject to user control.

2. Calculate the pool internal mass transport, melt / gas
chemical reactions, and associated energy terms.
Injection rates of concrete decomposition products
(already known) are assumed to remain constant over the
timestep, and the calculation eroceeds in two passes.
The first follows rising gases and condensed-phase
materials (e.g., concrete slag entering the metal
layer), layer by layer. If the material should remain
in the current. layer, its mass and energy are added to
that of the Layer: otherwise, it is equilibrated
thermally with this layer and passed on to the next.
Gas passing through a metal-containing layer is
equilibrated chemically with the metal and the oxidic
reaction products ,ste added to the rising oxides, with
any heat of reaction remaining in the layer. When the
surface of the pool is reached, the rising gases are
passed to an interfree routine which disposes of them
and initializes any downward mass flows (such as added
coolant or decomposed concrete falling into the pool).
As coded in CORCON-MOD 2, this interface routine simply

6



records the gas flows for later printing and sets all
downward flows to zero. However, a more general model,
perhaps''a full containment response code, could easily
be attached through the same interface. Finally, in a
second layer-by-layer pass, falling condensed-phase
materials are followed downward until they are added to
the appropriate layer.

3. Finish the explicit advancement of the layer energy
equations. This includes addition of decay heat and
subtraction of heat lost to concrete. It also accounts
for interlayer heat transfer and loss from the pool
surface based on start-of-timestep rates. If coolant is
present and boiling, the calculation is completed here;
otherwise the matrix equations for an implicit
calculation of the interlayer and surface terms is set
up at this time. A linearized representation of the
pool thermal recponce, curface heat flux va curface
temperature, is then constructed.

4. Determine a (provisional) end-of-timestep value for the
temperature of the surface of the pool by matching heat
fluxes to and from this surface. This uses the linear-
ized pool response and the " exact" relationships for
above-pool heat transfer. If desired, the change of
temperature of atmosphere and surroundings during the

| timestep could be included in this calculation and made
'

consistent with the heat flux. The simple routine pro-
vided could easily become part of the interface to a
more general model. Finally, a linearized representa-
tion of the above-pool thermal response, surface heat
flux vs surface temperature, is constructed.

5. Complete the solution of the implicit interlayer heat
transfer equations, using the provisional end-of-
timestep surface temperature, to determine final layer
enthalpies. Reconcile these with the known layer masses
and compositions (from step 2) to determine new layer
temperatures.

6. Calculate the new cavity shape, using start-of-timestep
ablation tates, treated as constant over the timestep.

7. Calculate new layer densities. Determine if previous
layer ordering is still appropriate; if not, flip and/or
combine layers.

8. Calculate new layer transport properties (viscosity,
conductivity, etc) from new compositions and
temperatures.

7
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9. Calculate bubble-rise velocities and (from known gas
flow rates) pointwise void fractions in the pool. From
the void fractions, the known volume of condensed phases
in each layer, and the cavity shape, determine the
elevation of each layer interface.

10. Evaluate decay (or externally imposed) heat sources.

11. Evaluate heat transfer between layers and resulting
interlayer heat fluxes. The linearized above-pool
response evaluated'in step 4 is used in this calcula-
tion; the final temperature of the pool surface
determined here will differ slightly from the pro-
visional value established in step 4.

19 Calculate pointwise ablation rates along the molt-
concrete interface. The thermal resistance of the gas
film is calculated based on local conditions of gas

,

flow, and the rate at which gas is entering the film.
This rate is made consistent with the local heat flux
dnd ablation rate.

At this point, we once again have a complete " snap oot"
representation of the problem, appropriate to the end of the
timestep. Note that at this point in the calculational cycle all
calculated phenomena are at the same time level, allowing the
generation of an internally consistent printed edit of the state
of the system if desired at the current time. This was not the
case in CORCON-MOD 1, in which essentially all heat transfer
coefficients and heat fluxes were one timestep out-of-date.

An examination of the main program, CORCON, will show that
these steps are performed in the order 7-12, edit if required,
check for end of problem, 1-6, and repeat. This is because steps

7-11 are also required as part of initialization. Performance of
the calculation as part of the main transient calculation (rather
than duplicating the calls in routine INITL) has a significant
advantage if the code is to be overlaid, because it reduces the
size of the overlay required for initialization. This has been
found necessary in some cases when CORCON is coupled to a con-
tainment code.

2.3 Programming Information

CORCON-MOD 2 is coded in FORTHAN which conforms with ANSI
standard X3.9-1978 (" FORTRAN 77").4 The only changes in
language from CORCON-MODI are use of type CHARACTER for alpha-
numeric data, use of BLOCK IF structures in the newer routines.
Fixed fields in FORMATG are still specified as nH... rather

8



than '...'..andsPARAMETER statements are not used. In cases
where .:onstants are to have full machine accuracy (e.g. pi/2),
they are evaluated by execution of a short routine called SETUP.
The code reads data from FORTRAN UNIT 5 and writes to UNIT 6.
OPEN statements are not included; their inclusion might be
desirable for some applications.

The code contains approximately 10500 source lines, including
3500 lines of COMMENTS of which 1300 are blank. It requires
approximately 102 k (octal) of core for execution on the CDC
CYBER-76, approximately the same as CORCON-MODl. (In fact, the
source-generated code is somewhat smaller than CORCON-MOD 1, 66 k
vs 70 k. The library routines for the FTN5 (FORTRAN 77) compiler
appear to occupy approximately 6 k (octal) more core than those
of the old FTN compiler.)

2.4 MOD 2 Improvements to CORCON

I CORCON-MOD 2 contains many improvements over CORCON-MODl. The
most obvious are:

1. A crust-formation and freezing model has been included.
This model will treat the eventual freezing of pool
debris, as well as its initial melting if it is not
already molten at the time of deposition.

2. A model for interaction with an overlying coolant has
been included, including a full representation of the
boiling curve.

3. Radiative heat transfer from the melt surface includes
an approximate treatment of the opacity effects of
suspended aerosols in the atmosphere. This includes a
mechanistic determination of atmospheric attenuation as
a function of an empirically-estimated aerosol concen-
tration.

4. A change in the treatment of two-phase viscosities has
eliminated an unphysical behavior often observed in
CORCON-MOD 1. With the old model, the oxidic phase could|

become thermally isolated frou its surroundings, heat up
to temperatures near 3000K, and then suddenly cool again.

5. The Bottinga-Weill viscosity model for siliceous mate-
rials has been replaced by Shaw's model. In CORCON-MODI,
discontinuities in the viscosity model were seen to
triqqer unphysical behavior in some cases. The new model
eliminates these discontinuities, and produces results

f which are more reasonable.

9
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6. In most cases, the models for heat transfer in liquids
now account for bubble effects using correlations based
on BNL data, rather than modified Konsetov forms. They
also consider natural convection, in a form consistent
with Kulacki's data, and an approximate conduction
limit. (For very thin layers, CORCON-MOD 1 would some-
times predict convective heat transfer rates smaller
than would occur by conduction.)

7. Reactor cavity pressure may be specified by the user as
a tabular function of time. This pressure affects the
properties of gases with'.n the pcol, the saturation
temperature of any overlying water above the debris, and
the concentration of aerosols in the roactor cavity.

8. Chemical reactions of metals in the debris pool with
bubbloc and with gacec in the film between the melt and
the concrete are included. In CORCON-MODI, only the
reactions with gac bubbles were treated.

9. Variable timesteps and edit frequencies are permitted.

10. The printed output has been expanded and clarified, and
all quantities are at the same time level. Input data
are echoed to produce a permanent record, and the
version of the code being used is identified for con-
figuration control. The output includes gas generation
rates, an approximate energy budget for the debris pool,
and checks on the conservation of mass and energy.

Less obvious changes include:

11. The film heat-transfer model has been revised, and the
transitions between film regimes improved.

12. The concrete recession package has been recoded to
eliminate numerical problems.

13. The chemical equilibrium package has been improved to
increase its efficiency and rollability.

14. Treatment of the pool surface has been modified to make
it a " natural" interface for coupling to containment
codes.

15. Many other routines have been simplified and clarified.

16. Calls to material property routines have been made con-
sistent. The data contained in them have been refor-
matted so that the DATA statements have the form of
easily-readable tables.

10
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3. DESCRIPTION OF MODELS

The CORCON code requires models for the system components,
for the various physical processes which occur, and for the
material properties required to evaluate the interactions. The
models in CORCON-MOD 2 are described in the following sections.

3.1 System Components

The principal components of the CORCON system are the debris
pool, the concrete, and the atmosphere and surroundings above the
pool. The composition of each component is specified through
user input in terms of a " master list" of chemical species. The
list, presented in Table 3.I, is divided into four groups:
oxidic compounds, metals and other elements, gases, and miscel-
laneous compounds. As noted in the table, not all of the species
in the master list are availablo to the user for specification of
initial compositions. The aluminates (species 12-17) are a hold-
over from the viscosity modelling of CORCON-MOD 1 and are not used
in MOD 2. The fission-product pseudo species (oxides 24-28, metal
45 and gases 75-76) are used in the decay-heat generation model;
the amount of each present is determined within the code, start-
ing from the concentration of fission products in the fuel.

Although we believe that the list of available species is
more than ample for describing the physical and chemical pro-
cesses pertinent to the interaction of molten LWR core materials
(and coolant) with concrete, blank spaces have been left in the
list for future additions. Such additions to the list might be
required, for example, for treatment of the sodium chemistry
associated with core / concrete interactions in LMPBR accidents.
3.1.1 Debris Pool

CORCON models the debris pool as consisting of a number of
layers contained in a concrete cavity. These layers are, from
bottom up, a heavy oxide phase (llOX ) , a heavy heterogeneous
mixture of oxides and metals (IIMX), a metallic phase (MET), a
light heterogeneous mixture (LMX), a light oxide phase (LOX), a
coolant (CLN), and the atmosphere (ATM). The three-letter
mnemonics are useful in describing the pool structure, and have
been used in appropriate variable names throughout the code.
Layer volumes, including the swelling effects of gas bubbles,
determine the elevations of layer interfaces and of the pool
surface.

11
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TABLE 3.1

CilEMICAL SPLCIES INCLUDED IN CORCON MASTER SPECIES LIST

Metals and
Oxides Other Elements Gases Miscellaneous

!! 0 evap
1 SiO2 41 Fe 56 C(g) 86 2

II 0 chem872 TiO2 42 Cr 57 CII4 2

3 Feo 43 Ni 58 CO 88 CACO 3
89 Ca(Oll)24 MnO 44 Zr 59 CO2
90 }{20 coolantC II25 MgO 45 *FpM 60 2
91-95 BlankC il46 Ca0 46 Mn 61 2

C II67 SrO 47 C(c) 62 2

8 BaO 48 Na 63 11

9 Li 0 49 **X 64 it?2
1I 010 Na2O $0-55 Blank 65 2

KO 66 N11 2
67 Nil 312 KAlO2

13 NaAlo2 68 N2
69 O14 BaA1 042
70 O215 CaA1 042
71 Oli16 MgA1 042
72 CilO17 MNA1 042
73 CII 018 Fe2O3 2
74 CrO3(9)19 Al 032 75 *FpMO2(9)20 U02 76 *FpMO3(g)21 ZrO2
77-85 Blank22 Cr203

23 Nio
24 *FpMO2(c)
25 *FpMO3(c)
26 *FpOx
27 *FpAlkMet(c)
28 * Fplia log n( c )
29 Fe304
30 Mn304
31 puo2
32-40 Blank

* Pseudo species represeEting four condensed phase fission
product groups.

** Inert oxidic species created as an element "X" in molt /

qas-phase equilibrium calculation.

Aluminates, species 12-17 not used in COHCON-MOD 2.

12
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These seven layers are always present in the data structure,
but may be " empty" in the sense of containing no material. In
particular, the heterogeneous mixtures HMX and LMX have been
included in anticipation of further model improvements but are
always empty: although most of the coding relating ta these
layers is included in CORCON-MOD 2, there is currently no pro-
vision for introducing material into them. Note that the coolant
(CLN) is treated as another layer, on the same footing as debris-
containing layers.

Within this system, a one-layer pool (not counting a possible
coolant) would only have material i n HOX or MET. A two-layer
pool would have material in MET, and i n UnX or LOX depending on
the relattve densities of oxide and metal. A three-layer pool

! can be formed with material in HOX (primarily fuel oxides), in'

MET, and in LOX (primarily concrete and steel oxides). The code
| allows for the possibility that the oxidic phase (f uel) may'

initially be denser than the metallic phase. It is important to
note that this is not externally imposed: the code tests relative
densities and relocates the contents of HOX into LOX as soon as
AHOX < PMET-

An overlying coolant layer can be added to any of these con-
figurations; its composition must be specified as water (H O).2

3.L.2 Concrete Cavity

The concrete cavity containing the core debris is assumed to
be axisymmetric. Two simple geometries are available to describe
its initial shape, as a cylinder with either a flat base or a
hemispherical base. The shape of the cavity is represented and
tracked by the position of a number of points, termed " body
points", on its surface. A general (axisymmetric) initial shape
may also be defined by specifying the i nitial position of each
body point.

The composition of the concrete must also be specified, and
may be chosen as one of the three built-in default concretos.
These are referred to as " basaltic aqqregate concrete", " lime-
stone aqqregate common sand concrete", and " generic southeastern
United States concrete". The last is the so-called "CHBR con-

| crete". The compositions of these concretes are given in Table
3.11; thePowers.10{arebasedonmeasuredcompositionsreportedby

1

The solidus and liquidus temperatures for t.hoce
concretos, also included in internal data, are given in Table
3.111; the user must specify an ablation temperature somewhere
between these limits.

13
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TABLE 3.11

CHEMICAL COMPOSITIONS OF DEFAULT CONCRETES
(Values in w/o)

Limestone
Basaltic Aggregate-

Species Aggregate Common Sand CRBR

Species No. Concrete Concrete Concrete
'

1 54.84 35.80 3.60
GLO2

2 1.05 0.18 0.12
TiO2

MnO 4 0.00 0.03 0.01

MgO 5 6.16 0.48 5.67

Ca0 6 8.82 31.30 45.40

Na2O 10 1.80 0.082 0.0078

KO 11 5.39 1.22 0.68
2

18 6.26 1.44 1.20
Fe2O3

19 8 32 3.60 1.60
A1 032

22 0.00 0.014 0.004
Cr203

59 1.50 21.154 35.698
CO2

H O evap 86 3.06 2.70 3.94
2

1I 0 chem 87 2.00 2.00 2.00
2

TABLE 3.III

MELTING RANGES OF DEFAULT CONCHETES

Temperature (K)

Concrete Solidus Liquidus

Basaltic Aggregate 1350 1650

Limestone Aqqregate-
Common Sand 1420 1670

CRBR 1690 1875

14
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Alternatively, provision is made for the user to define a
"non-standard" concrete. In this case, its composition and melt
range must be user-specified, in addition to the ablation tem-
perature. The concrete composition may be specified either in
terms of CACO 3 and Ca(OH)2 or as their decomposition pro-
ducts CaO, CO2, and H 0 CHEM (chemically bound water). The2
latter form is used internally, with the code performing the
conversion if necessary.

Steel reinforcing bar in the concrete is also permitted; if
present, it is assumed to be pure iron (Fe). Concrete. with orwithout reinforcing steel, is treated as a homogeneous material.
3.1.3 Atmosphere and Surroundings.

The atmosphere above the pool and its surroundings serve as
sinks for mass (ovolved gases) and energy (convection and radia-
tion from the pool surface). CORCON-MOD 2 contains very simplemodels for these components. The atmosphere is described by a
specified (constant) temperature and (time-dependent) pressure.
The surroundings are described by a specified (time-dependent)
temperature and (time- or temperature-dependent) emissivity.
Within the code, the pool surface (bottom of the atmosphere) is
treated as a major computational interface. Very limited
information, restricted to mass flows and (linearized) heat
transfer relations, is passed across the interface. Thus,
because the interface is well defined and actively used in the
stand-alone code, a more-detailed above-pool model--or a full
containment response code--could be easily substituted.

Heat transfer from the pool surface is by convection and
radiation, with the latter mode ordinarily dominant. Convective
heat transfer is calculated using the atmosphere temperature,
while radiative heat transfer uses the surroundings temperature.
If desired. CORCON-MOD 2 computes atmospheric aerosol concentra-
tion for the purpose of estimating the optical thickness of the
cavity atmosphere above the pool.

3.2 Physical processes

A number of physical processes are included in the modelling
of molten-fuel / concrete interactions; these include internal
energy generation, mass and heat transfer, chemical reactions,
concrete response, and bubble phenomena. The models are
described in.the following subsections. The level of detail is
intended to be sufficient for understanding of the basic concepts
and the code implementation; for details, the reader should
consult the references. In several cases, one or more phenomena

15
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i
I

l
:

i

! are tightly coupled and must be considered simultaneously. For

) example, concrete response determines gas generation, which
|

affects heat transfer and the heat flux to concrete, which in
i turn feeds back to determine concrete response. We will note !

]
such coupled interactions in the discussion which follows.

3.2.1 Energy Generation

f The entire fuel / concrete interaction process is driven by
j decay heat generated in the pool, including actinides, decay

products and irradiated structural materials. Because of the'

loss of some of the more volatile fission products before the

) pool is formed, use of the ANS Standard decay curve is not
j appropriate. While decay heating could be calculated using '

i detailed decay chains, as described in the Users' Manual for
i CONTAIN.16 the isotopic information is not needed for
i fission-product tracking in COHCON-MOD 2. Therefore, we have

} included a much simpler decay heat model in the code.
1

| Bonnettl7 has shown that the decay power for typical
j reactor cores in the 1-hour to 10-day time-frame is nearly

j proportional to operating power and relatively insensitive to
| burnup. Therefore, a SANDIA-ORIGEN18 calculation was performed ;

i for a reference core representative of a large PWR core at
equilibrium burnup (3320 MWt and 33000 MWD /MTU). From the
results of this calculation, we identified 27 elements (excluding
noble gases) which account for essentially all the heat produc-
tion in the reference core in the time-trame of interest. We

!
assume that the initial intact-core inventory is proportional to

1 core operating power, as specified by the user. The initial pool

| inventory of fission products is then determined by the fraction
I

! of the core contained in the melt, as given by the mass of UO2
i

and the user-specified core size, multiplied by a " retention
~

fraction" for each element. These retention fractions account
for partial loss of the more volatile species during the early
phases of meltdown. The elements, their assumed chemical
forms 19 and concentrations in the core, and the default roten-

| tion fraction for each speciesl are given in Table 3.1V. The
retention fractions may be overridden by the user if desired.

The decay power is calculated using the further assumption ,

;

that the specific decay power (W/q-atom) associated with each'

i element is a simple function of time after SCHAM. The values of
the decay power associated with each element (also taken from the .

,

reference SANDIA ORIGEN calculation) were fit in the form
i

!

C o-Kt (3.2-1)P(t) a me
|

16
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where P(t) is the decay power (W)
t is the time after SCRAM (days)

e is the elemental mi.ss (gram-atoms)m
and C (W/g r a m- a t.om)

K (day -1)

are the fit coefficients. Four time intervals are used with
breaks at 0, 0 .1, 0.6, 2.2, and 20 days. The different fit
coefficients for each time period reflect the changing isotopic
compositions of the elements.

There may be further losses from the melt during the inter-
action due to further vaporization, and to mechanical sparging
and aerosol generation driven by concrete decomposition gases.
We found that, based on Powers' data,10d aerosol generation was
not a significant factor in material loss or reduction of decay
power. Therefore, only vaporization of alkali metals and
halogens is considered in the present model. It is extremely
unlikely that either group will be present in elemental form
because the alkali metals boil (at one atmosphere) slightly below
1000K and the halogens boil below 500K. The halogens will
probably be present as alkali halides (e.g. CsI) with boiling
points of 1500-1600K. Under ordinary conditions, the melt will
contain more alkali metal than halogen; the excess will most
probably occur as hydroxides with boiling points comparable to
the halides. However, the retention fractions may be specified
such that the amount of halogen present exceeds the amount of
alkali metal. If this occurs, the model in CORCON-MOD 2 will
eliminate the excess halogen during initialization; an appro-
priate message is written to the output file. The remaining
halogens and alkali metals are then removed exponentially in time
with an arbitrary but reasonable half-life of 10 minutes.

Except in the decay model, the fission products and actinides
are grouped as four pseudo elements, as follows:

FpM - metals which may oxidize, and whose oxides may
volatilize

Fpox - chemically inert oxides
FpAlkMet - alkali metals
FpHalogn - halogens.

Thus, the composition of the melt is represented in terms of
these fiur pseudo elements which are resolved into actual
elements only for the calculation of decay power.
3.2.2 Pool Layer Heat Trannfer

Heat is removed at the boundaries of the pool, which are its
top surface and its interface with concrete. As discusnod in
Section 2, the internal temperature of the pool adjusts rather

17
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TABLE 3.IV

DECAY-HEAT ELEMENTS AND GROUPINGS' !
:

I
Pseudo-Element Element Mass Concentration Retention

Iq-atom /MW(thermal)1 Fraction 1

FPM
Metals Mo .6053 .97

Tc .1545 .97

Ru .3885 .97

Rh .0690 .97
'J

Sb .00244 .85

Te .0627 .85

FpOx
Monoxides Sr .2155 .90

,

Ba .1915 .90

Dioxides Zr .7352 .99
Ce .3870 .99

l Np .0422 .99
Cm .00204 .99
Nb .01139 .99
Pu .7921 .99
Am .00593 .99

Sesquoioxides Y .1099 .99
La .1662 .99
Pr .1446 .99
Nd .4638 .99

: Sm .0539 .99
: Eu .01705 .99
,

FpAlkMet
Alkali Metals Rb .0819 .19

Cs .3776 .19

; FpHalogn Br .00530 .10
Halogens I .0320 .10

,

U user inputUO2

Zr, ZrO2 Zr (Structural) user input

i

|

18
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quickly so that these heat losses balance the internal heat
generation and the heat transfer approaches a steady state.
Therefore, we have developed quasi-steady models for heat trans-
fer in CORCON-MOD 2. The principal advantage of quasi-steady
models is that heat fluxes at any time depend on the current
state of the p001 and not on its history. For example, fully
developed flow is assumed in convective correlations and the
temporal develtynent of boundary layers is not considered.

|

In COHCON MOD 2, We employ a multi-layered pool model (Section
3.1.2) [or which it is convenient to consider heat transfer onelayer at a time. Given a trial. set of interfacial temperatures,

!a solution is ;ound (independently) for each layer. Newton's
iteration is aen used to revise the interfacial temperatures to
satisfy the requirement that the heat flux must be continuous at

j all interfaces between layers. The solutions for the individuallayers are repeated at each step. The heat-transfer model allowsfor several possible configurations in each layer: the layer may
be completely molter. it may have a solid crust on one or more

{ surfaces, or it may be completely solid. In this section, we
will address heat transfer ina liquid layer or the liquid*

portion of a' partially-solidified layer. The modifications
necessary to account for crusting or freezing will be described
in the next section.

) tiea t transfer coefficients are required from the interior of
4 a liquid layer to its surfaces. If the layer were a rightI circular cylinder there would be three such coefficients, to the
i upper, lower, and radial surfaces. In CORCON-MOD 2, these threeheat transfer coefficients are evaluated for a cylinder whose,

thickness and volume match those of the layer. Boundaries with
other layers are assumed to be horizontal, and the corresponding
heat transfer coefficients employed directly. For the boundary
with concrete, an appropriate combination is constructed, as
described in Section 3.2.4, to account for the actual inclination
of the surface.

The analysis includes the effects of the passage of concrete
decomposition gases through the liquid. A number of models have
been proposed for heat transfer in the presence of bubble agita-
tion or injection. In CORCON-MOD 1, heat transfer was based on;.

; the Konsetov model.20 as modified.by Blottner,2l with a
different expression for each surface. In COhCON-MOD 2, this
model has been retained only for the radial (vertical) surface,
in the form

!

1/3 1/3
h k (Pr g/v ) (0.05a) (3.2.2-1)

=
,

; 19
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where Pr is the Prandt1 number of the liquid, v is its kinematic
viscosity, g is the acceleration of gravity, and a is the void
fraction. This resembles a (turbulent) natural convecticn
correlation with a bubble buoyancy term, pa replacing the
thermal-expansion buoyancy term, pSAT. (In CORCON-MODl, another
term was included in the bracket to produce the appropriate
natural-convection limit as the superficial velocity goes to
zero. In CORCON-MOD 2, this limit is separately imposed, as

described below.)

22 haveSince the release of CORCON-MODI, Ginsberg and Greene
compared simulant data for horizontal liquid / liquid interfaces
subjected to a gas flux with the predictions of several m)dels and
concluded that the Konsetov forms of CORCON-MOD 1 " seriously under-

Both Greene's data and those of Werle,23,24predict...the data."
were included. Therefore, heat transfer coefficients for hori-
zontal surfaces are calculated in CORCON-MOD 2 from Greene's
correlation of the experimental data

1/2
(# Y E \,

0*8h = 5.05 k- 1 s b
| P (3.2.2-2)

f
b ( "1 )

#

Here rh is the effective radius (based on volume) of the bubbles
in the layer. This resembles the Szekely model.25 which may oe
put in the form of Equation 3.2.2-2 with the Prandtl number raised
to the 0.5 power and the coefficient replaced by 1.69. Szekely's

model may be derived from the idea that heat is trarisferred by
transient conduction with bubbles periodically disrupting the
developing thermal gradients. It is therefore referred to as a
" surface renewal" model.

Ginsberg and Greene also noted that further enhancement of
heat transfer by entrainment effects became significant at rather
modest gas superficial velocities on the order of I cm/s. This is

not considered in CORCON-MOD 2 because the heat transfer co-
efficients are already so large that their exact values are not
critical--the pool is almost isothermat, and the losses of heat
from its boundaries are primarily controlled by other thermal
resistances.,

For the coolant layer, boiling heat transfer is also included.
The model in CORCON-MOD 2 includes the full boiling. curve, based on
standard pool boiling correlations as summarized by Bergles.26
No correction is made for the effects of gas injection at the
melt / coolant interface. The various correlations involved are not
used directly in CORCON-MOD 2. This is possible because the
boiling heat transfer coefficient for a given fluid, water in this

! case, is a function of pressvxn and temperature only, with all of
the detailed dependence of m6;orial properties on temperature and

:

|

20

-_--_- - ___



.

pressure contained in the one function. A series of calculations
was performed outside the code, using thermal and transport
properties f rom the Steam Tables.27 to generate tables of
values. These were then fit by simple analytic forms, which
reproduce the tables within 3% over the pressure range of 10kPa to
10MPa (saturation temperatures from 320K to 580K). The principal
advantage of using these fits is that the extensive libraries of
water properties themselves need not be included in the code.

Nucleate boiling is treated by using the Rohsenow28 correla-
tion for the temperature rise and the Zuber29,30 correlation
(with Rohsenow's coefficient 31 for the critical heat flux to
calculate the values of qCHF and of Tw - Tsat at the point
of critical heat flux. These are represented as

O.415
1.50 x 10-6(10-5p)q =

CHF (3.2.2-3)
1.117

1.0 + 5.97 x 10' (10- p)

0.894-S1.71 x 10 C (10 P)(T -T
sat}CHF

sf"
(3.2.2-4)y

O.965-3 -S1.0 + 7.58 x 10 (10 p)

in S.I. units (q in W/m K, p in Pa, and T i~n K): the surface2
coefficient, C g, is taken as 0.01. The nucleate-boilingg
portion of the boiling curve is then represented as

1 3.03
9 9*

| CHF w ~ sat w ~ sat
CHF

where the exponent is that attributed to Rohsenow in Reference 26.
| The effect of subcooling on nucleate boiling is included

using the expression recommended by Ivey.32(
i
|

9 9 " + ICHF,sub CHF, sat Ivey sat - b) ( .2.2-6)
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where Tb is the bulk temperature of the fluid and the co-
efficient Cryey is given by

= 0.11
-g ) |4fp c q

(3.2.2-7)hIvey (pv/ fg

This coefficient is calculated as a functibh of pressure from the
fit

.

-0.683 |

,

-2
C _ 4.77 x 10 (10- p)

(3.2.2-8)
Ivey - 0.862

-51.0 - 6.29 x 10- (lO py

The film boiling regime is based on the Berenson correla-
tions33 for the the heat-transfer coefficient in film boiling
and for the temperature difference at the Leidenfrost (minimum
film-boiling point). These have been fit for use in CORCON-MOD 2
as

0.894
4 -S

1.88 x 10 (lo D} (3.2.2-9)9Leid =

0.956
1.0 + 7.58 x 10~ (10- p)

and

0.848
8.56 x IO1(lO-Sp).

(3.2.2-10)
sat)Leid

(T - T =
W .

.0750
1.0 + 1.38 x 10-1(lO-Sp)

Above the Leidenfrost point, the total heat flux including
radiation is represented, in accordance with Equation 7.45 of
Reference 26, as

E 1/3
9 "9 I9 9) +9 (3.2.2-11)c c r

Here qc is the convective heat flux in the absence of radiation,
and the factor (qc/q)l/3 accounts for the fact that the total
heat flux contributes to the vaporization rate, which determines

i the thickness and thermal resistance of the vapor film. The heat

| Clux qc has an explicit variation with temperature as the 3/4
power of (Tw - Tsat). We assume that this dominates the

i implicit temperature dependence through material properties, so
'

that ge may be calculated as
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The-radiative contribution, gr, is given for infinite parallel
gray walls by

4 4
# Iq =: B w

- sat)
E (3.2.2-13)

1/c, + 1/cf - 1

where cw is the emissivity of the wall and cc that of the
fluid.

The transition-boiling regime is represented by a simple
linear interpolation in En P vs En T between the point defined
by Equations 3.2.2-4 and -5 and the point defined by Equations
3.2.2-9 and -10.

At sufficiently low gas velocities, heat transfer in molten
debris or coolant is dominated by natural convection. This
process is modelled in CORCON-MOD 2 by conventional Nusselt-
Rayleigh correlations in the form.34

1/4 1/3
Nu = max (0.54 Ra 0.14 Ra ) (3.2.2-14),

for z.xial heat transfer in an unstable thermal gradient, and

1/4 1/3
Nu max (0.59 Ra 0.10 Ra ) (3.2.2-15),

for radial heat transfer. Here

Nu = ht/k (3.2.2-16)

is the Nusselt number, based on the layer thickness R. and

Ra = gSATR /ur
(3.2.2-17)

is the Rayleigh number. AT is the temperature difference,
fluid to boundary. In Equations 3.2.2-14 and -15, the first
expression in parentheses corresponds to laminar (low Rayleigh
number) convection and the second to turbulent (high Rayleigh
number)' convection.
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We have previously shown10d that axial heat transfer in a
fluid layer with known average and boundary temperatures could be
described using these conventional convective heat transfer rela-
tions, combined with conservation ot energy. This approach is
used in CORCON-MOD 2. The heat transfer coefficient at a surface
where the temperature gradient is stable is calculated directly
from Equation 3.2.2-15. If the temperature gradient is stable at
one interface but unstable at the other, convective flows driven
by the unstable gradient steepen the stable gradient. To account
for the resulting increase in heat transfer, the heat transfer
coefficient for the stable gradient is then calculated from

1/2

stable!I1+ (1 + 2 Nuunstable!O unstable | | TNu -
stable

(3.2.2-18)

Kulacki and co-workers 35-37 have developed correlations for
convective heat transfer in internally heated fluid layers. Our
model has been used to reproduce the v:irious correlations with a
maximum error of 30% and an average error closer to 10%, so that
CORCON- MOD 2 may be said to be reasonably consistent with the
Kulacki results. Further discussion may be found in Reference
10e.

The natural convection limit is imposed in CORCON-MOD 2 by
choosing the greater of the Nusselt numbers calculated for
bubble-enhanced and for natural convection. The actual imple-
mentation assumes that Equation 3.2.2-18 may be applied even when

Nuunctable is evaluated for bubble-enhanced convection.
For very thin or very viscous layers, the natural convection

correlations above can yield smaller heat fluxes than would
result from simple conduction. Therefore, an approximate conduc-
tion limit is imposed in CORCON-MOD 2, again in the form of a
lower limit on the Nusselt number. The formulation is based on
the average temperature of the liquid layer Tg, which is
consistent with CORCON usage and is normal practice for convec-
tive heat transfer. For convection, there is a (usually un-
stated) assumption that the boundary layers are thin and that the
local temperature is essentially equal to the average temperature
almost everywhere. The assumption fails at or near the conduc-
tion limit, where the temperature profile is quadratic (for a
uniform volumetric source). This is the reason that we have
chosen an " approximate" limit rather than an " exact" one. A full
discussion is contained in Reference lOe.
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In the radial direction, the exact conduction result for a
quadratic temperature profile is

R* 9 1/[k(Tg - T )]Nu 4 1/RR R (3.2.2-19)=

expressed as Nusselt number based on layer thickness. This
provides the desired lower bound on radial heat transfer.

The exact axial conduction result is

2k [Tg-TT+ I-TB+qT= Tg-TT)] ( .2.2-20)

qB= - [Tg-TB+ I~ B + 1- T)3 (3.2.2-21)

where the fluxes are positive up, and "B" and "T" refer to the
bottom and top surfaces, respectively. Note that qB in,

Equation 3.2.2-20 does not necessarily have the same sign as4

(TB - Tg) (and similarly for qT and (Tg - TT) in Equation
3.2.2-21), which would greatly complicate an attempt to impose
the " exact" limit. In order to avoid this, we have employed the
approximations

2 [ max ((Tg-TT)(Tg-TB),0)]l/2)jgqT =2k {Tg-TT+

(3.2.2-22)

qB= -2k {Tg-TB+ 2 [ max ((Tg-TT)I E- B),0)] }/t
!

(3.2.2-23)
,

which have the desired sign properties, and the same values as
Equations 3.2.2-20 and -21 for the limiting cases of no internal,

heating (Tg (TB + T )/2) and of large internal heating= T
(TB - Tg =TT - Tg). In fact, as discussed in Reference 10e,
the approximation errs only in the temperature at which steady
state is achieve'd for given boundary temperatures and volumetric
heating. This error is unavoidable if we wish the heat fluxes to
have the same sign as the temperature differences. In any case,
if the conduction limit in a liquid is reached, the layer must be
relatively thin and the maximum error in the average temperature,
one third of the temperature difference across the layer.loe
must be relatively small. It represents only a minor error in
the sensible heat content of the layer and has no other conse-
quences.
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Equations 3.2.2-22'and -23, rewritten in the form of Nasselt
numbers based on layer thickness, are employed in CORCON- MOD 2 as
lower bounds on the Nusselt numbers in a liquid layer.

3.2.3 Crust Formation and Freezing.

After some period of interact' ion, pool temperatures will fall
-to the point.where solidification begins. In.the early stages,
we assume that crusts will form at one or more interfaces with ;

i the interior of the layer remaining liquid. (This is not the i

only' possibility: the crusts may be unstable, or the entire melt
may form a slurry.) At later times, considerable freezing may*

occur. If part or all of a layer becomes frozen, heat can be
,

removed from it by conduction only, which is ordinarily far less
effective than convection. Because of internal heating and the
fact that cooling cannot continue unless heat losses exceed
sources, freezing is largely self-limiting. Substantial freezing
of the metallic layer may occur, but in the layer containing fuel
oxides the volumetric heating is much. greater and the thermal

' conductivity much lower so that only thin crusts can form.

For some accident scenarios, the core-debris may initially be'

i solid or partially solid. If the degree of solidification is
such that internally- generated heat cannot be removed, the-debris
temperature will rise and material will melt until convective
heat transfer is sufficient to allow a balance to be achieved.
In general, melting will proceed outward from the center of the

j debris.

A complete formulation of the problem involves transient,
two-dimensional heat transfer with conduction, convection, and
change of phase. The spatial resolution must be sufficient to

j resolve centimeter-thick crusts on layers with dimensions of
meters. A numerical solution of the full problem would be very

i difficult, if not impossible.

A major effect of the presence of solid crusts on heat
',

transfer is the limitation of convective losses because t.he
boundary temperature of the liquid cannot fall below the
solidification temperature. Also, a crust provides an additional

i thermal resistance between the interior of the pool and its
'

surroundings. Both effects tend to reduce heat losses and slow
.

internal cooling rates (or force reheating) so that a steady
38'

state is approached. Therefore, we have developed a
'

relatively simple quasi-steady-state model for inclusion in'

COHCON-MOD 2.'

!

! The model is formulated in terms of the average temperature
'

of the layer, which is known from its mass and energy content,
; although it assumes the existence of a temperature profile within

( the layer. The basic approach is to construct-a steady-state
1

l
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solution to the heat-transfer equations in a right circular
cylinder whose average temperature, boundary temperatures,
thickness, and volume all match those of the actual layer. The
resulting heat fluxes at the boundaries are then used at the
corresponding boundaries of the actual layer. As described
above, the state of a layer will evolve toward a situation where
heat losses balance internal heat generation. The average tem-
perature and the boundary heat fluxes at this steady state are
determined by the internal heating and the boundary temperatures
for the layer.

As a further simplification, the problem is reduced to two
independent one-dimensional problems, one axial and one radial,
by performing radial and axial averages, respectively, of the
full two-dimensional problem. This is a fantliar approximation
for convective heat transfer in an almost itathermal liquid layer
with thin thermal boundary layers, and its accuracy is seldom
questioned. It might be expected to be less accurate in the
opposite limit of conduction in a solid. Therefore, we have
tested the approximate model by comparing its predictions with
the exact solution for steady-state conduction in a right
circular cylinder with uniform volumetric heating and specified
surface temperatures.lOh The quantities compared were the
resulting average temperature of the layer and the partition of
internally generated heat among upward, downward, and radial heat
flows. The agreement between the two calculations is good:
differences in the partition of heat and in the effect of;

' boundary temperatures on the average temperature are less than
10%, and the calculated temperature rises due to internal heating
differ by less than 20%. This is true for any anticipated
height-to-diameter ratio of the cylinder. Therefore, we believe
that the one-dimensional simplification is sufficiently accurate
for use in a code such as COROON-MOD 2.

Within a one-dimensional calculation, a layer may be entirely
liquid, entirely solid, or liquid with a solid crust. For the
axial case, a crust may exist on the top, on the bottom, or
both. In liquid regions, heat transfer is by convection (natural
or bubble-enhanced) with a conduction limit as described in
Section 3.2.2. In solid regions, it is by conduction. The
all-liquid case employs the results of Section 3.2.2 directly,
while the all-solid case uses the analytic results for steady-
state conduction with a constant volumetric source which follow
from

- k dT/dz (3.2.3-1)q =
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dqz /dz = S (3.2.3-2)g

g = - kdT/dr (3.2.3-3)r

d(rgr)/dr = rS (3.2.3-4)r

Here the heat flux, q, is positive upward or outward and S is the
volumetric heat source. These relations lead to familiar quad-
ratic_ temperature profiles. In terms of boundary and average
temperatures, the heat fluxes are

k (-4TB + 6Y - 2TT)/L (3.2.3-5)qB=

k (-2TB+ 6T - 4TT)/L (3.2.3-6)9T=

q =4 k (T - T )/R (3.2.3-7)R R

with subscripts B. T, and R referring to the bottom, top, and
radial surfaces. Here T is the average temperature of the layer,
and L and R are its thickness and radius, respectively. Note
that the volumetric source does not appear in these results; the
implications of this are further discussed in Reference IOh.

In the case of a liquid with crusts, the liquid sub-layer is
solved first using assumed values of its average temperature and
thickness or radius, Tg and 1 or Rg, and appropriate boundary
temperatures. For any surface at which a crust exists, the bound-
ary temperature is assumed to be the solidification temperature.
Conduction in a crust is again governed by Equations 3.2.3-1
through -4, and the temperature profile is again quadratic within
the crust. We require continuity of the heat flux at the inter -
face with the liquid, and set the volumetric source in the crust

; equal to that in the liqui?.

|

|

|

I
i
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S (q -9B) (3.2.3-8)
=

T

S = 2q /R (3.2.3-9)g

This leads to crust thicknesses and average temperatures of

1/2
6B* I - T )# 9B1 + I -T) z)S B S B -9BR (3.2.3-10)

-TT)# (9TE + 2k(Tg T)3z)
6T = 2k(Tg -T +9 TR (3.2.3-11)

1/226 2k(T -T )/ (q + k(T -T)S}
- +q (3.2.3-12)R S R RE S R r RE

T (2T + T )/3 +q 6 /6k (3.2.3-13)
=

B S B- BE B

Y (2T +T )/3 -q 6 /6k (3.2.3-14)=

T S T TR T

T (T +T )/2 (3.2.3-15)=

H S R

for those crusts which are present. Here T is the solidifica-stion temperature. Tx is the average temperature of crust x. andqxg is the heat flux at its interface with the liquid, where
"x" may be B, T, or R. In some cases, one or more of Equations
3.2.3-10, -11, and -12 may have no real solution. For this to
happen the effective source (divergence of the heat flux) must be
negative, which may occur if a layer is being heated by an
adjacent layer. The solution is to repeat the calculation with
the source made less negative by increasing the assumed liquid
temperature and/or dimensions.
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In general, neither the total layer thickness (or radius) nor
the overall average temperature thus determined will be correct
for the layer. This requires an iteration on the thickness and
temperature of the liquid sublayer. A two-variable form of
Newton's iteration has been found effective for this. A " bound-
and bisect" backup has been included for reliability.

3.2.4 Melt / Concrete Heat Transfer

There is no consensus concerning either the exact nature of
the interface between the melt and the concrete or the mechanisms
by which heat is transported across it. This region, into which

gases and molten or partially molten oxides from concrete decom-
position are injected, is too thin to be seen either visually or
with x- rays.39 There are a number of competing models for
prediction of heat transfer through the interface: examples are<

described in References 5, 21, 40, 41, and 42.

Because there is no convincing experimental evidence to
confirm or reject any of the models, and the alternate models do
not give answers which are greatly different, we have retained
(with some modifications) the model from CORCON-MOD 1. This model
assumes that the boundary region is dominated by a gas film, and
that on horizontal and near-horizontal surfaces the Taylor
instability leads to formation of bubbles which enter the melt,
while on more-steeply inclined surfaces the gas forms a flowing
film.

For a gas film on a nearly horizontal surface, heat transfer
is computed from a mechanistic model based on momentum balance in
a Taylor-instability bubbling cell.40 The result may be cast

in the form of a Nusselt number based on film thickness as

E h 6 /kg = 0.804, (3.2.4-1)nub BB

is the heat-transfer coefficient, 6 is the filmwhere hB is the thermal conductivity of the gas. The
thickness, and kgfactor 0.804 is the fraction of the surface not occupied by
bubble sites and therefore available for heat transfer. The film

thickness satisfies

3 ( ~

6 15.05 Re * *= *

B

Here L is a material property

2
L= {ug/[ gag (#1 - Agl}1[3 (3.2.4-3)
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where g is the acceleration of gravity, subscripts 1 and g refer
to pool material and film properties, respectively, and

|

reb ' Pg s /ug (3.2.4-4)Va

is the Reynolds number based on the Laplace constant

g)]1/2 (3.2.4-5)a E [o/g (p1 - p

and the superficial velocity V with which gas enters thes
film. It is worth noting that if the process modelled were
really film boiling, the equations would be closed through the
relations

= h oT = p V h'tg (3.2.4-6)
q B gs

,

where h'gg is the effective heat of vaporization. Helatively
simple manipulation can then be used to reduce the present model
to the form of Berenson's 3 correlation for boiling on a flat3

plate

3
' 1/ 4

'9 fc (#1 ~ #c)h = 0.67 0
(3.2.4-7)

u AT 2 nag

with a coefficient of 0.68 rather than 0.67.

The bubble model is used for inclinations less than 150 in
CORCON-MOD 2. Above 300 we use a flowing-film model, and
consider both laminar and turbulent films. The transition model
used between 150 and 300 will be described later. The film
models are mechanistic, based on momentum balances in an inclined
flowing film, with Reynolds analogy used for heat transfer in the
turbulent case. The results, expressed as Nusselt numbers, are

Nuty E h y6 y/k 1 (3.2.4-8)t L g =

Nu h 5 /k = 0.325Pr /3Re (3.2.4-9)
l 3/4

TF TF TF g F ,

where Pr is the Prandtl number for the film, and HeF is theReynolds number based on film thickness

31
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(3.2.4-10)= p u6/pg,Rey g

with E the average flow velocity in the film. The film
thicknesses satisfy

6 = 5.61 Re L / sin 0 (3.2.4-11)3
g y

3 7/4 3
6 = 0.0469 Re / sin 0 (3.2.4-12)

F F

where e is the inclination from the horizontal.
43

In CORCON-MOD 2 We have abandoned the Persh transition
between laminar and turbulent regimes because it was based on
external flows. Instead, we employ a much simpler " transition".

which will ensure continuity of film thickness and heat-transfer
coeCCicient with the appr)priate limits:

6 y) (3.2.4-13)(6 y,6F = max TL

NuF = max (Nu g,y , NuTy) (3.2.4-14)

(3.2.4-15)Nuy k /6Fhy = g

where the various film thicknesses and Nusselt numbers have been
defined above.

A transition between the bubbling model and the film-flow
model is also required. We have incorporated a mechanistic
model 10g based on a momentum balance with a fraction f of

into establishinginjected gas going into bubbles and the rest
the film. The results have the form

3 3
,3,+ f(sin) 15 / sin 0) 6 (3.2.4-16)3

6 ,

[fNug + (1 - f)Nuy) kg/6 (3.2.4-17)h =

A transition is achieved by decreasing f linearly with sin 6
0 to 0 at 300from 1 at 15

32
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Because of the high temperatures involved, heat transfer byradiation across the gas film must also be included. The radia-tive component accounts for about one half of the total heat flux
in many CORCON calculations. We use the form for a transparent
gas between infinite parallel gray walls

q "B (T - T,)Arad (3.2.4-18)
=

net (1/c + 1/c - 1)p

Here OR is the Stefan-Boltzmann constant. Tg and Tw are
the temperatures of the pool side of the gas film and of the
ablating concrete surface, respectively, and c and c arep wthe corresponding emissivities.

The convective heat-transfer coefficients above involve the
superficial velocity of gas entering the interface region and, in
film flow regions, the film-wise mass flow. The latter is
determined by the entering gas flow at all upstream points. .Thesuperficial gas velocity is determined by the concrete response
which is determined by the total heat flux. This, in turn,
involves the heat-transfer coefficients themselves. A self-
consistent solution has been found advisable for numericalstability; this is obtained through a simple iteration.

Note that p 66 is the mass flow per unit width of film,g
which satisfies

d
_

(rp 56) = rfp V (3.2.4-19)g gs
ds

where r is the local radius of the cavity, s is the path length,
measured along the film, and f is the interpolation factor which
imposes the transition from bubbling to film flow. In COHCON-MOD 2,
we solve this equation by use of a simple predictor-corrector
method. An inner iteration, as described above, is required to
solve the non-linear (because of radiation) energy balance at each
point. In cases where the spacing between body points is too
great to resolve the development of the gas film, intermediate
points are considered by the integration routine. They are not
saved, unlike the " integration points" in CORCON-MODL.

Heat transfer through the gas film is formulated in terms of
the temperatures of its surfaces. On the pool side, this tem-
perature T , is determined implicitly by the requirement thatA
the heat flux be continuous. The subroutine SURFEB is used to
perform a surface energy balance at the interface between the melt
and the gas film and evaluate its temperature at each spatial
point. The nonlinear equation

33
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9P"9 tad f A - W} (3.2.4-20)
* (

>

net

is solved for TA using Newton's iteration. A complete solu-
tion, including the full evaluation of pool-side heat transfer
within the iteration loop. would be extremely expensive in
computer time because the energy balance is typically performed-.

,

at hundreds of points along the pool / concrete interface. (

In CORCON-MOD 1,3 the pool-side heat flux is represented in
terms of a heat transfer coefficient, whose dependence on TA
(if any) is ignored in the iteration. The value for the last
previous evaluation of within-pool heat transfer is used. The
crust-formation model in CORCON-MOD 2 introduces a discontinuity |

'in behavior when TA passes through the solidification tempera-
on Tg is shownture Ts. The qualitative dependence of qp

in Figure 3.1. When TA is slightly greater than Ts, no crust
is given by a convectiveexists and the derivative dqp/dTA

heat-transfer coefficient which is typically large. When TA is
a crust must be present and the deriva-slightly less than Ts,

tive is small because a small change in surface temperature
merely changes the (steady) crust thickness with very little
change in the heat flux. The discontinuity in slope must be
accounted for to prevent unphysical results or failure of the
iteration which determines Tg.

In CORCON-MOD 2, we use a piecewise-linear approximation to

as a function of TA. There are two cases, as shown inqp
Figure 3.2, depending on whether a crust was present (Tg was
less than Ts) when within-pool heat transfer was last evalu-

is-evaluated asated. If so, qp

q =q + (T -T ) (3.2.4-21),

p p T 3 A
,

is extrapolated linearly tofor TA 1 Ts. For TA > Ts. 90
,

zero at TA=TM, where Tg is currently taken as the tempera-
| ture of the liquid center of the layer. This is illustrated in
'

Figure 3.2A. If, on the other hand, no crust was previously
present (TA was greater than Ts), Equation 3.2.4-21 is used

the heat flux qp -for TA 1 Ts. For TA<T3,to evaluate qp
is assumed to be constant as shown in Figure 3.2B.

!
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!

( 3.2.5 Pool Surface Heat Transfer
! We anticipate that CORCON-MOD 2 will be coupled to containment
' response codes such as MARCH 44 and CONTAIN.16 To simplify '

such efforts, the pool surface has been treated as a major
computational interface in CORCON-MOD 2, with limited information
passed in a well-defined way between above- and below-surface
modules. Otherwise, these modules are quite independent; in
particular, the need for simultaneous solution of above-surface
and below-surface heat transfer relations has been avoided.

Each half of the problem (above- and below-surface) defines an
upward heat flow, Os, as a function of the surface temperature,
Ts. An energy balance at the surface of the pool requires
finding that Ts for which these heat flows are equal; this
generally involves solution of a nonlinear--and perhaps very
complicated--equation. This may be viewed somewhat differently:
for each half of the problem, the boundary condi. tion at the pool
surface is the heat flow vs temperature characteristic of the
other half, and the object is to find a simultaneous solution.
Each " half-problem" is solved with a boundary condition repre-
senting the response of the other half, linearized about the
most-recently-calculated surface temperature. The calculation isdescribed in more detail below.

First, the end-of-timestep response of the pool, linearized
about its start-of-timestep value. TQ,

dQ|
o

Os "Os| Pool
s (Ts - TB), (3.2.5-1)

+

dT Pools

is calculated in ENRCN1 and passed to the above-pool module, '

ATMSUR. This response includes contributions from the implicit
terms in the pool energy equation, involving the change in layer
temperatures with change in end-of-timestep heat loss from the
surface. In ATMSUR, it is used as a boundary condition for the
full nonlinear problem involving atmosphere and surroundings, ,

resulting in a provisional end-of-timestep surface temperature.
TQ+1 This, together with the linearization of above-surface
response about TQ+1,

dQ ~

Os = Q8| + si (Ts - TQ+1), (3.2.5-2)
Isur dTs isur

is passed back to the below-surface modules. The linearizationultimately serves as a boundary condition for another non-linear
calculation which results in the final end-of-timestep value
TQ+1 This procedure has advantages with respect to the energy-
conservation equations, as will be discussed in Section 3.2.9.

37

. - . - . - . - _ _ - . .- - _ . _ . . - . - . _ - - - _ - _ - - -



_ _ _ _ _ _ _ _ _ _ _ _ - . -

In the version of ATMSUR included in CORCON-MOD 2 for stand-
| alone use, heat loss from the pool surface includes convective

heat transfer to the atmosphere and radiative heat transfer to
the surroundings. Thermal radiation is the dominant mechanism.
If desired, the radiative effects of aerosols in the atmosphere
may be included in the calculation, with an atmospheric opacity
determined from estimated aerosol concentrations as described in
Section 3.2.11. Once the optical thickness of the atmosphere is
known, the one-dimensional diffusion equation is applied for
infinite, parallel, optically gray plates giving

i
|

4 4
# ( -

sur (3.2.5-3)B s
9 tad 's * #'sur-1 + 0.75 KLnet

T ur is the surroundingswhere Ts is the surface temperature, s
temperature, K is the extinction coefficient, L is an average
path length for radiation in the cavity atmosphere, and cs

are the surface and surroundings emissivities,and csur
respectively. Note that Equation 3.2.5-3 reduces to the
transparent atmosphere equation as either the extinction
coefficient or the average path length approaches zero.

Convection produces additional heat transfer from the pool
surface. Unless the atmosphere is truly transparent, however,
convection and radiation are strongly coupled; the radiation
tends to increase thermal stability and reduce convection.45
Further discussion, together with references, may be found in
Reference 10g. Therefore, we have included only a very simple
convection model in CORCON-MOD 2. The convective heat transfer
from the pool surface to the atmosphere is given by

9 cony = ha (Ts -Ta) (3.2.5-4)

where T is the bulk temperature of the atmosphece. The heat
atransfer coefficient, ha, is assumed to be a constant 10 W/m2 g,

Therefore, the total heat flux from the surface (interface)
is given by

9 tad + 9 cony (3.2.5-5)is "
net

This equation is solved for Ts simultaneously with the
linearized pool response, Equation 3.2.5-1, to determine the
provisional end-of-timestep surface temperature TQ+1
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3.2.6 . Concrete Decomposition and Ablation

The response of concrete exposed to high heat fluxes is
complex. Concrete is an inhomogeneous material which undergoes
changes in composition as it is heated. The most important of
these changes are the vaporization of interstitial and adsorbed
water at about 400 K, the decomposition of calcium hydroxide near
700 K, and that of calcium carbonate between about 1000 and 1100
K. (Actually, several rate processes are involved, but the
temperature ranges quoted are typical.) The carbon dioxide, water
vapor, and liquid water produced within the solid concrete flow
through the pores of the remaining matrix in response to pressure
gradients. Finally, the remaining oxide matrix melts, at a
temperature which ranges from about 1500 K to 1900 K for repre-
centative concretes. Because the matrix is a mixture of
compounds, the melting actually takes place over a range of
temperatures (and the rates of several chemical processes are also
involved). In the context of molten-core / concrete interactions,
the molten and semi-molten materials are removed from the surface
into the pool, as the surface recedes.

A detailed treatment of the in-depth response of the concrete
is available in codes such as USINT8 and SLAM.46 In
CORCON-MOD 2, we employ a drastically simplified model, based on a
steady-state one-dimensional energy balance. If a steady
temperature profile exists in the concrete, a simple heat balance
at the concrete surface yields

o#c Habl dx /dt (3.2.6-1)q = a

where q is the net heat flux to the concrete, pc is the
density of concrete, oHabl is the ablation enthalpy of
concrete (a material property), and x is the position of thea
concrete surface. The heat flux q must, of course, be reconciled
with the melt / concrete heat transfer model of Section 3.2.4. In
general, this procedure will involve an iteration to determina the
temperature of the pool side of the interfacial gas film, allowing
for the fact that the thermal resistance of that film may depend
on the gas generation which results from the ablation. If this
temperature is below the ablation temperature, the concrete is
treated as an adiabatic boundary with q (and dx /dt) set equala
to zero.

We emphasize that the pseudo-steady temperature profile, which
is used to justify Equation 3.2.6-1, does not appear in the
equation. The sensible heat and chemical energy (and changes in
these quantities) associated with the temperature profile are
ignored. This is not a problem in cases where the pool contains a
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high temperature liquid melt: studies by ACUREX, using a more

complex-ablation code, have shown that theablationgrocesses,

reaches-a quasi-steady state within about 1 minute.4 At very
late times, or early times with initially solid debris, thei

! inaccuracies could be greater.
|

The quasi-steady model is also used to calculate the
r
' generation of decomposition gases; that is, the mass generation
i rate of each gas is taken as its partial density in the concrete

times the ablation rate. Gas released in advance of the ablation
front is thus ignored: this assumption neglects the initial burst i

of gases associated with establishing a steady profile in the,

concrete by a hot molten pool. The model is also in error at:

: early times for solid debris, because no gas is generated before
; ablation begins, as well as at late times if ablation ceases.

; The ablation energy for concrete in Equation 3.2.5-1 is
; calculated internally, and. consists of both sensible and chem cal

i energies. The sensible energy is computed as described in Ses . ion
3.3.1. It includes the energy necessary to raise gaseous uecoinpo-'

! sition products to the concrete ablation temperature to account
for the so-called " transpiration cooling" effect. The 'emical

! energy is included using experimentally determined hea , of
decomposition for three reactions: evaporation of free water (11
kcal/ mole), release of chemically bound water from hydroxides (25
kcal/ mole), and release of CO2 from carbonates (40 kcal/ mole).
The enthalpy of limestone aggregate / common sand concrete (includ-
ing decomposition products where appropriate) is illustrated in
Figure 3.3 as a function of temperature.

The ablation temperature of concrete is not precisely defined
because ablated material may not be completely molten. In i

CORCON-MOD 2, we consider a melting range defined by the concrete '

liquidus and solidus temperatures, with the ablation temperature
ordinarily chosen to lie between them. The choice affects the
calculated heat of ablation, as may be seen from Figure 3.3.

I Concrete decomposition products enter the gas film or the pool at
i the ablation temperature, with the enthalpy appropriate to that

temperature. Therefore, because all enthalples are computed from4

| the same data base, the choice of ablation temperature has no
4 effect on overall conservation of energy.

If the concrete contains reinforcing steel, the energy neces-
i sary to raise it to the concrete ablation temperature is included
! in the " concrete" ablation enthalpy.
!

i 3.2.7 Chemical Reactions

The principal chemical reaction involved in core / concrete
interactions is the oxidation of metals in the pool by concrete-

| decomposition gases. These gases, water tapor and carbon dioxide,
,

| are reduced in the process, primarily to hydrogen and carbon
i

40 i4
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monoxide. It is possible to further reduce carbon monoxide to
atomic carbon. This is predicted in CORCON-MOD 1 in many cases
involving metallic zirconium. In CORCON- MOD 2, we treat the reac-
tions of metals in the pool with gases in the gas film as well as
those with rising gas bubbles which were included in CORCON-MODl.
Because of possible differences in temperatures, these are treated
as separate reactions.

A second reaction, the reduction of oxides at the pool surface
was included inby the oxygen-poor atmosphere above the melt,

CORCON-MODL.3 This feature was tested, but was bypassed in
released versions of the code because of the incomplete treatment
of the atmosphere. We have retained it, still bypassed, in
CORCON-MOD 2.

The calculation is based on minimization of the Gibbs function
for 38 chemical species composed of 11 elements. These species
include all relevant condensed species (the metals, their oxides,
and condensed carbon), the principal gaseous species of water
vapor, hydrogen, carbon dioxide, and carbon monoxide, and a
variety of less-important gases such as light hydrocarbons. The
subroutine employed. MLTREA, has evolved from an implementation by
Powers 10c of the method of Van Zeggeren and Storey.48 It

performs a simple first-order steepest descent minimization of the
Gibbs function subject to constraints on mass conservation and on
non-negativity of concentrations. The version included in
CORCON-MOD 2 has been heavily modified and is described in detail
in Reference IOf, to which the reader is referred for details.

The procedure has a number of significant advantages:
(1) it is extremely general; (2) reactions need not be specified;
(3) convergence does not require a good initial guess (although it
is much faster if one is available); and (4) the resulting FORTRAN
code is relatively small for the number of species considered.
The metallic reactants and oxidic products are treated as mechani-
cal mixtures in MLTREA: that is, entropy-of-mixing and heat-of-
solution terms are neglected in their chemical potentials. The
result is that the metals are oxidized, to depletion, in the order
zirconium, chromium, iron, nickel.

The thermodynamic-propert.ies package (Section 3.3.1) employs
the standard thermochemical reference point of separated elements
in their standard states. With this reference point, heats of
formation of all species are automatically included, and all heats
of teaction are implicitly contained in the enthalpy data. In

fact, they are calculated only for edit purposes.

42
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|

3.2.8 Mass Transfer and Associated Heat Effects

Processes involving mass transfer are of considerable impor-
tance in the modelling of molten core / concrete interactions.
These include injection of concrete decomposition products
(condensed and gaseous) into the pool and, in principal, further
additions of core materials, structural materials, or coolant
entering from above. It is convenient to include chemical
reactions in the same calculational structure, because these
reactions affect the nature of transferred masses.

These transport processes modify both the mass inventories and
the energy contents of the various pool layers. The corresponding
terms in the mass and energy equations are eviluated in subroutine
MHTRAN. The structure of this routine close mirrors our picture
of the physical processes it models, as described in the following
paragraphs.

The masses and enthalpies of all pool layers are updated for
mass transfer and associated heat transfer in two passes. The
first pass, upward through the pool, follows the rising gases and
rising condensed- phase materials f rom concrete decomposition or
melt / gas reactions. The direction of motion is, of course,
determined by the density relative to the local layer material.
The compositions and enthalples of these rising materials are
followed and modified for chemical reactions. The materials are
thermally equilibrated with any layers they pass through, and
their energy is ultimately added to the layer where they remain.
This final layer is assumed to be the first c ide-contair.ing layer
encountered for oxides, the first metal-conta.ning layer for
metals, and the atmosphere for gases. Any heat of reaction
remains.with the layer where the reaction occurred. The second
calculational pass, the downward pass, is similar: it follows any
material entering the pool from above in addition to sinking
reaction and concrete ablation products.

Figures 3.4 through 3.6 show this in more explicit detail. In
these figures. O denotes thermal equilibration, M/G refers to the
metal / gas oxidation reaction, and O/A to an oxide / atmosphere
reduction reaction included in the code structure but disabled in
released versions. The " mixture" layers, containing heterogeneous
mixtures of metals and oxides, are also present in the code
structure but disabled. The total heat capacity of a layer is
assumed to be much greater than that of materials passing through
it so that thermal equilibration takes place at the start-of-
timestep layer temperature. The associated change in layer
enthalpy is given by

AHL H(min, Tin) - H(mout. Tout) (3.2.8-1)2
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where H is enthalpy. T is temperature, m is mass (including
composition), and the subscripts "L", "in", and "out" refer to theIcyer, to material entering it, and to material leaving it,
respectively. Because the enthalpy package employs the standard

| thermochemical reference point of separated elements in their
etandard states, this equation will also hold including the
offects of chemical reactions. If, for example, the composition
of the gas which leaves the layer differc from that of the gas
which entered, the the entire energy effect is accounted for
through the different compositions associated with mout andmin-

3.2.9 Energy Conservation

The energy equation to be solved for each layer of the pool is
given by

Hf* = H + 6Henter i - 0" leave i + 6H (3.2.9-1)react i

+ 0" source i ~ 9abl i +9Bi -9Ti

HereH{ is the total enthalpy of layer i at time level n

6Henter i is the enthalpy of materials entering
during the time-step

AHleave i is the enthalpy of materials leaving during
the time-step

AHreact i is the enthalpy gain from chemical reactions
AHsource i is the enthalpy gain from decay heat sources
Oabl i is the heat loss to ablate concrete
Qi is the heat transferred from the bottom surfaceB

(zero for the bottom layer where this is part
of Qabl)and Qi is the heat transferred to the top surface.T

As discussed in Section 3.2.8, the "entraing", " leaving", and" reaction" terms are naturally associate 4. The " reaction" termis included implicitly in the other 'PA fy the thermochemical
reference point employed. These t e tt .e' valculated in sub-
routine MHTRAN as discrete changes, 1.ivcia,eq all of the material
which moves during a time-step as the result of concrete ablation
or addition from above. Residence times are not considered--all
materials which result from ablation are assumed to be completely
relocated during the same timestep.
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Decay heat power changes slowly. Therefore, the correspond-

ing term in the energy equation is evaluated explicitly (in the
numerical-methods sense) as a beginning-of-timestep power multi-
plied by At. The remaining three terms in Equation 3.2.9-1

,

'

! involve heat flows which are driven by temperature differences.
I The heat loss to concrete is also evaluated explicitly, but the
|

remaining terms are treated using a linearized-implicit algorithm.
These terms involve the axial heat flows to the upper and lower'

surfaces of the layer (with the exception of the bottom layer for
which the lower surface is adjacent to concrete), and are taken
as weighted averages of the values at time n and the linearly-
projected values at time n+1. This results in the equation

H[+ = H[+1(explicit) + Oat [(6n 1 _gn) , (gn 1 _g ))n

(3.2.9-2)

where the tilde "~" denotes the linearized projection described
Hf+1(explicit) includes the termsbelow, and, of course.

(QBi -OT$)At The implicitness factor O is programmed.

as a variable, but is set equal to 1.

We calculate the projected end-of-timestep heat fluxes from

9T 9T TIDh[1 -Q@i=At Ti +
8TL i 8TT i

(3.2.9-3)

'8qB 'AT 09B 'Ti 1~n+1 n AAI I +* QBi+1 - obi +1 *

8TB i+1 8TL i1
.

if i is not the top layer in the pool, or from

09T~n+1 n aqT -

(TQ+1 - TQ)
-

Al ATiOTi - OTi +"

ii 8TTBTL

(3.2.9-4)
,

s
QQ + (TQ+1 - TQ)=

dTs sur
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if it is. Here qT(B)i is the upward heat flux at the top
(bottom) of layer 1, Ti is the temperature of layer i. TI isthe temperature of the interface. At is its area, and
QQ and dQs/dTs sur define the linearization of above-pool
heat transfer described in Section 3.2.5. The subscripts B. T.and L refer to the bottom and top of a layer, and to the layer
average, respectively. It is important to note that dqTi/dTTi
may not equal -dqTi/dTi. An example of this occurs for a
primarily molten layer with a thin crust. An increase-in the
average temperature increases the liquid temperature and the heat
flux to the crusted surface, while an increase in the surface
temperature merely decreases the crust thickness with little
change in heat flux (under the quasi-steady assumptions of
CORCON- MOD 2 ) .

The temperatures of the interfaces (other than the top
surface) are eliminated, and the change in the temperature of
layer i during the timestep approximated in terms of the change
in enthalpy by

~

AT = X E (H +1 -Hg)/Ci (3.2.9-5)
n ^ '

g y g .

Here[f i is the total enthalpy at temperature Ty of the
contents of the layer at time n+1, and Ci is the correspondingheat capacity. When coolant is present, Equation 3.2.9-5 is
valid only so long as the coolant remains subcooled. When
boiling occurs, Tf+1 must be the saturation temperature
Tsat, and the final enthalpy of the coolant will determine what
fraction of it has vaporized during the time-step. This lehandled by initially treating HQth and TQth as independent
variables.

Equations 3.2.9-2 through -5 result in a set of linear equa-tions for the layer enthalpies at time n+1. As coded in sub-routine ENRCN1, the equations are written in terms of the X's
(which may be thought of as enthalpy changes in temperature
units) in the form

bf)+ bf} (T"*l -Tn) +bf) 5T (3.2.9-6)A.)y) =

s cln

They are solved as

(1) (2) (3)s

Xi + Xi (TQ+1 - TQ) +Xi ATcln (3.2.9-7)Xi
~

=

with (TQ+1 -TQ) and $Tcln left undetermined.
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(3) are 0,If no coolant is present, so that all the X i
the heat flow at the top surface, including the effects of all
implicit terms in the energy equation, now has the form

dQs ~

QQ + (TQ+1 - TQ) (3.2.9-8)
QQ+1

.=

dTs pool

This is the linearized pool response mentioned in Section 3.2.5.
Specifically, the derivative is

dQs , dQT . dQT X(op)
2 (3.2.9-9)

t i

dTs pool dTT top i dTL top i

This is solved simultaneously with the above-pool thermal re-
in subroutine ATMSUR to determine TQ+1 The finalsponse

evalua: ion of layer enthalpies and the corresponding layer
temperatures is then performed in subroutine ENRCN2. This

|

allows the implicit nature of the equations to be maintained
across the pool surface even though above- and below-surface
heat transfer are not evaluated simultaneously. It is the
stabilizing effect of the implicit algorithm which makes
possible the relatively long timesteps routinely employed in
the code.

If coolant is present but re.nains subcooled, H@th
and ATcln are related through Equation 3.2.9-5, and

oTcln may be eliminated from both Equations 3.2.9-7 and -8

through the relationship

cn( - ) (1 - Xc n) (3.2.9-10)T *
cln " cn

This possibility is tested, using the above-pool thermal
response from the beginning of the timestep

(T"+1 -Tn) (3.2.9-11)Q" Q + dT sur=

s

to close the set of equations. If this results in a T@th
below saturation, the elimination of ATcln is accepted, and
the solution proceeds as for the no-coolant case. If, on the
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Other hand, this calculation results in a T8th above satura-
tion, we assume that sufficient boiling occurred during the time-
ctep to hold the temperature to saturation and set T8th
equal to Tsat. In this case, we use the above-pool thermal
response from the start of the timestep. Equation 3.2.9-11, to
complete the solution in subroutine ENRCN1. The resulting
enthalpy of the coolant corresponds to a liquid / vapor mixture at
the saturation temperature. The partition of mass between the two
phases is evaluated, and the vapor component is added to the gases
which left the pool during the timestep. As before, the calcula-
tion is completed through ATMSUR and ENRCN2, but with the deriva-
tive dQs/dT set very large (negative). This procedure assuress
that ATMSUR will determine a value for TQ+1 very near to Tsat-

A special case arises when the coolant layer is totally
depleted during a timestep, and the calculation just described
results in a layer enthalpy greater than that for saturated
vapor. In this case, we assume that all vapor was generated at
saturation and decrement the mass and energy of the coolant layer
accordingly, but we do not update the enthalpies of other layers
at this time. The entire calculation is repeated, with the
coolant layer now absent. Because of the detailed balance of
heat-flow terms in Equation 3.2.9-2, energy is conserved exactly.
Although the total enthalpy of the coolant is not zero at the
start of the recalculation, its final enthalpy must be zero.
Inspection of the equation will show that the result of the
implicit calculation is to force the net heat delivered to the
coolant layer during the timestep to be exactly sufficient to
vaporize it at its saturation temperature.

The major approximation in this treatment of the coolant is
the use of saturation conditions at the beginning of the timestep
rather than at the end. This could result in an apparently super-
heated liquid coolant or in one which is apparently subcooled but
boiling. In practice, no significant problems have been observed.
3.2.10 Bubble Phenomena

Gas which rises through the pool as bubbles influences heat
transfer, as des ribed in Section 3.2.2. In addition, the volume
of the pool is inflated by the volume of the gas bubbles, a
phenomena referred to as " level swell". We calculate a void
fraction, the volume fraction of gases within the pool. This
depends on the flow of gases and on the residence time of bubbles
in the pool; the latter is determined by their rise velocity.
The resulting relationship is

a = V /u (3.2.10-1)g b
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where a is the void fraction, ub is the bubble velocity, and
V is the superficial velocity (volumetric flux)-of gas throughs
the pool. The bubble velocity is assumed to be related to the
terminal velocity of a single bubble in infinite fluid, UT, by

i

(1 - a)" U (3.2.10-2) |ub=4

T

.

where n is taken as -1, corresponding to churn-turbulent bubbly
flow.49 This results in a void fraction of

.

(3.2.10-3)a = V #Iv +UT) .

s s

The void fraction is limited to 0.42 as suggested by Blottner.21

The terminal velocity of single bubbles is a function of their
size and of fluid properties. There are several regimes to be
accounted for. We consider three cases: small bubbles in Stokes
flow, with terminal velocity

2 2
U *~ #1 grb /"1 (3.2.10-4)T

1

medium-sized bubbles with

U 1.53 (ga)1/2 : (3.2.10-5)T
2

and large, spherically capped bubbles for which

b)1/2f U (3.2.10-6)(9f" .

T
3

| For a given bubble size, the terminal velocity is taken as
|
I

max (U U }) (3.2.10-7)
'

UT = min (UT T T,,

1 2 3
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In Equation 3.2.10-5, "a" represents the Laplace constant defined
in Equation 3.2.4-5.

The size of bubbles entering the pool is predicted from the
Taylor-instability bubbling model, which has the form

b = Ca (3.2.10-8) |r

|

| Hare CORCON-MOD 2 uses C = 3.97 based on the experimental data of
| Hosler and Westwater.50 In the development of.CORCON, two

other gas-velocity / bubble-size regimes were investigated: the
analogs of nucleate and of patchy bubbling. They were rejected

,

because the small bubble sizes predicted (on the order of 1
millimeter) did not agree with observation of prototypic melt /
concrete experiments.

The bubble size is recalculated at each layer interface;
allowance is made for the effects of chemistry and the changes in
temperature and pressure, but not for coalescence. The average
of the radius of bubbles entering and that of bubbles leaving is
used to calculate a single terminal velocity for each layer.

The predictions of this model for the terminal velocities of
single bubbles are compared with experimental data 51,52 in
Figure 3.7. Greene and Ginsberg compared the predicted void
fractions with Greene's simulant data.53 The results are shown
in Figure 3.8, taken from the Reference.

We calculate a gas flux at the elevation of each body point
by using the local cross-sectional area and the total gas flow
from lower in the pool. A local void fraction is then calcu-
lated, and the elevations of layer interfaces determined from the
integral of the non-gas volume.

* TOP
dz (1 - a (z)) A(z) = m /p (3.2.10-9).g g

I * BOT

Finally, layer-averaged void fractions are computed from

1

E[=1 - m /p V (3.2.10-10).g gg

Terms are defined in Figure 3.9.
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-3.2.11 Atmospheric Opacity
~

: As gasesLfrom decomposition of concrete pass through the melt
and leave the pool.-aerosols are generated by mechanisms such as
sparging and bubble bursting. These aerosols are observed in

,
' experimental work, and an empirical source term has been

10d which is-developed based on a limited number of experiments;
'given by-

;
J

(33. + 240.V ) exp(-19000K/T) (3.2.11-1)[A] = s

where'[A] is the concentration (g/m3 STP) of aerosol in the
- evolved gas, T_is temperature of the melt (K), and Vs is the-

superficial gas velocity (m/s'STP)'. It must be emphasized that
,

both the superficial velocity and the concentration in this
; expression have been reduced to standard temperature and pressure

,

I (STP). -The melt temperature affects only the exponential activa- |
' tion term. This is unclear in the cited reference, but has been

j confirmed by Powers.54

The temperature T in Equation 3.2.11-1 is assumed to be the j'

! temperature of.the top layer of the melt. -The gas flow (in

{ bubbles) through the-pool is converted to a superficial velocity
at STP, and the aerosol concentration'is adjusted to the tempera-,

| ture and pressure directly above the pool, with the temperature
; taken as that of the top layer. If coolant is present, we assume

that it is effective in scrubbing aerosols from the evolved ,

gases, and set the concentration in'the atmosphere equal to zero.

This aerosol concentration is calculated solely for the
purpose of determining the radiative properties of the atmos- -

phere; no composition is calculated for it, and its mass is not
charged against-the pool inventory.

3.2.12 Cavity Shape Change

The shape of the cross-section of the cavity is defined for
computational purposes by a series of " body points." These are
the intersections of a fixed series of rays with the cavity
surface as shown in Figure 3.10. Given the cavity geometry at
the start of a'timestep, the shape change procedure provides a
new cavity shape at the end of the timestep. The normal reces-

'

s' ion rate is used at each body point, as calculated by the
i concrete ablation model. The methods used have evolved from the
! CASCET model written by ACUREX/Aerotherm Corporation,47 under

- contract to Sandia, for CORCON-MODl. We first assume that the
concrete recession follows the local normal at each body point'

and then project the resulting surface points back onto the
rays. The projection is performed by passing a circle through

!
t

!

l
Z
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each normally-receded point and its two nearest neighbors, and
defining the new body point as the intersection of this circle
with the corresponding ray as shown in Figure 3.11. A solution
will exist so long as no body point is allowed to cross the
neighboring ray during a timestep. In fact, there are two
solutions, and we pick the one which is nearer to the normally-
receded point. Because of numerical difficulties encountered in
CORCON-MODl, the equations have been reformulated and the solu-
tion procedure recoded.

With one exception, the rays emanate from an origin on the
vertical axis of symmetry of the cavity. We have recained the
so-called " tangent ray" from CASCET. This is a single ray,
parallel to the axis, which defines the edge of the flat bottom
of the cavity. Because the correspor ding body point moves
vertically, the bottom is constrained to remain flat as is
required by the ablation model. When the cavity surface passes
through a point where the tangent ray crosses an ordinary ray,
the ordering of the body points is changed appropriately.

In these calculations, the " no r raa l" a t each body point is
chosen as the bisector of the angle formed by lines from the body
point to its nearest neighbors on each side. A more-general
definition from CASCET wcs used in CORCON-MODL. It was found
that, although it gave s'ightly better results for smooth shapes,
the CASCET form occasionally led to pathological geometries where
the simpler model does not. Another modification was made to
prevent numerical sharpening of corners projecting into the
cavity. In this case, shown in Figure 3.12, if the normal
ablation during a timestep is As = sat, the point defining
the corner moves As/cos(Y/2). (Projection back onto the ray
system is not included in this Figure.) In CORCON-MOD 2, the
correction is made for recession of all body points for which
Y>0.

3.3 Material Properties

Calculation of the physical processes described in the
preceding sections requires values for a wide range of thermo-
dynamic and transport properties. These properties are treated
as functions of composition and of temperature. Houever, the
dependence is not always explicitly included in the CORCON-MOD 2
model; for example, the values used for surface tensions are
independent of temperature.

In most cases, properties are required for the mixtures of
species which make up the components of the CORCON system,
although the calculation of chemical equilibrium requires the
chemical properties of the individual species. With a few
exceptions, such as the viscosity of oxide mixtures with larges

l silica contents, mixture properties are calculated from those of
the constituent species.

60

_____ _ _ _ _ -.



. .. .. ... . . - _ - . . . . - _ . . . _ . . _ . - _ _ _ _

d

: =

#
.f I+1
# ,

f Y \
f. As=s.at

#
f As

f 9 x-v
I 7p,

/

,'J

n-1. iY2 ,-
,s#' 3'

\'newnormalAs

I-l

Figure 3.12 Enhanced Recession for Inside Corner Point

61



. . _ _ .

3.3.1 Thermodynamic Properties

The thermodynamic properties calculated are density, specific
heat, enthalpy, and chemical potential.

3Density -p (kg/m )

Condensed phases: 4'
(

-

JMixture densities are computed'from
|

Am = 103 m /E (mivi/Mi) (3.3.1-1)m
1

; where the molar volumes of the individual species are
given by

vi = v{[1 + ci(T - 1673K)]. (3.3.1-2)

Values for vi and ci applicable to the liquid
phase are stored in subroutine DENSTY for all condensed

i specie 3.55-57 The temperature range of the data from
which this relationship was generated varies considerably

,

for tie different species. For many of the oxides, it is
from 1200 - 1800 C, while for others it covars the entire
range from melting to boiling. However, Equation 3.3.1-2
is applied at all temperatures. This disregards the change
in density which accompanies freezing.

Gaseous phase:
.

Densities are computed from the ideal gas relationship

em = 10 pMm/ rot (3.3.1-3)3
;

! where M is the mixture molecular weight (ExiMi).m
i

Specific Heat - cp (J/kg K);

The specific heat of any species, condensed or gaseous, is
represented in the form

2 , to5Di T2, (3,3,t.4)BT+ IO-6 cit10-3 /cp = Ai i+

i
Within the calculation, units are ca /mol K, reflecting

)
the original data sources; a convers'on to S.I. (J/kg K)'

is made before return from the calculational package.
C, and Di are tabulatedValues of the constants Ai, Bi, i

in subroutine CONFND, with one or more temperature ranges;

for each species. A single range is used for all gaseous
;

!
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species, and the fits are valid from 298.15 to 6000K. The
fits for condensed species include both the liquid and one
or more solid phases; in some cases, two ranges are defined
for a single phase. Thus, each species requires from two
to five sets.of coefficients. The upper limit of validity
is above 2500K in most cases, although it is as low as
2000K in others.57-61 In any case, the data for the
highest temperature range included are used for all
temperatures above the minimum for this range. Mixture
specific heats are computed by mass averaging as

p = 4186.8 E (mic ,)/mc p m (3.3.1-5)m
i 1

where the constant provides the conversion to S.I. units.

Enthalov - h (J/kg)

Species enthalples are computed from integrals of the,

j corresponding specific heats. The conventional thermo-
chemical reference point of separated elements in their
standard states (25 C, 1 atm) is employed; i.e., the

0

enthalples correspond to the JANAF tables. The result
may be expressed in the form

T
Ihi(T) =hi(T ) +f dT'cp (T')y

k k k k k2
10-3Bi (T2 - Ti )/2 (3.3.1-6)-Khi + Ai (T - Tt) +

k k3 k k+ 10-6Ci (T - Ti )/3 - 10 Di (1/T - 1/Ti)3 5

fog T in ghy)kth tempegature range for species i (i.e.
Ti <T <Ti (T ) are the break points in theThe

i
.

specific heat fits. The first is 298.15K and the last is
K{eated as infinite.
t Thus, the first integration constant,
hi, is the standard enthalpy of formation of species

1. Any others required are computed internally, sub)get to
the condition that the discontinuity ig enthalpy at T i bethe appropriate heat of gransition, AH

i if a phase
change occurs at Ti and 2ero otherwise.,TP, Subroutine CONFND.
contains tables of these heats of formation and of transi-
tion. The integration constants are evaluated internally
during an initial call to CONFND from routine SETUP in
order to assure full-word accuracy on machines of different
word length. This is done to avoid the possibility of
negative discontinuities in h(T), which could cause
numerical problems. At this time, the discontinuities in
enthalpy are also replaced by smooth transitions over an
arbitrary temperature range of 10K. As with specific heat,
the enthalpy of a mixture is computed by mass averaging:
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(3 3 1-7)hm(T) = 4186.8 E [mihi(T)]/mm-1

Mass-averaging of specific heats (Equation 3.3.1-5) and
enthalpies (Equation 3.3.1-7) is really appropriate only
for mechanical mixtures in which each species is unaffected
by the others. Because of mutual solubilities, actual
mixtures of metallic or oxidic species form one or more
phases. The principal effect is a change in melting
behavior rather than the individual species melting inde-
pendently at their own melt points, the entire mixture
melts over a range of temperatures.

We account for this effect--at least partially -in
CORCON-MOD 2. The melting range, defined by the liquidus
and solidus temperatures, is prescribed by external models
for mixtures of condensed species. Specific heat and

enthalpy are calculated in three ranges:

1. For T < TS, the calculation is as described above
with the exception that extrapolated solid properties
are used for any species which would ordinarily be
liquid. This is simply accomplished by ignoring the
presence of the sets of coefficients and integration
constants for temperature ranges in which the species
is liquid, so that the last set describing a solid
continues to be used above the melting point.

2. For T1 < T. extrapolated liquid properties are used
for any species which would ordinarily be solid by
ignoring the presence of data for the solid.

3. For Ts < T < T1, linear interpolation in enthalpy
is used between the liquidus and solidus. The
constant slope is returned as the specific heat. The
effect of this construction is indicated in Figure 3.13

Chemical Potential - g (J/kg K)

Chemical potentials for the species are required in the
calculation of chemical equilibrium, and are computed from
the molar Gibbs function

gi = hi - Tsi (3.3.1-8)

where s is the entropy and may be computed at temperature
T and at the reference pressure of one atmosphere from

T
si(T) =Si(Tl) +fydT'cp (T')/T'

k k k k k
10-3Bi (T - Ti) 3.3.1-9)At in (T/Ti)= Ksi ++

k k2 k k2
S 2- Ti )/2 - 10 Di (1/T - 1/Ti )/210-6Ci (T2+

64 .
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for T in the kth temperature range for species i (i.e. T{<T
<T{+1). The first integration constant, Kds, is the standard
entropy of formation of species i and, as with the enthalpy,
any others required are computed internally, subject to the
condition that the discontinuity in enthalp{ at T{ be the

transition AH{ /T if a phase
appropriateentrop{ofand zero otherwise.TRAgain, sub-1,

change occurs at T1 .

routine CONFND contains the necessary data tables and
calculates integration constants during the initial call
from SETUP. The chemical potentials, evaluated in
subroutine CHEMPO, are used only as internal variables in
the chemical equilibrium sub-routine MLTREA, which employs
chemists' units of cal / mole. Therefore, no conversion to

S.I. is made. MLTREA itself converts the standard
chemical potentials for pure gases at one atmosphere
pressure to mixture conditions using the ideal gas result

gf(p,T) + rot in (pi) (3.3.1-10)gi (p,T) =

where pi is the partial pressure of gaseous species i.
No pressure correction is made for condensed species.

1

3.3.2 Transport Properties

The transport properties computed in CORCON-MOD 2 are the
dynamic viscosity, the thermal conductivity, the surface
tension, and the emissivity. Detailed models are included for
condensed-phase species and mixtures only. Gas-phase viscosity
and thermal conductivity (required for calculation of heat-
transfer coefficients at the melt / concrete interface) are
treated as constants using representative values defined in
subroutine GPLMPR.

Dynamic Viscosity u (kg/m s)-

Oxidic phase:

The viscosity of molten oxides is quite complex, particu-
larly when significant amounts of silica (SiO2) are
present. For low-silica mixtures, the viscosity is
computed from the Kendell-Monroe expression.56,62

um= [EXiu[/3]3 (3.3.2-1)
i

The viscosities of the species are determined using an

i Andrade form 61
|

| ut = u? exp (ai/T] (3.3.2-2)
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;

where the constants u? and ai are determined by
empirical correlation.

i

!' Values of these coefficients are included (in subroutine
i VISCTY) for only a limited number of species. The values

for-FeO, A1 03, and UO2 are based on published2
data;56,59 that for Ca0 is based on our own unpublished
theoretical estimate. The values for ZrO2 and Cr2O3,

are based on analogy with UO2 and FeO respectively. These3

are important contributors to the viscosity because theya

j may be dominant species in either the fuel-oxide layer or
the light-oxide (slag) layer. Only these species are

i considered in the Kendell-Monroe calculation, and the
resulting composition is renormalized.

For mixtures with a higher silica content, the viscosity
can be greatly increased by the formation of strongly

j bonded chains of SiO4 tetrahedra. The viscosity is
'

calculated from a model proposed by Shaw.63 This was
originally generated as a fit to the correlation developed
by Bottinga and Weill based on geologic data,64 and was
shown to give good agreement with it within the original
data base. (The Bottinga-Weill correlation, as implemented,

'

in the VISRHO model,55 was used in CORCON-MODI, where it
found to give unrealistic values for viscosity whenwas

extrapolated to some of the compositions and temperatures
; encountered in code calculations.) Shaw's model has an

extremely simple form, for which good extrapolation
properties are built in:

] u = exp(s 4(10 /T - 1.50) - 6.40]. (3.3.2-3)
i

Here the viscosity, u, is in poise (1.0 poise = 0.1 kg/m s)4

] and s is a function of mixture composition given by
; s= (Enixis?/Enixi) x io . (3.3.2-4)s
", i i 2

Data are included in subroutine VISCTY for TiO2, FeO,
Li 0, Na20, K20 Fe2O3, and A1 03;MgO, CaO,4

2 2
these values are taken from Shaw's paper. Also included'

are data for UO2 and ZrO2 based on an assumed analogy
with TiO2, and for Cr203 based on an assumed analogy
with Fe2O3 Again, the composition in terms of these<

: species is re-normalized for use in Equation 3.3.2-3.
.

! The Shaw model is restricted to mixtures with relatively
I high silica contents; it is matched to the low-silica
: Kendell-Monroe form by simply accepting the greater of the
i two values calculeted from Equations 3.3.2 1 and -3. The
i transition, where P.he two values are equal, is typically at
i a composition of 20 to 30 percent silica.

j 67
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Metallic Phase:

We assume that the viscosity of the metallic phase can be
represented by the viscosity of iron (the major
constituent) as given by the expression 55,65.

1.076 x 10-3 exp(3313/T). (3.3.2-5)Em =
1

Two-Phase. Solid-Liquid Slurry:

CORCON-MODI contained a model for the enhancement of a

viscosity by suspended solids, in the form

(3.3.2-6)
Ms1 = Mm I (1 - $)4]

where ugl is the slurry viscosity, Um is the viscosity
of the pure liquid mixture, and $ is the volume fraction

66 forof solids. This form was suggested by Kunit2
slurries containing less than 50 percent solids by volume.

1In CORCON-MODl, the expression was assumed to apply up to
90 percent solids, with the solids fraction computed by

1linear interpolation between the mixture liquidus, T ,

and the mixture solidus, Ts, as

1T -T for Ts < T < T1 (3.3.2-7)$(T) =T1 - Ts

Although the Kunitz model is retained in CORCON-MOD 2, it

has been disabled there because of problems observed in
CORCON-MODL. For all calls to the subroutine VIS2PH which
evaluates the two-phase multiplier, the fraction of solids,
$, is set to zero in the calling subroutine.

Thermal Conductivity - k (W/m K)

Values of thermal conductivityS6,57,59,61,67 for
condensed-phase species are stored in subroutine VISCTY.
No temperature dependence is included. Mixture values are
computed from the species values by mole-fraction averaging.

Surface Tension - a (N/m)

i Values of surface tension 56,57,59,61 for condensed-phase
species are stored in subroutine SIGMY. No temperature
dependence is included. Mixture values are computed from
the species values by mole-fraction averaging.

|
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. Emissivity -c (-)
The calculation of radiative heat transfer requires emis-
sivities for the radiating surfaces. In the CORCON-MOD 2
code, only the emissivity of water (coolant) is stored as
internal data. Values are input by the user for the
ablating concrete surface, for the oxidic and metallic melt
phases, and for the surroundings above the pool. The first j
is specified as a constant, while the last three may be ;
input as functions of either surface temperature or time.

|

3.3.3 Liquid-Solid Phase Transition

In order to model solidification effects, we must be able to
determine the liquidus and solidus temperatures for metallic and
exidic mixtures. Melting temperatures and latent heats of fusion
are readily available for a wide range of materials. Values for
all the condensed-phase species in the CORCON Master List (Table
3.I) are contained in the thermodynamic property tables described
in Section 3.3.1. The situation is quite different for the
aixtures encountered in melt / concrete interactions; data are
lacking, and the mixtures are too complex for detailed analysis.
Therefore, we have developed relatively simple procedures for
ostimating the liquidus and solidus temperatures of the various
Oixtures encountered in CORCON-MOD 2. These temperatures are also
used in the construction of a single melt transition in the
enthalpy of such mixtures, as described in Section 3.3.1

Concrete:

The molting of concrete is strongly influenced by the
presence of trace species such as alkali oxides. However,
melting ranges for typical concretes have been determined
experimentally, and are included as part of the internal data
in CORCON-MOD 2 for the three built-in concrete varieties.
For user-specified concretes, the liquidus and solidus
temperatures must also be input by the use.; the values for
the built-in concretes. Table 3.III, should provide some
guidance.

Metallic Mixtures:

For metallic mixtures (at least late in the accident when
solidification is likely) the principal constituents should
be Cr, Fe, and Ni from stainless steel. Therefore, we have
constructed a simple fit to the iron-chromium-nickel ternary
phase diagram,68 with due consideration to the associated
binary phase diagrams. The liquidus and solidus temperatures
are fit as
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TI = min (2130 - 510 Wye - 1140W iaN
1809 - 90WCr - 440WNie (3 3 3-1)
1728 - 200WCr - 40WFe.

C 130W i)1793 - 230W r N-

Ts = min (2130 - 730 Wye - 3310W ieN
1809 - 90WCr - 550WNi, (3.3.3-2)
1728 - 250WCr - 100 Wye,
1783 - 310WCr - 140WNia
1613 )

and W i are the weight fractions ofwhere W r. WFe, NC
Cr, Fe, Ni, respectively. These expressions agree with the
original curves within a few tens of degrees. The corre-
sponding contour maps are shown in Figure 3.14. As imple- !
mented in CORCON-MOD 2, the presence of other elements is |

,

ignored, and the weight fractions of chromium, iron, and |
nickel are renormalized so that WCr + WFe + W i = 1.0.N

Oxidic Mixtures: I

The melt behavior of oxidic mixtures is far more compli-
cated. The major constituents of concrete. CaO, SiO2, and
Al 03, form a complicated ternary system (see, e q,2
Reference 56). The fuel oxides, U02 and ZrO2, appear to
form a relatively simple system, but it is really a single-
line in the far more complicated uranium-oxygen-zirconium
ternary system. Because consideration of the complete phase
diagram for concrete oxides plus fuel oxides seems to be out
of the question, the melting behavior of oxidic mixtures is
based on a simple analytic model. We treat the mixture as a
pseudo-binary system in which the fuel oxides form one
" component" with concrete and steel oxides form the other;
the two components are assumed to form ideal solutions in
both liquid and solid phases. This results in implicit
equations for the liquidus and solidus temperatures

,

+ x2 exp - AH2 (1 1[I AH1 fl 1
1 (3.3.3-3)

-

T 7 jx1 exp
Ro

{
TT F |( __} T j

=- --
'

( Ro
, _ , _

- .. .

AH1 fl 1 AH2ft t i
1 (3.3.3-4)4

x1 exp j + x2 exp l I
-

i =

, _

, Ro (T} TsjRo gTT T8
_

|

|

70

_ - .. .. - - .- -- . - . - . - - . --. .. ..-



f857
, f800

1800 700

000

*f700 SM

Lf00aous f400
1345

1600

t400

1538
#' 8S00 1468

1857 Cr #

800180 .' S00
400',

f700 ,/

!$O0008 f80 j
/

1340

fS00

1400

f464
Fe f S34 NI

Figuro 3,14 Liquidus and Solid T F''*tUCO Fita
for cr-Fn-ni SYstom

71



_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ -_ - _ __ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

whare xi is the mole-fraction of component i, TT is its
melting temperature, and AHi is its heat of fusion. This
formalism may be applied to a mixture of mixtures by

mixture i,T as T}, the liquidus temperature oftreating T
in the liquidus equation (3.3.3-3) and as Tf,

the solidus temperature of mixture i, in the solidus equation
(3.3.3-4). This procedure is not rigorous, but appears
to yield reasonable results.

.

The melt properties for the fuel oxides (UO2 +
ZrO2) are taken as (22]

AH = 20800x + 17700 (1 - x) - 5050 x (1 - x) (3.3.3-5)

! Ts = T1 = AH/(20800x/2950 + 17700 (1 - x)/3123) (3.3.3-6)

where oH is the component latent heat in cal / mole, Ts
and T1 are in K and x is the mole fraction of ZrO2 in<

the UO2 + ZrO2 mixture. For the second mixture, con-
crete oxides + steel oxides, we use concrete properties
With Ts and Tl from either built in data (for the three.

default concretes) or from user input data (for a sn-
standard concrete). The mixture latent heat, AH, is
internally calculated from built-in enthalpy data as-

oH = El (Y) Es (Y) (3.3.3-7)-

where

Y = 1/2 (Ts + T ) (3.3.3-8)I:

>

| and

ht s (T) Emihf*8 (f)/m (3.3.3-9)=

{ i

; Here h{.s(T) are the enthalpies of the liquid and
'

solid phases of the constituent species, extrapolated, if
necessary, as described in Section 3.3.1.

An example of the resulting phase diagram, for UO2 + 35
I mol/o ZrO2 and Limestone Aggregate / Common Sand concrete

is shown in Figure 3.15)

3.3.4 Coolant Saturation Line

j If a coolant is present, CORCON-MOD 2 considers the possi-
bility that it may vaporize. The calculational procedure,t

described in Section 3.2.9, requires knowledge of the saturation

72

_ _ _ _ - ._ .-. ,_ . - - - - - - - . - - .- - . - - -



.

i

.

!

,

,

1

3000 i i i i g i i i i

_

_
_

T quidusli
-

E _

|

_

w
m

_

g _

<
E 2000

-
-

g T
_

s lidus
g _

-
_

LIMESTONE / COMMON SAND _
_

i i i i l i i i i

0.0 0.5 1.0

MOLE FRACTION CONCRETE CONCRETE
UO + ZrO22

Figure 3.15 Example Liquidus and Solidus Temperatures
for oxidic Mixtures

73



_ _ - _ - _ _ _

line for the coolant--that is, the temperature at which it boils
'

at any given pressure. The data in the Steam Tables [Keenan et
al, 1978] were fit by a non-linear optimization program as

1.292 x 10 exp[(-3880.4/(T-43.15)] (3.3.4-1)p (T) =
sat

'

in S.I. units (pressure p in Pa, temperature T in K). This
simple' expression reproduces the original data within 0.5% for
'T < 573K, corresponding to psat < 8.5 MPa (which is far in
excess of containment failure pressures), and is in error by
'only 5% at the critical point. This accuracy seems more than
adequate for a code such as CORCON-MOD 2. In addition to its

'

extremely compact and efficient form, Equation 3.3.4-1 has the
virtue of an exact analytic inverse:

T (p) = 43.15 - 3800.4/En(p/1.292 x 1010) (3.3.4-2) |sat

|

I

l

,

,

i

i

!
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4. ASSUMPTIONS AND LIMITATIONS

The CORCON-MOD 2 code has been designed to be used for the
analysis of both reactor accident sequences and melt / concrete
interaction experiments. The code input, described in Section
5, is sufficiently flexible to allow a user to describe prob-
lems of either type. Accident calculations provide information
for assessment of the risks of operation of LWR's. Calculations
of experiments are useful both for planning and for interpreta-
tion of results. The comparison of experiment and calculation
i t, valuable for guiding further efforts in both areas.

The user, however, should be awcre of a number of assump-
tions, approximations, and simplifications employed in the
modelling which may affect the accuracy (or ai least the
interpretation) of CORCON-MOD 2 calculations. Among the more
important of these are:

1. The pool is assumed to be composed of well-defined
layers, with each containing either oxides or metals but
not both. Each liquid layer, or liquid portion of a
partially frozen layer, is assumed to be sufficiently well
stirred by concrete decomposition gases that it may be
treated as isothermal (except for thin boundary layers). A
temperature profile may exist in solidified layers or
sub-layers. The possible occurrence of heterogeneous
mixtures of oxides and metals is allowed for in the code
structure but is not operational in CORCON-MOD 2. We might
sometimes expect such mixtures to> exist, at least when
density differences are small and gas flu >es large.

2. The atmosphere and surroundings above the pool surface
serve only to provide boundary conditions for heat and mass
transfer from the pool, as CORCON does not include calcula-
tional procedures to update the temperature, pressure, or
composition of the atmosphere or the temperature of the
surroundings. (However, if these quantities are updated by
other code modules coupled to CORCON, the current values
will be used.) The calculation of radiative heat loss from
the pool surface is based on a one-dimensional model, and
the convective loss is calculated using a constant heat
transfer coefficient.

3. The calculated concrete response is based on one-
)

dimensional steady-state ablation, with no consideration '

given to conduction into the concrete or to decomposition
in advance of the ablation front. This assumption is
probably not a source of serious error in the analysis of
reactor accidents, at least for the sequences with long-
term interactions between core materials and concrete. Tha
heat fluxes involved are sufficiently large that quasi-
steady ablation is approached witnin the first few minutes
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of interaction if the pool is molten; the process continues
for a period of hours to days, sustained by decay heat!from
fission products in the melt. On the other hand, with
respect to experimental analysis, many of the experiments
performed to date have been driven only by the sensible
heat of the melt, without additional heat input. The
period of ablative interaction with concrete is these j
experiments was therefore relatively short, with the melt j

typically freezing in a manner of minutes. A CORCON |

calculation will neglect both the initial transient and the |
'

continued interaction after freezing, which is clearly
inaccurate.

4. The solidification model is preliminary. It assumes
that a crust forms on any surface whose temperature falls
below the solidification temperature. The mechanical
stability of the crusts is not considered. This treatment
can result in prediction of freezing "from the bottom up",
which has only been observed in simulant experiments. We
believe that other regimes iaay exist, and that both the
mechanical strength of a crust and the loads imposed on it
by concrete decomposition gases are important in determin-
ing the true behavior in any given case..

5. A gas-film model is employed for heat transfer across
the melt / concrete interface. It assumes the occurrence of
Taylor-instability bubbling on the pool bottom (so long as
it is nearly horizontal) and the existence of a flowing gas
film along steeper portions of the side of the pool. The
evidence in support of (or refuting) the correctness of
this model is not compelling. While it gives results which
do not differ seriously from those obtained with competing
models, there is no convincing proof that they are not all
in error.

6. The gas-film model is used even after the melt solidi-
fies, even though the assumptions on which the model is
based are no longer valid. In particular, no radial gap
develops around a layer of the melt which has completely
solidified. Thus, radial ablation continues with the
" solid" layer continuing to conform to the changing shape
of the cavity rather than behaving as a rigid penetrator.
As coded, the model also assumes that the frozen material
remains gas-permeable. (This assumption would be easy to
modify.) In most cases that have been run, only the
metallic layer is predicted to solidify. The oxidic layer
remains molten and continues to ablate concrete at a rela-
tively rapid rate. Be'cause the total amount of concrete
eroded is largely determined by energy considerations (the
available decay energy), the effect of these modelling
assumptions is primarily on the calculated shape of the
cavity.
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7. The possibility of ablation of above-pool surroundings,
resulting in the addition of mass to the pool, is not
treated. In fact, no mass addition other than that from
concrete directly' adjacent to the melt is allowed (although
most of the necessary coding exists--see Section 6.5).
8. There is no treatment of chemical reactions between the
melt and the atmosphere, or of reactions in the atmosphere.

|
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5. USER INFORMATION

5.1 Input Description

Table 5.I describes the data cards needed for input by
CORCON-MOD 2. Compatibility with CORCON-MOD 1 has been retained in
the sense that any data deck accepted by CORCON-MOD 1 will also be
accepted by CORCON-MOD 2. Because of this, the numbering of cards
and card groups in the Table has not been changed from Reference
3; the new card groups for variable timestep and edit interval
are numbered 3A and 3B, while the cards for input of a coolant
layer are numbered 18A and 18B. Several input elements which
need further discussion are considered in Section 5.1.1 below.

A given problem will not require all the data cards and
fields described; in fact, some fields and cards are not yet
operational and these are indicated by **[...]**. This has beendone to reserve space for later upgrades of the code, and to
provide the " adventurous" code modifier with information concern-
ing features which have already been partially implemented.

The data cards are initially read in subroutine DATAIN,
echoed to the output file, and written out to a scratch file,
TAPE 7. They are subsequently read from TAPE 7 by routines CONPRP,
DATAIN, DCYINT, INCOOL, INGEOM and its subroutines. INPCON, and
INPGAS, which interpret the actual data fields.
5.1.1 Discussion of Selected Input Quantities

While most of the input for CORCON is fairly self-explanatory,
ospecially to a user who is familiar with the type of problems it
solves, experience has shown that some portions require furtnerdiscussion.

The parameter TPRIN (card 3) provides the user with detailedprintout after time has passed TPRIN. This is of interestprimarily in the diagnosis of code problems; the additional
information is printed in terms of FORTRAN variables, and
requires some detailed knowledge of the internal workings of the
code for its interpretation. For routine calculat!nn_a. TPRINshould be set greater than the problem end tirae TIME" $

For both the variable timestep control (card group 3A) and
the variable edit control (card group 3B), the last speci.ication
is assumed to apply to the end of the problem if TIMEND is
greater than the last TEND or TED, respectively. Each group isterminated by a blank card rather than by a specified count.
This facilitates insertion of additional control intervals atsignificant or interesting points in the development of the
calculation without belaboring the remainder. The actual time-
steps employed may differ from those specified if necessary to
produce edits at the requested times.
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,

j.

TABLE 5.I
_

INPUT INSTRUCTIONS FOR CORCON-MOD 2
i-

Card /
Group # Field Fo rn'a t Variable Name Description-

,

SECTION 1. PROBLEM IDENTIFICATION, COMPUTATIONAL OPTIONS'

AND CONTROL PARAMETERS'

PROBLEM TITLE

1 1-80- A80 ITITL 80 Col run, identification

COMPUTATIONAL OPTIONS INDICES [

! 2, 1-5 15 ILYR Index that specifies-initial number of. melt layers:
0 - 2 layers - oxidic.and metallic. ,

1 - 1 metallic layer -

2 - 1 oxidic layer-
** [3 - l' heterogeneous mixture] * * -! m

' **[4 - 3. layers - 2 oxidic and 1. metallic]** ~ .

i

| 6-10 IS ICOOL Coolant index:
0 - no coolant
1 coolant

.

!

11-15 IS IGEOM Cavity geometry index:
1 - Cylinder: with hemispherical base
2 . Cylinder-with flat base

;

: **[3 - Cylinder with spherical-segment base]**
4 - Arbitrary shape

16-20 IS ICON Concrete composition index:
'

0 - nonstandard concrete.

1 - basaltic aggregate concrete
i

2 - limestone. aggregate - common sand concrete
'

1
' 3 - Clinch' River Breeder Reactor (CRBR) concrete-

,

t

i

,

Options indicated by **[...]** are not operational, t

i

!

!

I

. . . . _ _- . _ _ - - - -
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Table 5.I (cont.)
,

Card /
Group # Field Format Variable Name Description

COMPUTATIONAL OPTIONS INDICES (CONT.)

2 21-25 IS IGAS Index that specifies treatment of atmosphere and
.

(cont.) gas-phase reactions:
0 - atmosphere present **[in chemical !

equilibrium]**
**[1 no atmosphere considered]**

i

26-30 IS IFP Decay heat (power) generation'index:
0 - decay power computed internally
2 - power deposited into oxidic and metallic

layers input versus time

31-35 15 ISUR Surface temperature history of atmosphere surroundings -
index:
**[0 - T history computed internally]**sur

1-T input versus timesur
.

N 36-40 IS **[IABL]** Index that specifies mass addition to pool due to.

ablation of atmosphere surroundings:'

**[0 - species mass addition rates computed
internally]**

**[1 - mass addition rates of metallic and oxidic
species input versus time]**

41-45 IS IGPLSH Melt / coolant splashout ind,ex :
0 - no splashout from pool

** [1 - metallic and oxidic phase splashout mass
flow rates input versus time]**

46-50 I5 IPINC Print increment:
> 0 - program prints output every IPINC time steps
< 0 - print controlled by Card Group 3B

51-55 IS IFLOR Index for specifying ray configuration at top of
crucible:

0 no rey along top of crucible
**[1 - ray defined along top of. crucible]**

Options indica ted by * * [ . . . ] *'* . a re not opera tional .

. - - _ _ _ _ - - - - _ - _ - _ - _ _ . _
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Table 5.I (cont.)

Card /
Groupt Field Format _ Variable Name

Description ,

COMPUTATIONAL OPTIONS INDICES (CONT.)-

! 2 56-60 15 IRSTRT Restart option index:
0 - run starts from beginning(cont.) **[1 - restart calculation based on previously,

; computed results]**
,

61-65 15 IMOV Cavity shape plot index:1

0 - no plots desired-
1 - plots desired

66-70 15 IPG Index for specifying plots of' prescribed variables
versus time:

0 - no plots desired
1 - plots desired,

71-75 IS ISRABL Index that specifies ablation of atmosphere
surroundings:

O - no ablationn" **[1 - surroundings ablate]**
'

,

76-80 IS IAOPAC Index tPat specifies. radiative treatment
of atmosphere:

i O - treated as transparent-'

' 1 - opacity due to aerosols computed and included,

CONTROL PARAMETERS.

3 1-10 E10.0 DELTIM. Time-step control: ,

;

> O - At, time step (s)
.

'

< 0 - time step controlled by Card Group-3A
,

11-20 ElO.0- TIMEO to, initial time at which calculations are to begin'(s)''

21-30 E10.0 TIMEtID tmax, final time at which' calculations are to
cease (s)

Options indicated by **[...]** are not operational.

. - _ , . . _:_____ _ _ _ - _ - .
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Tchle 5.I (cont.)

Card /
Group # Field Format Variable Name Description

CONTROL PARAMETERS (CONT.)

31-40 E10.0 **[DPRIN]** **[ Diagnostic print interval - print.(diagnostic messages)
every DPRIN seconds starting at TIME.= TPRIN (s)]** i

41-50 E10-0 TPRIN Time at which diagnostic printing every **[DPRIN
seconds]** timestep is to begin (s)

Variable time step control. Include Card Group 3A only if DELTIM $ O.O.

3A 1-10 FlO.O DTMN Minimum time step for interval (s)

11-20 F10.0 DTMX Maximum time step for interval (s)

21-30 FlO.O TEND End time for interval (s)

Repeat for a maximum of 10' intervals, terminate with DIMN < 0. 0.
4

CS Variable edit control. Include Card Group 3B only if IPINC < 0.g

3B l-10 FlO.O DED Time between edits for interval (s)
11-20 FlO.O TED End time for interval (s)

,

Repeat for a maximum of 10 intervals, terminate with DED < 0.0.

,

t

i
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Table 5.I (cont.)

Card / Description
Groupt Field Fo r m a_1_ Variable Name

SECTION 2. PROBLEM INITIAL CONDITIONS

CONCRETE CRUCIBLE INITIAL GEOMETRY

Number of rays (maximum of 100)
4 1-5 IS NRAYS

R-coordinate of center of ray system (m)
6-15 F10.0 RO*

Z-coordjnate of center of ray system (m). Measurea

f 16-25 F10.0 20 positive downward, reference is arbitrary.
(Figure 5.1). Include card 5 only if IGEOM = 1.

Cylinder with hemispherical base - see Section 5.1.1
Radius of hemispherical base (m)

5 1-10 F10.0 RS

Height of cylindrical top section (m)
11-20 F10.0 HC

External radius of concrete crucible (m)
21-3G F10.0 RW

Height from external base'of crucible to base of
31-40 F10.0 HEC cylindrical section (m)

Cylinder with flat base - see Section 5.1.1 (Figure 5.2).
Include card 6 only in IGEOM = 2.

Z-coordinate of cylinder top edge (m)
6 1-10 F10.0 ZT

Radius of cylinder (m)
11-20 F10.0 RAD

Height of cylinder (m)
21-30 F10.0 HIT

Radius of corner (m)31-40 F10.0 RADC

External radius of concrete crucible (m)41-50 F10.0 RW

Height from external base of crucible to base ot cavity
51-60 F10.0 HBB

(flat bottom) (m)

*only permitted value is 0.0

.

|
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Tcble 5.I (cont.)

Card /
Groupf Field Format Variable Name Description

INITIAL GEOMETRY (CONT.)

6 61-65 15 NBOT Number of ray points equally spaced along flat
(cont.) bottom of cavity

66-70 IS NCORN Number of ray points equally spaced around corner
(not including tangent points)

**[ Cylinder with ephericaJ-segment base - not operational. No input for IGEOM = .3]**

Arbitrary shape - see Section 5.1.1 (Figure 5.3). Include card 7 and groups 8 and 9 only if IGEOM = 4.

7 1-5 IS NBOT Number of ray points equally spaced along flat bottom

6-15 F10.0 RTANG R-coordinate of tangent point (m)

16-25 F10.0 RW External radiva of concrete crucible (m)

m 26-35 F10.0 HTOTL Height from external base to top of crucible (m)

8 1-10 F10.0 R(1) R-coordinate of body point 1 (m)

11-20 F10.0 Z (1) Z-coordinate of body point 1 (m)

9 1-10 F10.0 R(I) R-coordinate of body point I, I = NBOT + 2, NRAYS (m)

11-20 F10.0 Z(I) Z-coordinate of body point I, I = NBOT + 2, NRAYS (m)

(There will be (NRAYS - NBOT -1) cards in Group 9)

CONCRETE COMPOSITION AND PROPERTIES

10 1-10 E10.0 TIC Initial temperature of concrete (K)

Options indicated by **]...]** are not operational.

.
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Table 5.I (cont.)

Card / Description
Group 8 Field Format Variable Name

CONCRETE COMPOSITION AND PROPERTIES (CONT.)

10 11-20 E10.0 TW Temperature of concrete surface (ablation temperature)
(cont.) (K)

21-30 E10.0 EW Emissivity of concrete surface (-)

31-40 E10.0 RBR Amount of reinforcing steel in the concrete (mass
fraction: kgFE/k9 CONC)

Card 11, group 12, and card 13 should be included only if ICON = 0.

11 1-5 I5 NINP Number of species in concrete mixture; includes only
species available in the Master Species List

12 1-8 A8 NAMSP Species name of concrete species (lef t justified)

11-20 E10.0 SM Mass fraction of concrete species (kg/k9 CONC)

(There will be NiNP cards in group 12.)
'

13 1-10 E10.0 RHOC pc, density of concrete (kg/33) ~
''

11-20 'E10.0 TSOLCT Concrete solidus temperature (K)

21-30 E10.0 TLIOCT Concrete liquidus temperature (K)

CORE MELT CONSTITUENTS

INITIAL MASSES, COMPOSITIONS, AND TEMPERATURES

14 1-5 I5 NOSI Number of melt oxidic species to be read in; this
number includes only species available in the Master

j Species List (NOSI < 19).,

.
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Table 5.I (cont.)

Card /
Group # Field Format Variable Name Description

INITIAL MASSES, COMPOSITIONS, AND TEMPERATURES (CONT.)
|
|

14 6-10 IS NMSI Number of melt metallic species to be read in; this
(cont.) number includes only species available in the Master

Species List (NMSI < 5). I

l
11-20 E10.0 TOI Initial oxidic melt temperature (K)

21-30 E10.0 TMI Initial metallic melt temperature (K)

15 1-8 A8 NAMSP Species name of oxidic species (left justified)

11-20 E10.0 SM Mass of oxidic species (kg)

(There will be NOSI cards in group 15.)

16 1-8 A8 NAMSP Species name of metallic species (left justified)

m 11-20 E10.0 SM Mass of metallic species (kg)

(There will be NMSI cards in group 16.)

INTACT CORE SIZE AND POWER, AND NUMBER OF RETENTION
FRACTIONS TO BE MODIFIED

Card 17 and group 18 should.be included only if IFP = 0.

17 1-10 E10.0 XMTU Core size (metric tons of uranium)
11-20 E10.0 XMWTH Core operating power (MW 'chermal)

21-25 15 NUM Humber of radioactive species in the intact core
inventory for which the retention factor

j will be modified (NUM < 27)
|

_ _

-
i
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Table 5.I (cont.)

'

Card /
Groupt Field Format Variable Name Description

INTACT CORE SIZE AND FOWER, AND NUMBER OF RETENTION
FRACTIONS TO BE MODIFIED (CONT.)

18 1-4 A4 IFPI Name of radioactive species whose retention
factor is to be modified (left justified)'

11-20 E10.0 RETI Retention factor of radioactive species IFPI

(There will be NUM cards in group 18.)

COOLANT
INITIAL MASS, COMPOSITION, AND TEMPERATURE

Include Cards 18A and 18B only if ICOOL = 1

; 18A 1-10 E10.0 TCI Initial coolant temperature (K)

$ 18B 1-8 A8 NAMSP* Species name of coolant species (left justified)

21-30 E10.0 FMCI Mass of coolant species

*Only permitted value ic H 0.2

:

4

I
.
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Tablo 5.I (cont.)

Card /
Group # Field Format Variable Name Description

ATMOSPHERE

INITIAL VOLUME, PRESSURE, TEMPERATURE AND COMPOSITION

319 1-10 E10.0 VA Initial gas volume (m )

11-20 E10.0 PA Initial gas pressure (N/m2)
> 0 - constant for problem
1 0 - pressure specified by card 20A

* and group 20B

21-30 ElO.C TA Initial gas temperature (K)

31-35 IS NGSINP Number of gaseous species in the atmosphere;-includes
only species available in the Master Species List
(NGSINP 1 18).

20 1-8 A8 NAMSP Species name of gaseous species (left justified)
,

11-20 E10.0 SM Mole fraction of gaseous species (-)

(There will be NGSINP. cards in group 20.)

Card 20A and group 20B should be included only if PA 1 0
20A 1-5 IS NATMPR Number of points in table of pressure of gas atmosphere

versus time 1 1 NATMPR 1 10
20B l-10 E10.0 TPA(1) Table of PAT versus TPA; alternate values of time,

11-20 ElO.O PAT (1) TPA(J) (s), and gas pressure PAT (J) (PA), J = 1, NATMPR.
21-30 E10.0 TPA(2) May need up to 2 cards to complete the table.
31-40 E10.0 PAT (2)

. .

. .

E10.0 TPA(NATMPR) If NATMPR = 1, pressure is constant at PAT (1)
ElO.0 PAT (NATMPR)

.

h
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Table 5.I (cont.)

Card / Description
Groupf Field Format Variable Name

SECTION 3. MELT INTERNAL HEAT GENERATION

DECAY POWER FOR OXIDIC AND METALLIC PHASES
INPUT SEPARATELY VERSUS TIME

Card 21 and groups 22 and 23 should be included only if IFP = 2.
,

| Number of points in table of oxidic phase power versus
| 21 1-5 IS NDECO

time 0 1 NDECO $ 30
|

6-10 IS NDECM Number of points in table of metallic phase power
versus time 0 1 NDECM 1 30)

Group 22 should be included only if NDECO > 0

22 1-10 E10.0 TIO(1) Table of PIO versus TIO; alternate values of time,
1,

11-20 E10.0 P10 (1) TIO(J) (s), and oxidic phase power, PIO(J) (W), J =

21-30 E10.0 TIO(2) NDECO. May need up to 8 cards to complete the table.
o

31-40 E10.0 PIO(2) If NDECO = 1, power is constant at PIO(1) .
. . .

. . .

E10.0 TIO(NDECO)
E10.0 PIO(NDECO)

Group 23 should be included only if NDECM > 0

23 1-10 E10.0 TIM (1) Table of PIM versus TIM; alternate values of time,

11-20 E10.0 PIM(1) TIM (J) (s), and metallic phase power, PIM(J) (W), J = 1,
21-30 E10.0 TIM (2) NDECM. May need up to 8 cards to complete the table.
31-40 E10.0 PIM(2) If NDECM = 1, power is constant at TIO(1) .

. . .

. . .

E10.0 TIM (NDECM)
E10.0 PIM(NDECM)
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Table 5.I (cont.)

Card /
Group # Field Format Variable Name Description

,

SECTION 4. BOUNDARY CONDITIONS OF PROBLEM ATMOSPHERE SURROUNDINGS

SURROUNDINGS TEMPERATURE HISTORY,

Card 24 and group 25 should be included only if ISUR / 0.'

24 1-5 15 NTP Number of points in table of surroundings temperature
versus time (NTP < 10)

25 1-10 E10.0 TTS (l) Table of TMPS versus TTS; alternate values of time,
11-20 E10.0 TMPS (l) TTS (J) (s), and surroundings temperature, TMPS(J) (K),
21-30 E10.0 TTS(2) J = 1, NTP. May need up to 3 cards to complete table.
31-40 E10.0 TMPS(2)

. . .

. . .

E10.0 TTS (NTP)
E10.0 TMPS(NTP)

*

ABLATION OF SURROUNDINGS

RATES OF SPECIES MASS ADDITION TO POOL
INPUT SEPARATELY VERSUS TIME

; Card 26 and groups 27, 28, and 29 should be included only if IABL / 0 and ISRABL / 0.
26 1-5 IS NSPG Number of species that make'up material of gas phase

container; includes only species available in the
Master Species List (NSPG < 10)

ee **
27 1- A8 NAMSP Species names of species in material of gas phase'

container (left justified)

!
_ (There will be NSPG cards in group 27.)

_

Options indicated by **( ]** are not operational.

_ _ _ - _ _ _ _ - _ - _ _ - _ _ _ _ _ _ _
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Table 5.I (cont.)

Card /
Group # Field Format Variable Name Description

RATES OF SPECIES MASS ADDITION TO POOL
INPUT SEPARATELY VERSUS TIME (CONT.)

28 1-5 IS NMP(l) Number of points in table of mass flow rate versus 9

time for first species as defined in card group 27

6-10 IS IEP(2) Same as above except for second species as defined in
card. group 27. . .

IS NMP(NSPG) Same as above except for species NSPG as defined in
card group 27

NMP(I) < 10, I = 1, NSPG

29 l-10 ElO.O TMS(1,1) Tables of mass flow rate of species I, FMS(J,I) (kg/s),
11-20 E10.0 FMS(1,1) versus time, TMS(J,I)(s), for each species Ii

"

21-30 E10.0 TMS(2,1) (I = 1, NSPG) named in group 27; the number of table
31-40 E10.0 FMS(2,1) entries for each species is NMP(I).,,

> g . ..

. . .
,

i . . .

ElO.O TMS(NMP(l),1)
ElO.O FMS(NMP(l),1)

1-10 ElO.O TMS(1,2) ~ Start a new card |for each species.I, first' inputting a
11-20 ElO.O FMS(1,2) time, TMS(J,I), then a mass flow-rate, FMS(J,I), and
21-30 ElO.O TMS(2,2) alternate accordingly.. May need up to 13 cards in
31-40 E10.0 FMS(2,2) this group to complete the tables.'

,

. . .

, . . .

ElO.O TMS(NMP(2),1)
ElO.O FMS(NMP(2),1)

i 1-10 E10.0 TMS(1,NSPG)
11-20 E10.0 FMS(1,NSPG).

_
,

Options indicated by **[...]** are not operational.

-

t
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Table-5.I (cont.)
|
i

Card /
Group # Field Format Variable Name Description

RATES OF SPECIES MASS ADDITION TO POOL
INPUT SEPARATELY VERSUS TIME (CONT.)

29 21-30 E10.0 TMS(2,NSPG)
(cont.) 31-40 ElO.O FMS(2,NSPG)

** **. . .

Elb.O TMS(NMP(NSPG),NSPG)
ElO.O FMS(NMP(NSPG),NSPG)

_

_

EMISSIVITIES FOR RADIATION HEAT TRANSFER COMPUTATIONS

30 1-4 A4 IREO Variable name (TIME or TEMP) for table of oxidic phase
emissivity, c, versus IREOo

5-8 A4 IREM Variable name (TIME or TEMP) for table of metallic phase
e emissivity, e, versus IREMm

9-12 A4 IRES Variable name (TIME or TEMP) for table of surroundings
emissivity, c versue IRESsur,

,

o.versus IREO table (1 1 NEO < 5)31 1-5 IS NEO Number of values.in c
'

6-10 IS NEM Number of values in c versus IREM table (1 $ NEM < 5)m

] 11-15 15 NS Number of values in t versus IRES table (1 $ NS.$ 5)sur
:
!

32 1-10 ElO.O TORTl(l). Table of oxidic. phase emissivity, EO(I) (-), versus
11-20 E10.0 EO(1) time (s) or temperature (K), TORT 1(I); alternate
21-30 ElO.C TORTl(2) values of TORTl(I) and EO(I), I = 1, NEO. May need
31-40 ElO.O EO(2) up to 2 cards in this group to complete table.

1

If NEO = 1, emissivity is constant at EO(1).. . .

. . .

ElO.O TORTI(NEO)
ElO.O EO(NEO)

Options indicated by **[...]** are not operational.

i

_ _ _ _ _ - _ _ -
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Table 5.I (cont.)

I Card / Description
Grcupt Field Format Variable Name

EMISSIVITIES FOR RADIATION HFAT TRANSFER COMPUTATIONS (CONT.)

33 1-10 ElO.O TORT 2(1) Table of metallic phase emissivity, EMM(I) (-), versus

11-20 E10.0 EMM(1) time (s) or temperature (K), TORT 2(I); alternate
1, NEM. May need

21-30 E10.0 TORT 2(2) values of TORT 2(I) and EMM(I), I =
31-40 ElO.O EMM(2) up to 2 cards in this group to complete table.

$ If NEM = 1, emissivity is constant e t EMM(1). -

..

. . .

ElO.O TORT 2(NEM).

ElO.O EMM(NEM)

34 1-10 E10.0 TORT 6(1) Table of surroundings emissivity, ES(I) (-), .versus'

11-20 ElO.O ES(l) time (s) or temperature (K), TORT 6(I); alternate
I

21-30 ElO.O TORT 6( 2 ) values of TORT 6(I) and ES(I), I = 1, NS. May need

31-40 ElO.O ES(2) up to 2 cards in this group.to complete table.
If NS = 1, emissivity is constant at ES(l)

,

. . .

i * . . .

ElO.O TORT 6(NS)*

E10.0 ES(NS) ,

I Card 34A should be included only if IAOPAC = 0

! 34A 1-10 E10.0 RADLEN Characteristic path length (m) for atmospheric opacity
calculation

s

SPLASHOUT OF POOL CONSTITUENTS
-

_ card 35 and groups 36 and 37 should be included only if ISPLSH f O.

35 1-5 IS NSP1 Number of points in' table of metallic phase splashout
**rate versus time (NSPI 1 10)**,

6-10 I5 USP2 Number of points in table of oxidic phase splashout
rate versus time (NSP2 1 10)

,
-_.

Options indicated by **[...]** are not operational,
<

1
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Table 5.I (cont.)

Card /
Groupe Field Format Variable Name Description

SPLASHOUT OF POOL CONSTITUENTS (CONT.)

36 1-10 E10.0 TMM (1) Table of metallic phase splashout rate, FMM(I) (kg/s)
11-20 E10.0 FMM (1) versus time, TMM(I) (s); alternate values of TMM(I)
21-30 E10.0 TMM ( 2) and FMM(I), I = 1, NSPl. May need up to 3 cards in
31-40 E10.0 FMM(2) this group to complete table.

. . .

. . .

E10.0 TMM(NSP1)
E10.0 FMM(NSP1)

** ..
37 1-10 E10.0 TMO (1) Table of oxidic phase splashout rate, FMC(I) (kg/s),

11-20 E10.0 FMO (1) versus time, TMO(I) (s); alternate values of TMO(I)
21-30 E10.0 TMO (2) and FMO(I), I = 1, NSP2. May need up to 3 cards in,

31-40 E10.0 FMO(2) this group to complete table.
. . .

. . .

E10.0 TMO (NSP2)
$ E10.0 FMO(NSP2)

~

_

Options indicated by **(...]** are not operational.

a

a

'l
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Edits are produced at times which are integral multiples of
the edit interval DEDIT(I) (rather than at DEDIT(I) from the
previous edit). This minimizes the effect of insertion of
cdditional edits, which is valuable if one must compare the
cutputs from several calculations. To clarify this, consider as
an example a calculation performed with edit controlled by an
input card such as

1200.0 21600.0

This will produce printed output every 1200.Os (20 min), at times
of 1200.Os, 2400.Os, 3600.Os, 4800.Os, etc. Suppose that some
" interesting" phenomenon is observed at about 3000s, and that
more frequent output is desirable to study it: the set of input
cards

1200.0 3000.00
60.0 3300.0

1200.0 21600.0

will produce additional printed output at 3000.Os, 3060.Os, ....
3300.Os. However, the later edits will still be written at times
of 3600.Os, 4800.Os, etc., rather than being shifted to 4500.Os,
5700.0s, etc.

If variable timestep control is specified (DELTIM < 0.0) but
no intervals specified, the calculation will be terminated
following input. If variable edit control is specified (IPINC <
0) but no intervals specified, the calculation will be run but no
(printed) output generated. This might be desired by a user who
is interested only in plots.

The definitions of most of the variables used to describe the
initial cavity geometry (cards 5-9) should be apparent from
Figures 5.1-5.3 or Section 6.4. However, NBOT and ITANG warrant
further discussion. The cavity shape description introduces a
" tangent ray" parallel to the cavity axis through the tangent
point between the flat bottom of the cavity and the curved
sides. This ray is used in the shape-change calculation to
maintain the flat bottom as required by the models. For the
flat-bottomed cylinder. IGEOM = 2, or the arbitrary cavity shape,
IGEOM = 4, there is already a normal ray through this tangent
point, numbered NBOT. The tangent ray, numbered ITANG = NBOT + 1,
defines an additional body point which initially coincides with
that defined by ray NBCT, but diverges from it as the surface
recedes. The numbering of the rays is changed as the calculation
proceeds, to reflect their actual ordering along the cavity
surface (note that " normal" points can cross over the tangent
ray). In the case of a hemispherically-based cavity. IGEOM = 1,

a flat bottom is assumed to exist with a radius which is 1
porcent of the sphere radius RS, and only a single point is
defined with the number ITANG NBOT = 2.=

99
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The size and power of the intact core (card 17) is used to
determine the concentration of fission products in the fuel if
IFP = 0. This concentration as modified by retention factors for
each element included, together with the initial UO2 mass in the
pool, is'used to evaluate the initial fission-product inventory
of the melt. If the initial mass exceeds the size of the intact
core, .a warning is issued.

!

5.1.2 Recommendations on Selected Input Quantities
' .

The timestep for CORCON is controlled by user input (card 3
and, optionally, Group 3A). In selecting values for the time-
step, the user should remember that the CORCON model is explicit
in time for the calculation of ablation rates and convective mass
and energy flows. Therefore, if too-large timesteps are employed,
unphysical results may be generated or the calculation may fail
completely. Based on experience with CORCON-MODl, we recommend
timestep values in the range of 15-60s (at least at early times).
At later times, the timestep could be increased using the vari-
able control optionally provided through Group 3A. This should
be used with care, however, since discontinuities in the physical
phenomena (such as those following layer flip or coolant deple-
tion) could lead to numerical problems for very long timesteps. i

The ablation temperature for concrete, TW, is not clearly
defined, and must be specified by the user. Powers 69 recom-
mends that TW be chosen one third of the way from the solidus,
TSOLCT, to the liquidus, ILIOCT. For the default concretes,

these temperatures may be found in Table 3.III.

When using the internally-calculated decay-heat generation,
the initial time, TIMEO, corresponds to the time following
reactor shutdown (SCRAM) that the melt is' deposited into the*

reactor cavity. If a specific time is not known, a value of
TIMEO in the range of 2-5 hours would be reasonable.

|

In specification of the ray system (card 4), the origin must -

be on the axis of symmetry (RO = 0.0). Based on sensitivity
calculations, we recommend that 20 be chosen to maximize the
number of rays whose intersection with the cavity surface is
close to perpendicular, while avoiding small-angle inter-

,

t sections. In any case, the origin must lie above the bottom of
the cavity. The ray spacing should be chosen so that the
separation between body points (intersections of rays with the
cavity surface) is initially in the range of 3-30cm.'

5.2 Output Description

: The printed output from CORCON-MOD 2 contains several major
sections. The first section is an " echo" of the input data; it
is an uninterpreted reproduction of the records encountered in

!
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i

the input stream. This serves as a compact, permanent record of
j the data used in any particular calculation, and is also useful
( in finding errors in data input. The second output element is an

expansion of the data, identifying input variables. Quantities'

implied by them, such as the composition of a default concrete or
the initial decay power, are also printed. Printed messages will
be generated if errors are encountered in the input. In this
case, the program will continue with input processing (if
possible) but execution will be terminated at the end of input.
This can reduce the number of passes needed to find all the
errors in an input deck.

The third output section is a " snapshot" edit of the state of
the problem. This is generated at the initial time. TIMEO, and
as often as requested thereafter. The information is printed
under several major headings, each starting a new page of output,
with a running header to identify the version of the code in use
(for purposes of configuration control), the problem title, the
problem time, and the timestep number. The major headings, and
information contained under each, are:

GENERAL SUMMARY

Pool configuration, maximum depth and radius of the
cavity, an approximate energy budget, and quantities
needed to check the accuracy of code numerics.

The energ/ budget is a summary of the pool's rates of
gain or loss of energy (in Watts) through various
mechanisms. It must be emphasized that the budget is
not exact; some entries are current rates and others are
averages over the preceding timestep. In some cases,
approximations have been made in the calculation of
terms which are not otherwise used in CORCON-MOD 2.
Therefore, the printed energy budget does not balance
exactly, although the error is usually small (a few
percent). However, large discrepancies may appear fol-
lowing a major discontinuity in the physical phenomena
such as start- of-problem, coolant depletion, or layer
flip. Also, the budget is for debris-containing layers
only (does not include water or concrete). Detailed
checks on conservation of mass and energy in the entire
pool (including coolant, if present) are also made, and
the results presented in the Summary. The printed
quantities are the discrepancies between cums of layer
contents and the values required by conservation within
the pool boundaries, expressed as relative errors.
Under normal conditions, each value should be near
machine roundoff (IE-14 for CDC, IE-7 for IBM machines
running in single precision).

'101
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GAS GENERATION

Generation rates and cumulative releases of all
condensible and noncondensible gas species. -These are
presented both as masses and as moles, and include
bubbles, gas film, and vaporized coolants

GEOMETRY

Locations of body points defining the cavity shape, the
idistance of each from bottom center (along the concrete

surface), the local slope of the wall, and the angle of
the ray which defines the point. Also, the cumulative
volume and surface area below each point, the average
void fraction at its elevation, and the locations of
interfaces between pool layers.

HEAT TRANSFER
't

For each body point, the local normal ablation rate and
gas film conditions including film thickness, filmwise
mass flow and average velocity, Reynolds number, film
regime, and resulting film heat-transfer coefficient.
Also, the temperature of the pool / film interface and the
contributions of convection and radiation to the heat
flux.

REACTIONS DURING TIMESTEP

A summary of reactants and products for each chemical
reaction occurring during the preceding timestep. Also
shown is the number of iterations required for
convergence of the numerical algorithm.

POOL COMPOSITION

The mass of each species contained in each (occupied)
layer, together with total layer masses.

LAYER PROPERTIES

Values of thermophysical and transport properties, for
each layer. Also, gas-bubble-related quantities, heat
transfer coefficients, crust-model quantities, and
(axial) interface temperatures. Finally, important
terms in the layer energy equation.

In CORCON, enthalpies are referred to the standard
thermochemical reference point of separated elements in
their standard states at 298K and 1 atmosphere. The
enthalpy of a compound therefore includes its heat of

| formation, and is negative under most, if not all,
conditions encountered.

|
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The heat-transfer coefficients to the top, bottom, and
side surfaces of a layer are for the liquid only. If a
crust is present, they are for heat transfer from the
-bulk liquid, at the given average temperature, to the

, crust. If|the layer is completely solid, so that no
I liquid is present, these coefficients and the average

liquid temperature are all printed as O. In this case,
| no attempt is made to define a top or bottom crust and

for edit purposes, each is given a thickness equal toi

that of the layer. Also, the printed values of the
visco'sity.(and Prandt1 number) printed correspond to the
liquid at the solidus temperature, even though no liquid
is present.

All quantities are evaluated at the current time (unlike
CORCON-MOD 1) with the exception of the " heat of reaction"
which is an average over the preceding timestep.

A fourth element of output, which contains extensive
diagnostic information, may be generated, controlled by the
variable TPRIN on Card 3. This printed output is intended
primarily for code debugging; it is labelled in terms of FORTRAN
variable names and assumes that the user has some detailed
knowledge of the code. Under ordinary circumstances, this output
should be suppressed by specifying TPRIN greater than the problem
end time, TIMEND.

5 3 CORCON-Generated Error Messaces

A number of error checks are performed by CORCON-MOD 2. First,
the input data are examined for obvious errors or inconsistencies.
Then, various intermediate results of the transient calculation
are tested to determine if they are physically realistic, within
the limits of CORCON-MOD 2 models, and numerically converged. When
an error condition is detected, an appropriate message is issued.
Subsequent action depends on the severity of the error and may
take the form of immediate termination, termination at the end of
the current time-step, or continuation of the calculation with a
warning. The messages which a user might encounter are listed
below, together with the code action. While most are self-
explanatory, a few comments are included in the list which follows:

"* * * ABLATE * INTERPOLATION FOR MASS ADDITION* *
,

() AT () O"F LOW END OF TABLE ()" (Warning only).

"* * * ABLATE * * * INTERPOLATION FOR MASS ADDITION,

() AT () OFF HIGH END OF TABLE ()" (Warning only).

"* * * ATMPRO * INTERPOLATION FOR ATMOSPHERIC* *
,

PRESSURE AT () OFF LOW END OF TABLE ()" (Warning
only).

"* * * ATMPRO * INTERPOLATION FOR A1MOSPHERIC* *
,

*

PRESGURE AT () OFF HIGH END OF TABLE ()" (Warning
only).
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INTERPOLATION FOR SURROUNDINGS* ATMSUR *"* * * *
,

TEMPERATURE AT () OFF LOW END OF TABLE ()" (Warning
only). .

"* * * ATMSUR * * * INTERPOLATION FOR SURROUNDINGS'

,

TEMPERATURE AT () OFF HIGH END OF TABLE ()" (Warning
only).

"* * * ATMSUR * * * CONVERGENCE FAILURE" (Immediate,

Termination). Failure to match above-pool heat
transfer to pool surface.

"* * * BUBBLE * * * NEGATIVE BUBBLE VELOCITY",

(Immediate Termination).
* * CONCRETE INPUT SPECIES () NOT IN"* * * CONPRP * ,

MASTER LIST" (Deferred termination).

"* * * CYLIND * NRAYS () LESS THAN* * =,

NBOT+NCORN+3" (Deferred termination). Too few rays
or too many bottom and corner points in cavity
definition.

I
NO DATA ON UNIT 5" (Immediate |"* * * DATAIN * * * ,

termination).
"* * * DATAIN * * * TOO MANY TIMESTEP INTERVALS",

(Deferred termination).
"* * * DATAIN * * * NO TIMESTEP INPUT" (Deferred,

termination).

"* * * DATAIN * * * TOO MANY EDIT INTERVALS",

(Deferred termination).
* * INVALID IFP = ()" (ImmediateDATAIN *"* * *

,

termination).
"* * * DATAIN * * * IREO = () IREM = () IRES = ()",

(Immediate termination). Improper type for
emissivity tables. Should be " TIME" or " TEMP".

DCYINT * * * PROBABLE ERROR. POOL CONTAINS"* * *
,

() PERCENT OF CORE" (Warning only). Input has
specified a mass of UO2 greater than the entire core.

"* * * DHGEN * * * INTERPOLATION FOR SOURCE POWER,

: IN OXIDE AT () OFF LOW END OF TABLE ()" (Warning
only).

i

!
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"* * * DHGEN INTERPOLATION FOR SOURCE POWER* * *
,

IN OXIDE AT () OFF HIGH END OF TABLE ()" (Warning
only).

* DHGEN"* * INTERPOLATION FOR SOURCE POWER* * *
,

IN METAL AT () OFF LOW END OF TABLE ()" (Warning
only).

"* * * DHGEN -a * * INTERPOLATION FOR SOURCE POWER,

IN METAL AT () OFF HIGH END OF TABLE ()" (Warning
only).

"* * * EMISIV * ** INTERPOLATION FOR SURROUNDINGS,

EMISIVITY AT ()OFF LOW END OF TABLE ()" '(Warning
only).

"* * * EMISIV * * * INTERPOLATION FOR SURROUNDINGS,

EMISIVITY AT-()OFF HIGH END OF TABLE ()" (Warning
only).

"* * * EMISIV * ** INTERPOLATION FOR OXIDE,

EMISIVITY AT ()OFF LOW END OF TABLE ()" (Warning
only).

"* * * EMISIV * * * INTERPOLATION FOR OXIDE,

EMISIVITY AT ()OFF HIGH END OF TABLE ()" (Warning
only).

"* * * EMISIV * * * INTERPOLATION FOR METAL,

EMISIVITY AT ()OFF LOW END OF TABLE ()" (Warning
only).

"* * * EMISIV * * * INTERPOLATION FOR METAL,

EMISIVITY AT ()OFF HIGH END OF TABLE ()" (Warning
only).

"* * * ENRCN1 * * * BAD DQDT, LLO,DQTDTT(LLO),,

LUP,DQBDTB(LUP)= () () () ()" (Immediate termina-
tion). Some heat flux vs temperature relation has a
negative slope.

"* * * ENRCN1 * ** MATRIX AMTRX IS SINGULAR AS,

DEDECTED BY SAXB" (Immediate termination). The
equations for the solution of the implicit energy
equation are singular.

"* * * ENRCN2 * ** CONVERGENCE FAILURE.,

L HTOT(L),TLAY(L) () () ()" (Immediate termina-=

tion). Failure to determine new layer temperature
after energy update.
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"* * * FILM'* CONVERGENCE FAILURE.* *
,

JBODY,LYR,EMDO,EMD = () () ()()" (Immediate termina-
tion). Failure to determine consistent film
properties (heat transfer coefficient and gas
generation).

"* * * HTRCLN * * * CONVERGENCE FAILURE" (Immediate,

termination). Failure to determine radiative
contribution to boiling heat transfer.

"* * * HTRLAY * * * MATRIX AMTRX IS SINGULAR AS,

DETECTED BY SAXB" (Immediate termination). The
equations for determination of crust thicknesres are
singular.

"* * * HTHLAY * AXIAL CONVERGENCE FAILUBE.**
,

L,KOUNT,LOOPL LOOPT = () () () ()" (Warning only).,

| Failure to determine state of layer consistent with
boundary conditions. Has only been observed for
vanishingly thin liquid sublayers, and usually in
early iterations of INTEMP (so that result does not
affect end-of-timestep results). Code continues,
using conductive heat transfer for layer.

"* * * HTRLAY * AXIAL SOLID CORE / LIQUID SURFACE* *
,

WITH L,TS.TB.TL,TT = () () () () ()" (Warning only).
Solid layer is being melted from the top and bottom.
Has only been observed in early iterations of INTEMP

- (so that result does not effect end-of-timestep
i

results). Codo continues using convective heat
transfer to the solidus temperature.

"* * * HTRLAY * RADIAL CONVERGENCE FAILURE.* *
,

L,KOUNT,LOOPL,LOOPT = () () () ()" (Immediate
,

'

termination). Failure to determine state of layer
consistent with boundary conditions.

"* * * HTRLAY * RADIAL SOLID CORE / LIQUID SURFACE* *
,

WITH L,TS,TL,TR () () () ()" (Immediate=

termination). Solid layer being melted from the
outside.

"* * * INCOOL * * * COOLANT () NOT IN MASTER LIST",

(Deferred termination).
"* * * INGEOM * ** NRAYS (). GREATER THAN LIMIT=,

OF 100" (Immediate termination).
INGEOM *"* * * RO = (). MUST BE O.0"* *

,

(Immediate termination).
"* * * INITL * * * INVALID ILYR =,I2" (Deferred,

termination).
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INPCON * * * OXIDE () NOT IN MASTER LIST""* * *
,

(Deferred termination).
INPCON * * * METAL () NOT IN MASTER LIST""* * *

,

(Deferred termination).
* * * GAS () NOT IN MASTER LIST"INPGAS"* * *

,

(Deferred termination).
"* * * INTEMP * * * MATRX AMTRX IS SINGULAR AS,

DETECTED BY SAXB" (Immediate termination). The
equations for determining interface temperatures are
singular.

CONVERGENCE FAILURh* (WarningINTEMP * * *"* * *
,

only). Failure to determine temperatures of
interfaces between layers such that heat fluxes are
continuous. Code continues, using a weighted average
of heat fluxes calculated from each side.

"* * * LEVSWL * * * CAVITY TOO SMALL FOR MELT",

(Immediate termination). Need to specify a larger
cavity (remember level swell).

* MASRAT * * * CONVERGENCE FAILURE" (Immediate"* *
,

termination). Failure to match film heat transfer
results to pool heat transfer at bottom of pool.

"* * * MLTREA * REDOING SOLUTION FRCl4 NEW* *
,

STARTING GUESS" (Warning only). The equacions for
determining the next correction to equilibrium
composition are singular. A new starting guess will
usually avoid the problem region.

"* * MLTREA * * * MATRIX AK IS SINGULAR IN FIRST,

CALL TO SAXB" (Immediate termination). The equations
for determining the next correction to equilibrium
composition are singular despite a new starting guess.

"* * * MLTREA * * * APPARENT CONVERGENCE FAILURE,

()" (Warning only).RELATIVE ERROR IN TOTAL MASS =

Failure of chemical equilibrium routine. " Apparent"
because error is often insignificant although code
fails to recognize this. Check to verify that no
serious violation of mass conservation has occurred.

"* * * PLLAYR * * * CONVERGENCE FAILURE.,

() () ()" (Immediate termination).L,HTOT(L).TLAY(L) =

Failure to determine new temperature of combined
oxides in layer L following layer flip.
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"* SOLLIO * * *, METAL CONTAINS () NON CR-FE-NI MELT
RANGE MAY BE INACCURATE" (Warning only). Metal
contains more than 10% non-steel. Code continues,
using liquidus and solidus for steel component.

"* * * SPHCYL * IGEOM = 3 NOT OPERATIONAL"* *
,

(Immediate termination).
"* * * SURFEB * * * CONVERGENCE FAILURE.,

ICOUNT,TTA,OP,DQPDTA,0W,DQWDTA = () () () () () ()"
(Immediate termination). Failure to match film heat
transfer results to pool heat transfer.

"* * * SVLAAR * * * CONVERGENCE FAILURE" (Immediate,

termination). Failure to determine liquidus and
solidus temperatures for oxidic mixture.

A close inspection of the code listing will reveal several
other places where a message could be printed and execution
terminated by a call to FAIL. They correspond to conditions
which, short of a machine error, cannot exist in CORCON-MOD 2.
These messages might appear if modifications were made to the
code, and are included for that reason, but will not be described
here.

.

1
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6. CODING INFORMATION

6.1 List of Subroutines

Subroutines developed specifically for CORCON (excluding SAXB)
are listed below along with brief descriptions of the functions
they perform.

CORCON - controls program flow
,

ABLATE * - computes mass flow rate of each species in surroundings
material as it ablates and falls into pool

ANGAVL - finds-body angle at each ray (body) point
ARBINP - initializes an arbitrary shape cavity
ATMPRO* - determines bulk properties of the gas mixture

(atmosphere) above the molten pool
ATMSUR - updates atmosphere and surroundings, or serves as an

interface to a containment response code
BLKDAT - contains data tables including master species list,

master molecular weight list, stoicheometric
coefficients and phase table for MLTREA, and various
pointers and global constants

BUBBLE - determines bubble sizes and velocities where the gas
i enters the pool and within pool layers

CHEMPO - computes enthalpy, entropy, and Gibbs free-energy of
each species required for the melt-gas chemical

.5 reaction calculation in MLTREA
COMBIN - adds one mixture to another to produce a single mixture

mass, composition, and enthalpy

CONFND - initializes data tables and finds coefficients for
specific heat, enthalpy and entropy for a species as
necessary for calculations in CHEMPO or CPENTH

i CONPRP - initializes concrete composition and properties
.

! *Not operational

|
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CPENTH - computes specific heat and enthalpy of condensed
melt phases for both single- and two-phase (liquid-
solid) mixtures

CYLIND - initializes a flat-based cylindrical cavity shape

DATAIN - handles the input of data for the program

DCYINT - sets up initial intact core inventory of radioactive
species and associated retention fractions, and
initializes decay product pseudo-species

DCYPOW - evaluates the decay power of each radioactive
element as a function of time

DENSTY - computes density of the condensed phases in melt

DHGEN - computes the decay heat generated within each pool
layer

EDIT - manages the printed output of the code

EMISIV - determines the emissivities of the condensed phases
of the pool from input tables of emissivity versus ,

time or tempetature

ENRCN1 - performs explicit update of layer energy equations,
including boiling of coolant, and sets up implicit
terms

ENRCN2 - finishes update of layer energy equations by adding
implicit terms, and calculates new temperatures

EXPRNT - controls generation of extra debug print

performs error handling when called by a subroutineFAIL -

which detects abnormal data or an invalid computation

FILM - advances state of gas film from one point to another
and integrates results

GEOM - determines volume, surface area and stream length of
the concrete cavity geometry as a function of body
point

GPLMPR - computes average gas mixture properties in the gas
film at each body point

HCBBOT - calculates bubble-enhanced liquid-liquid heat
transfer coefficient at bottom of layer

110
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HCBINJ - calculates heat transfer coefficient for. bubble; injection at bottom of pool
HCBSID - calculates bubble-enhanced heat transfer coefficient

.at side of pool

HCBTOP - calculates bubble-enhanced liquid-liquid heat
transfer coefficient at top of layer

HSPCYL - initializes a hemispherically-based cylindrical
cavity shape

HTRCLN - evaluates. heat transfer in coolant layer, including
boiling

HTRLAY - evaluates heat transfer in a layer, including
conduction in solid regions

HTRLIQ - computes heat transfer coefficients in liquid layer
or sub-layer, including bubble-enhanced convection,
natural convection, and conduction

HTRN - computes gas film heat transfer coefficients in all
regimes

INCOOL - inputs initial mass, temperature, and identity of
coolant

INGEOM - inputs and defines the initial geometry of the
concrete crucible

INITL - initializes necessary variables before entering main
calculatioital loop

INPCON - inputs initial masses of core constituents and their
temperatures

INPGAS - inputs and defines initial composition and state of
atmosphere

INTEMP - computes temperatures and heat flows at layerinterfaces

LEVSWL - calculates pool level swell, layer interface
locations and layer average void fractions

LININT - performs linear interpolation or extrapolation from
tables

MASLOS - computes mass loss from melt due to volatilization
of fission products
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MASRAT - determines concrete ablation rates (mass loss rates)
at body points

MASSEX - serves as interface for mass exchange with
atmosphere and surroundings

MHTRAN - updates layer species masses and evaluates effects
of mass transport and chemical reactions on layer
enthalples

MLTPHP - determines transport properties of metallic and
oxidic phases of melt

MLTREA - solves problem of chemical equilibrium iteratively
by a constrained first-order steepest descent
technique to minimize free energy

PAGEHD - prints page header with version identification and
problem title

PLLAYR - calculates layer densities and determines layer flips

PLOTS - writes data file for post-processor plot program

PRTGAS - prints results from the metal / gas and/or oxide / gas
reactions

QMELT - evaluates local heat flux on pool side of gas film

REACT - sets up necessary reactants for call to MLTREA and
distributes the products returned

RECEDE - computes concrete normal recession and relocation of
body points during a *ime step

RFBS - module of the equation solver SAXB

RLUD - module of the equation solver SAXB

SATP - evaluates saturation pressure as a function of
temperature

SATT - evaluates saturation temperature as a function of
pressure (an ENTRY in SATP)

SAXB - solves a system of real linear algebraic equations,
AX = B. A Sandia Mathematical Library routine.

SETUP - performs code setup requiring execution (as opposed
to data statements) including evaluation of machine
roundoff
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SIGMY -' computes surface tensions.of the condensed phases of
the pool

r

SOLLIQ - sets up the components of pseudo-mixtures of oxides
or metals and calls either SSMELT or SVLAAR to
calculate mixture solidus and liquidus temperatures

SOURCE - evaluates decay heat source in pool

SPliCYL* - initializes a cylindrical cavity with a spherical
segment bottom

SSMELT - calculates the liquidus and solidus temperatures of
a metallic phase based on stainless steel (CR-FE-N1
ternary)

SURFEB - performs a surface energy balance at a point on the
cavity surface to determine mass flux of ablating
concrete at a point

SVLAAR - does a Schroeder-von Laar pseudo-binary construction
of T-solidus and T-liquidus for the oxidic phase

TilKCND - determines the thermal conductivity of the condensed
phases in the pool

TIMSTP - determines new time step

TMPFND - determines mixture temperature, given composition
and enthalpy

UDU - module of equation solver SAXB

VISCTY - computes viscosity of the metallic and nonsiliceous
oxidic phases of the melt

VIS2PH - comput9s Kunitz two-phase viscosity multiplier for
suspended solids in the melt

VSCRIT - computes the critical superficial gas velocities
into the pool for use in determining bubble sizes

6.2 Program Flow

The basic logic of CORCON-MOD 2 is given in Figure 6.1 which is
a flow chart of the main program. This corresponds to the verbal
description given in Section 2.2. A list of subroutines called by
each subroutine is presented in Table 6.I. Locations of
subroutine calls are given in Table 6.II.

*Not operational
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CORCON
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COMPLETE INITI AllZATION OF ALL NECESSARY VALUES INITL
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Piqure 6.1 CORCON-MOD 2 Flow Chart

I

114

:

-. -



. - - - - - -

.
. .. . . .

. . . . .

A

,r.

ENDFILE ON
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i

Pigure 6.1 CORCON-MOD 2 Plow Chart (continued)
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Table 6.1
CORCON subroutines called by each program segment

ABLATE calls FAIL LININT
ANGAVL calls
ARBINP calls
ATMPRO calls FAIL LININT
ATMSUR calls ATMPRO EMISIV EXPRNT P A l i. LININT

BUBBLE calls FAIL VIS2Pli VSCRIT
CilEMPO calls CONFND
COMBIN calls
CONFND calls FAIL
CONPRP calls CPENTil DENSTY FAIL SOLLIQ
CORCON calls ATMSUR DATAIN EDIT ENRCN1 ENRCN2 GPLMPR

INITL INTEMP LEVSWL MASRAT MIITRAN MLTPHP

PLLAYR PLOTEX PLOTIN PLOTS RECEDE SETUP

SOURCE IMSTP
CPENTl! calls CONFND FAIL
CYLIND calls FAIL
DATAIN calls CONPRP FAIL INCOOL INGEOM INPCON INPGAS

DCYINT calls DCYPOW FAIL
DCYPOW calls
DENSTY calls
DilGEN calls DCYPOW FAli. LININT
EDIT calls PAGEllD PRTGAS
EMISIV calls FAIL LININT
ENRCN1 calls CPENTil EXPRNT FAIL MASSEX SAXB SOLLIO,

^

ENRCN2 calls EXPRNT PAIL TMPFND

EXPRNT calls
FAIL calls
FILM calls FAIL llTRN SURFEB

GEOM calls ANGAVL
GFLMPR calls
llCBBOT calls VIS2Pil

IICBINJ calls VIS2Pil
IICilSID calls VIS2Pl!
IICBTOP calls VIS2Pl!
IISPCYL calls
llTRCLN calls EXPRNT PAIL llTRLIQ
lifRLAY calls EXPRNT P AI I, itTRLIQ SAXB

llTRL10 calin !!CilBOT !!CBINJ llCBSID llCBTOP VIS2Pil

llTHN calls
INCOOL calls FAIL
INGEOM calls ARBINP CYLIND FAIL GEOM llSPCYL SPIICYL

INITL calls ATMSUR CPENTil FAIL SOLLIQ TMPFND

INPCON calls DCYINT FAIL
INPGAS calls FAIL LININT
INTEMP calls EXPRNT FAIL F II.M llTRCLN llTRLAY SAXB

LEVSWL calls BUllBLE EXPRNT FAIL

LININT calls
MASLOS calls CPENTil
MASRAT calls CPENTl! EXPRNT FAIL FILM IICIIINJ
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MASSEX calls FAIL
MHTHAN calls COMBIN CPENTH EXPRNT FAIL MASLOS MASSEX

HEACT SOLLIQ
MLTPHP calls CPENTH EMISIV EXPHNT FAIL SATT SIGMY

THKOND VISCTY
MLTHEA calls CHEMPO PAIL PHTGAS SAXB
PAGEllD calls
PLLAYH calls COMBIN DENSTY EXPHNT FAIL SOLL1Q TMPFND
PLOTEX calls
PLOTIN calls
PLOTS calls
PRTGAS calls FAIL PAGEHD
QMELT
HEACT calls CPENTl! EXPHNT FAIL MLTHEA SOLLIQ
HECEDE calls GEOM
RFBS calls FAIL
HLUD calls FAIL
SATP calls
SATT calls
SAXB calls FAIL HFBS HLUD UDU
SETUP calls CONFND
SIGMY calls
SOLLIQ calls FAIL SSMELT SVLAAR
SOURCE calls DHGEN
SPIICYL calls FAIL
SSMELT calls
SUHFEB calls FAIL QMELT
SVLAAR calls FAIL
THKOND calls
TIMSTP calls EXPHNT
TMPFND calls CPENTH FAIL
UDU calls
VIS2Plf calls
VISCTY calls FAIL
VSCRIT calls

Table 6.11
CONCON program segments calling each subprogram

ABLATE called by
ANGAVL called by GEOM
AHBINP called by INGEOM
ATMPHO called by ATMSUN'

ATMSUR called by COHCON INITL
BUBBLE called by LEVSWL
CifEMPO called by MLTHEA
COMBIN called by MitTHAN PLLAYH
CONFND called by CllEMPO CPENTil SETUP
CONPHP called by DATAIN
COHCON called by
CPENTf! called by CONPHP ENHCNL INITL MASLOS MASHAT MitTHAN

MLTPHP HEACT TMPFND
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CYLIND called by INGEOM
-DATAIN called by CORCON
DCYINT called by INPCON
DCYPOW called by DCYINT DHGEN
DENSTY called by CONPRP PLLAYR
DHGEN called by SOURCE
EDIT called by CORCON
EMISIV called by ATMSUR MLTPRP
ENRCN1 called by CORCON
ENRCN2 called by CORCON
EXPRNT called by ATMSUR ENRCN1 ENRCN2 HTRCLN HTRLAY INTEMP

LEVSWL MASRAT MHTRAN MLTPRP PLLAYR REACT

TIMSTP
FAIL called by ABLATE ATMPRO ATMSUR BUBBLE CONFND CONPRP

CPENTH CYLIND DATAIN DCYINT DHGEN EMISIV
ENRCN1 ENRCN2 FILM HTRCLN HTRLAY INCOOL

INGEOM INITL INPCON INPGAS INTEMP LEVSWL

MASRAT MASSEX MHTRAN MLTPRP MLTREA PLLAYR
PRTGAS REACT RFBS RLUD SAXB SOLLIQ
SPHCYL SURFEB SVLAAR TMPFND VISCTY

FILM called bY INTEMP MASRAT
GEOM called by INGEOM RECEDE
GFLMPR called by CORCON
HCBBOT called by HTRLIQ
HCBINJ called by HTRLIQ MASR?T
HCBSID called by HTRLIQ
HCBTOP called by HTRLIQ
HSPCYL called by INGEOM
HTRCLN called by INTEMP
HTRLAY called by INTEMP
HTRLIQ called by HTRCLN HTRLAY
HTRN called by FILM
INCOOL called by DATAIN
INGEOM called by DATAIN
INITL called by CORCON
INPCON called by DATAIN
INPGAS called by DATAIN
INTEMP called by CORCON
LEVSWL called by CORCON
LININT called by ABLATE ATMPRO ATMSUR DHGEN EMISIV INPGAS

MASLOS called by MHTRAN
MASRAT called by CORCON
MASSEX called by ENRCN1 MHTRAN
MHTRAN called by CORCON
MLTPRP called by CORCON
MLTREA called by REACT
PAGEHD called by EDIT PRTGAS
PLLAYR called by CORCON
PLOTEX called by CORCON
PLOTIN called by CORCON
PLOTS called by CORCON
PRTGAS called by EDIT MLTREA
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QMELT . called by SUHFEB
REACT 1 called by MHTRAN,

' RECEDE called by CORCON
RFBS called by SAXB r<

I RLUD' called'by SAXB-
SATP~ called by- ;

'
,

SATT called by MLTPHP,

SAXB_ called by ENRCNL HTRLAY INTEMP MLTREA
-SETUP called by CORCON
SIGMY called by MLTPRP
SOLLIQ called by CONPRP .ENRCNL INITL MHTRAN PLLAYR REACT
SOURCE called-by CORCON
SPHCYL called by INGEOM -

SSMELT called by SOLLIQ
SURFEB called by FIL!!
SVLAAR called by SOLLIQ
THKOND called by MLTPHP
TIMSTP called by CORCON
TMPFND called by ENRCN2 INITL PLLAYR
UDU called by SAXB
VIS2PH called by BUBBLE HCBBOT HCBINJ HCBSID HCBTOP HTRLIQ
VISCTY called by MLTPRP
VSCRIT called by BUBBLE

6.3 Use of COMMON

Most of the internal data in CORCON-MOD 2 are contained in and
communicated through named COMMON blocks. Tables 6.III below
lista the COMMON blocks contained in each program segment while
Table 6.IV provides the inverse list of program segments
containing each COMMON block.

Table 6.III
CORCON common blocks contained by each program segment

BLKDAT contains RO B4 B6 B9 CNSTNT MASTER
PFDAT SPECNM

ABLATE contains A42 MASTER TWO
ANGAVL contains A3 CNSTNT ONE TWNEIT
ARBINP contains A3 ONE TWNEIT
ATMPRO contains A21 ATMDAT TWO
ATMSUR contains A20 A23 A4 ATMDAT H0 B1

CNST!iT HEATEX TWO
BUBBLE contalnn A32 RO R1 B3 CNSTNT TWNTWO
CHEMPO contains PFDAT
COMBIN contains
CONFND contains MASTER
CONPRP contains A32 B3 MASTER SPECNM
CORCON contains B4 ONE TWO
CPENTH contains MASTER
CYLIND contains A3 CNSTNT PORTN ONE TWNEIT
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DATAIN contains A17 A19 A20 A23 A4 A42
A9 B1 ONE SPECNM Tl!REE TITLE
TWO

DCYINT coutuins A31 B6 MASTER SPECNM TWO
DCYPOW contains B6
DENSTY coatains MASTER
DHGEN cottains A17 A4 B0 B1 B2 B6

MASTER
EDIT contains A3 A32 A39 A4 A44 A45

B0 B1 B2 B5 B8 B9
CNSTNT CONSRV FOflR GASEDT MASTER ONE
SPECNM Tl!REE TWNrWO TWO

EMISIV co1tairs A19 A20 B9 MASTER TWO
ENRCN1 ccntains A4 B0 B1 B2 BS B7

B9 CONSRV IIMATEX IMP MASTER TWO
ENRCN2 contains B0 B1 CONSRV !!EATEX IMP
EXPRNT contains ONE TWO
FAIL contains B4 ONE TWO
FILM contains A32 ARGLST BL CNSTNT
GEOM contains A3 CNSTNT FORTN FOUR ONE TWNEIT
GFLMPR contains A32 A39 ONE
IICBBOT contains B1 CNSTNT
HCBINJ contains B1 CNSTNT
llCBSID contains B1 CNSTNT
llCBTOP contains B1 CNSTNT
IISPCYL contains A3 CNSTNT FORTN FOUR ONE TWNEIT
llTRCLN contains B1 US B8 B9 CNSTNT

' IITRLAY contains B1 B5 B8 CNSTNT TWO
IITRLIO contains B0 B1 CNSTNT
llTRN contains A39 B1 CNSTNT
INCOOL contains B9
INGEOM conta ns CNSTNT FORTN ONE
INITL contains A10 A3 A31 A32 A4 A45

B0 B1 B2 B3 BS B8#

4 B9 CNSTNT CONSRV GASEDT llEATEX MASTER
ONE TWNTWO

INPCON contains A10 A31 A4 B6 MASTER SPECNM
INPGAS contains A10 A21 A31 MASTER SPECNM TWO

i INTEMP contains A3 A32 ARGLST B0 B1 B5
B8 CNSTNT llMATEX TWO#

LEVSWL contains A3 A32 A44 B0 B1 83
CNSTNT ONE TWNEIT TWNTWO

LININT contains
MASLOS contains B0 B1 B2 B6 CONSRV MASTER

TWO
MASRAT contains A3 A32 ARGLST B0 B1 B3

BS CNSTNT MASTER ONE TWNEIT TWNTWO
TWO

MASSEX contains B0 B1 B2 B7 B9 CONSRV
MASTER

MitTRAN contains A32 A4 B0 B1 B2 B3

B7 B0 CONSRV MASTER TWO
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MLTPRP contains BO B1 B2 B8 B9 MASTER
MLTREA contains PFDAT RNDOFF
PAGEllD contains ONE TITLE TWO
PLLAYR contains A45 B0 B1 B2 B8 B9

MASTER TWO
PLOTEX contains A3 A4 B0 B1 B2 CNSTNT

MASTER ONE TWO
PLOTIN contains A3 A4 BO B1 B2 CNSTNT

MASTER ONE TWO
PLOTS contains A3 A4 B0 B1 B2 CNSTNT

MASTER ONE TWO
PRTGAS contains A45 MASTER PFDAT SPECNM
QMELT contains B1 BS B8
REACT contains A45 B0 B1 B2 B7 CONSRV

GASEDT MASTER ONE PFDAT TWO
RECEDE contains A3 FOUR ONE TWNEIT TWO
RFBS contains
RLUD contains
SATP contains
SATT contains
SAXB contains
SETUP contains CNSTNT RNDOFF
SIGMY contains
SOLLIQ contains A32 B9 MASTER
SOURCE contains B0 B1 TWO
SPitCYL contains
SSMELT contains
SURFEB contains A32
SVLAAR contains
T!!KOND contains
TIMSTP contains A3 FOUR ONE TIIREE TWNEIT TWO
TMPFND contains B0 B1 B2 B9 MASTER TWO
UDU contains RNDOFF
VIS2Pli conta. ins
VISCTY contains B9 MASTER
VSCRIT contains CNSTNT

Table 6.IV
CORCON program segments containing each common block

A10 is in INITL INPCON INPGAS
A17 is in DATAIN DilGEN
A19 is in DATAIN EMISIV
A20 is in ATMSUR DATAIN EMISIV
A21 is in ATMPRO INPGAS
A23 is in ATMSUR DATAIN
A3 is in ANGAVL ARBINP CYLIND EDIT GEOM llSPCYL

INITL INTEMP LEVSWL MASRAT PLOTEX PLOTIN
PLOTS RECEDE TIMSTP

A31 is in DCYINT INITL INPCON INPGAS
A32 is in BUBBLE CONPHP EDIT FILM GFLMPR INITL

INTEMP LEVSWL MASRAT MilTRAN SOLLIQ UHFEB
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A39 is in EDIT GPLMPR HTRN
A4 is in ATMSUR DATAIN DHGEN EDIT ENRCN1 INITL

INPCON MHTRAN PLOTEX PLOTIN PLOTS
A42 is in ABLATE DATAIN
A44 is in EDIT LEVSWL

; A45 is in EDIT INITL PLLAYR PRTGAS REACT
; A9 is in DATAIN

ARGLST is in FILM INTEMP MASRAT
ATMDAT is in ATMPRO ATMSUR

j B0 is in BLKDAT ATMSUR BUBBLE DHGEN EDIT ENRCN1
ENRCN2 HTRLIQ INITL INTEMP LEVSWL MASLOS
MASRAT MASSEX MHTRAN MLTPRP PLLAYR PLOTEX
PLOTIN PLOTS REACT SOURCE TMPFND

B1 is in ATMSUR BUBBLE DATAIN DHGEN EDIT ENRCN1
ENRCN2 FILM HCBBOT HCBINJ HCBSID HCBTOP
HTRCLN HTRLAY HTRLIQ HTHN INITL INTEMP
LEVSWL MASLOS MASRAT MASSEX MHTRAN MLTPRP
PLLAYR PLOTEX PLOTIN PLOTS QMELT REACT :

SOURCE TMPFND
B2 is in DHGEN EDIT ENRCN1 INITL MASLOS MASSEX'

{ MHTRAN MLTPRP PLLAYR PLOTEX PLOTIN PLOTS
I REACT TMPFND
i B3 is in BUBBLE CONPRP INITL LEVSWL MASRAT MHTRAN j

B4 is in BLKDAT CORCON FAIL I

! B5 is in EDIT ENRCN1 HTHCLN HTRLAY INITL INTEMP
'

MASRAT QMELT
B6 is in BLKDAT DCYINT DCYPOW DHGEN INPCON MASLOS
B7 is in ENRCN1 MASSEX MHTRAN REACT
B8 is in EDIT HTRCLN HTRLAY INITL INTEMP MHTRAN'

MLTPRP PLLAYR QMELT
B9 is in BLKDAT EDIT EMISIV ENRCN1 liTRCLN INCOOL

;

INITL MASSEX MLTPRP PLLAYR SOLLIO TMPFND
VISCTY

I CNSTNT is in BLKDAT ANGAVL ATMSUR BUBBLE CYLIND EDIT
FILM GEOM HCBBOT !!CBINJ HCBSID HCBTOP

j HSPCYL HTRCLN HTRLAY HTRLIQ fiTRN INGEOM
! INITL INTEMP LEVSWL MASRAT PLOTEX PLOTIN
'

PLOTS SETUP VSCRIT
! CONSRV is in EDIT ENRCN1 ENRCN2 INITL MASLOS MASSEX

| MHTRAN REACT
I FORTN is in CYLIND GEOM llSPCYL INGEOM
.

FOUR is in EDIT GEOM HSPCYL RECEDE TIMSTP
I CASEDT is in EDIT INITL REACT

HEATEX is in ATMSUR ENRCN1 ENRCN2 IUITL INTEMP
i IMP is in ENRCN1 ENRCN2

MASTER is in BLKDAT ABLATE CONFND CONPRP CPENTil DCYINT
]| DENSTY Dl! GEN EDIT EMISIV ENRCN1 INITL ,

| INPCON INPGAS MASLOS MASRAT MASSEX MilTRAN
MLTPRP PLLAYR PLOTEX PLOTIN PLOTS PRTGAS

4

REACT SOLLIO TMPFND VISCTY
! ONE is in ANGAVL ARBINP CORCON CYLIND DATAIN EDIT
j EXPRNT FAIL GEOM GFLMPR IISPCYL INGEOM

;

4
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INIT!, LEVSWL MASRAT PAGElfD PLOTEX PLOTIN
PLOTS REACT RECEDE TIMSTP

PFDAT is in BLKDAT CilEMPO MLTREA PRTGAS REACT
RNDOFF is in MLTREA SETUP UDU
SPECNM is in BLKTAD CONPHPDATAIN DCYI!4T EDIT INPCON

INPGAS PRTGAS
THREE is in DATAIN EDIT TIMSTP
TITLE is in DATAIN PAGEHD
TWNEIT is in ANGAVL ARBINP CYLIND GEOM HSPCYL LEVSWL

MASRAT RECEDE TIMSTP
TWNTWO is in BUBBLE EDIT INITL LEVSWL MASRAT
TWO is in ABLATE ATMPRO ATMSUR CORCON DATAIN DCYINT

EDIT EMISIV ENHCN1 EXPRNT FAIL HTRLAY
INPGAS INTEMP MASLOS MASRAT MHTRAN PAGEHD
PLLAYR PLOTEX PLOTIN PLOTS REACT RECEDE
SOURCE TIMSTP TMPFND

6.4 Principal Variables

This section is a dictionary of the principal FORTRAN
variables in CORCON-MOD 2. For arrays, the different elements may
correspond to different layers, to different chemical species,
etc. This is indicated by the index used as follows:

I - species '

body pointJ -

K - element

L- layer interface

M - Temperature

N- Time

Interface L is between layer L and layer L-1.

Fortran Algebraic
Symbol Symbol Description Units

ALPilZB (J ) a(Z) Local axial void fraction at Z(J) --

ALPLAY(L) at Average void fraction --

AM(I) Amount of species g-mol--

AMLAY(L) mL Mass kg

AML.RT(L) m0 Mass at start of timestep kg
L
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ANE(I,K) -- Stoichiometric coefficients --

ARINT(L) -- Interface area m2

BETLAY(L) BL Volumetric coefficient of expansion K-1

BUBMLI(J) -- Molar flux of gas entering bubbles g-mol/m2s

BUBRAD(L) tb Average bubble radius m

I
o

CHPOT(I) ui Standard-state chemical potential cal /g-mol

CONINP(I) mi Initial mass of condensed species kg

xi Initial mole fractions of gaseous
species --

CPLAY(L) cp Specific heat J/kg K

CRUSTx(L) 6x Crust thickner; on face x (= B,
b bottom; = 1, top; R, radial) m=

Ratio of normal recession toDDODS s

normal distance to adjacent ray --

DELH AHabi Heat of ablation of concrete J/kg

DELL (J) 6 Gas film thickness m

Mass of gaseous species generatedDELSMG(I) --

during timestep kg

DELTIM At Timestep s

DHPOW -- Decay heat power W

DPRIN -- Time interval for diagnostic prints u

DQBDTx(L) dq /dT Rate of change of upward heat flux
B x at bottom surface with respect to

temperature x (= B, bottom;
L, layer; =T, top) W/m2K=

Rate of change of heat flux toDQRDTA(L) --

radial surface with respect t3
2surface temperature W/m g

-
.
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DQSDTS dq /dT Rate of change of heat flux to/from
s a pool surface with respect to

surface temperature W/m K2

DQTDTx(L) dq /dT Rate of change of upward heat flux
T x at top surface with respect to

temperature x (= B, bottom;
L, lay'er; -T, top) W/m2K=

DQZDTA(L) Rate of change of heat flux to axial--

surface with respect to surface
temperature W/m2K

EMLAY(L) ct Emissivity --

EMM(M or N) cm Emissivity.of metallic phase --

EMSUR csur Emissivity of above-pool surround-
ings --

EO(M or N) co Emissivity of oxidic phase --

ES(M or N) csur Emissivity of atmosphere surround-
ings --

EW cw Emissivity of ablating concrete
surface --

FCTHN Mass of coolant added during--

timestep kg

FGFLM Mass of gas transported in film--

during timestep kg
-

FGSAV Mass of gas transformed by oxide /--

atmosphere reaction during time-
step kg

FGTRN Mass of gas transported as bubbles'--

during timestep kg

FLMANG(J) Average slope of gas film over--

Taylor cell radius kg/m s2
|

FMM(N) Metallic phase splashout rate kg/s
--

FMO(N) Oxidic phqse splashout rate kg/s
--

,
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FMOL(l' - Amount of species in chemical
reaction g-mol

FMS(N.I) -- Specified rate of addition to pool kg/s

FMSAV - Mass of reinforcing steel ablated
by LOX during timestep kg

FMTRN - Mass of metal rising or sinking in
pool during timestep kg

FOTRN - Mass of oxide rising or sinking in
pool during timestep kg

GDPMWT - Molecular weight of gaseous pro-
ducts of concrete ablation g/q-mol

GFCP(J) - Gas film specific heat J/kg K

GFKOND(J ) Gas film thermal conductivity W/m K

GFLINT(L) - Mass Clow of gas at interface kg/s

GPLMPL(J) - Mass flow of gas in film kg/s

GPMWT(J) - Gas film molecular weight g/q-mol

GPPR(J) - Gas film Prandtl number --

3
GPRIIO(J ) - Gas film density kg/m

GFVISC(J) - Gas film dynamic viscosity kg/ms

GMWINT(L) - Molecular weight of gas at
interface g/g-mol

Gravitational acceleration m/s2
GRAV g

IIANGL(J ) -- Negative of cavity surface
inclination angle rad

Concrete crucible base thickness.ilBB - ,
mFigure 5.2

IIBC - Concrete crucible dimension, top to
center of hemisphere, Figure 5.1 m

IIC - Concrete crucible dimension, top to
center of hemisphere. Figure 5.1 m

I!CINTB(L) ht lleat transfet coefficient, bulk
2

to bottom W/m g
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HCINTT(L) hU llea t transfer coefficient, bulk
to top W/m2K

|
HCON(J) h Gas film heat transfer coefficient W/m2K

HCSIDE(L) h lleat transfer coefficient, bubble
agitation W/m K2

HEATUP lleat to concrete decomposition pro---

ducts during timestep. Converted
to rate (W) in EDIT J

HIT Concrete crucible depth,--

Figure 5.2 m

HTOT(L) Total enthalpy J
--

HTCTRN - Total enthalpy of coolant added
during timestep J

HTGPLM - Total enthalpy of gas transported
in film during timestep J

HTGSAV -- Total enthalpy of gas transformed
by oxide / atmosphere reaction
during timestep J

HTGTRN -- Total enthalpy of gas transported
as bubbles during timestep J

HTMSAV - Total enthalpy of reinforcing steel
ablated by LOX during timestep J

HTMTRN - Total enthalpy of metal rising or '

sinking in pool during timestep J

HTOTL Concrete crucible total height.--

Figure 5.3 m

HTOTRN Total enthalpy of oxide rising or-

sinking in pool during timestep J

IABL Surroundings ablation index--

--

IAOPAC Aerosol opacity index--
--

ICON Concrete composition index--

--

ICOOL Coolant layer flag--

-

IFLOR Index for cavity top ray-

-
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Decay heat (power) index --IFP - - -

Gas-phase index --

IGAS --

Cavity geometry index i--

IGEOM --
1

ILYR Melt layer configuration index --
--

IMAXR Body point at maximum cavity radius --
,--

Body point at maximum depth --

IMAXZ --

Heat transfer model number --

IMOD(J) --

Cavity shape plot index --

1 IMOV --

1
Time-plot index --

IPG --

.

Print increment, number of timeIPINC --

j steps --

4

i

Identifying number of chemicalj IRE --

reaction --

|
)

Restart option index'' --

IRSTRT --

i

Melt / coolant splashout index --

ISPI.SH --
.

CIIARACTER*8 name of master-list .

ISPNAM' --

species' --

$ Atmosphere surroundings ablationISRABL --

index --

j

Atmosphere surroundings temperatureISUR --

history index --

;

! IT Iteration (tima step) number --
--

!

Number of the body point constrained! ITANG --

! to move vertically at the limit

|
of flat bottom --

CilARACTER*80 run identification --
1 ITITL --

Numbers (1-7) of occupied layers --
2 f,AY ER ( ) --

Number of body points on flatNBOT --

,

bottom of cavity including center
line and tangency point

]
--

.

J
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NCL Master-lict number of coolant-

species --

NCORN - Number of body points defining
cavity corner, not including
tangency points --

NDECM - Number of points in metallic
phase power input table --

NDECO Number of points in oxidic-

phase power input table --

NEM - Number of points in metallic
phase emissivity table -

NEO - Number of points in oxidic -

phase emissivity table -
,

NGSINP Number of gas species input-
--

ngl Location of first gas in master--

species list --

NG2 Location of last gas in master-

species list -

NINP Number of concrete species input--
--

NLAYER Total number of occupied layers--
--

NLYR Maximum possible number of layers--

in pool
|

-

NMP(I) Number of points in input mass--

addition tables --

NMSI Number of metallic species input--
-

NM1 Location of first metal in master--

species list --

NM2 - Location of last metal in master
species list --

NOS1 -- Number of oxidic species input --

NO3 Location of last oxide in master--

species list --

NHAYS Number of rays--
--
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Number of points.in surroundingsNS --

emissivity table --

Number ~of body points definingNSIDE --

side of cylindrical cavity --

NSPG Number of species in surroundings --
--

NSP1 Number ~of metallic species in'
--

splashout tables --

NSP2 Number of oxidic species in--

splashout tables --

Number of points in surroundingsNTP --

temperature table --

2

NAMSP -- CHAHACTER*8 name of input species --

PA Pa Initial gas pressure Pa

Gas (atmosphere) pressure Pa
! PAT (N) --

! PI w Pi --

1

PIM(N) Pm Metallic phase input power W

Interface pressure Pa
| PINT (L) --

.

1

PIO(N) P Oxidic phase input power W

PLAY (L) P Average pressure Pa

:
Hate of change in enthalpy due toQABL(L) --

heat loss to concrete W

'! QCONV qconv Convective heat flux across gas
film W/m2_

1

Internal heat source rate W
j QDCY(L) --

Interface heat flow rate (positive| Q1NT(L) --

up) W'

Hate of change in enthalpy due toI QPOOL(L) --

heat flow from adjacent layers W
;

Net radiative heat flux across gas
e QHAD grad "t W/m2'

H film

i 130
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QREAC(L) -- Heat source rr e from chemical
reactions W

QZEROR(L) Radial heat flux to gas film,--

. extrapolated to surface tempera-t
ture equal layer temperature W

QZEROZ(L) Axial heat flux to gas film,--

extrapolated to surface tempera-
ture equal layer temperature W

R(J) e Radial coordinate m

RAD Concrete crucible radius,--

Figure 5.2 m
.

RADC -- Concrete crucible corner radius,
Figure 5.2 m

RBR Mass fraction of reinforcing steel--

in concrete --

RELERH Relative (numerical) error in, --

energy conservation --

RELERM -- Relative (numerical) error in mass
conservation --

REYNLD(J) Re Gas film Reynolds number.

--
.

*

RHOC Pc Concrete density kg/m3

RHOPCT Partial density of concrete in--

reinforced concrete kg/m3

RHOLAY(L) pt Average density kg/m3
,

RI Interface radius in EDIT. Also
--

used as R(J) elsewhere m

RMAX -- Maximum radius of concrete cavity a
RNOT R Universal gas constant J/g-mol Ko

RO Radial location of ray origin--

; (E 0) ,

m
i

RS Concrete crucible radius,i
--

! Figure 5.1 m
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RTANG -- Radius of flat bottom of concrete
crucible m

RW -- Outer radius of concrete crucible.
mFigure 5.1-5.3

3
SAREA -- Surface area of cavity m

SCALRG - Free energy divided by rot for
chemical system --

SCALRM - Total moles in gas phase of'

chemical system g-mol

Concrete recession rate m/s
SDOT s

Mass fraction of concreteSI -

decomposing to gas --

SIGEFF cBF Stafan-Boltzmann constant times W/m2g4shape factor

Surface tension N/m
SIGLAY(L) og

SIGMA cB Stefan-Boltzmann constant W/m2K4

SM -- Mass fraction of concrete species
Mole fraction of gaseous species --

SMCTRN -- Mass of coolant species added
during timestep kg

SMGATM(I) -- Mass of gas in atmosphere kg

SMGPLM(I) - Mass of gas transported in film
during time step kg

SMGGEN(I) -- Cumulative mass of gaseous species
generated kg

Mass of gas transformed by oxide /SMGSAV(1) --

atmosphere reaction during time-
kgstep

Mass of gas transported as bubblesSMGTRN(I)
during timestep kg

Mass of metallic species kg
SMMET(I.L) -

|
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Mass of metallic products ofSMMSAV(I) --

oxide / atmosphere reaction
during timestep kg

SMMTRN(I) -- Mass of metal rising or ainkinq !

in pool during timestep kg

Mass of oxide rising or sinkingSMOTRN(I) --

in pool during timestep kg

SMOXY(I.L) -- Mass of oxidic species kg
,

SPEMW(I) -- Molecular weight g/g-mol

EUMMHO -- Tctal enthalpy of new pool mass
for old temperatures and melt-
ing ranges J

TA- Ta Initial gas (atmosphere) temperature K
,

'TCTR Temperature of coolant added K--

TEDIT -- Time when next edit will be gen-
etated s

TEMPA(J) -- Temperature of pool / film interface
at Z(J) K

TEMPx -- Flag for emissivity table for x
(= M. metal: = 0, oxide; =S,
surroundings). True if independ-
ent variable is temperature rather
than time --

TGFL -- Temperature of gas transported
through film K

TGSV -- Temperature of gas transformed by
oxide atmosphere reaction K

TGTR -- Temperature of gas transported as
bubtles K

THET(J) -- Ray angle rad

THKLAY(L) kt Thermal conductivity W/m K

TIC -- Initial concrete temperature K

TIME t Current time s

TIMEND - End time for calculation s
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TIMEO -- Start time for calculation s

TINT (L) TI Interface temperature K

TIM (L) -- Times in metal input power table s

TIO(N) -- Times in oxide phase input power
table s

TLAY(L) TL Average (bulk) temperature K

Tr Average liquid temperature, radial KTLCNTR(L) i

TLCNTZ(L) Tgz Average liquid temperature, axial C

E
TLIQCT Tc Concrete liquidus *.emperature K

t
'

TLIOLA(L) TL Liquidus temperature K

TMI -- Initial temperature of metallic
phase K

TMM(N) -- Times for metallic phase splashout
table s

TMO(N) -- Times for ox2dic phase splashout
table s

TMSV -- Temperature of metallic products
of oxide / atmosphere reaction K

TMTR -- femperature of metal rising or
sinking in pool K

TMPS(N) -- Temperature of surroundings K

TMS(N.I) -- Time in mass addition table s

TOI -- Initial temperature of oxidic phase K

TORT 1(M or N) -- Time or temperature for oxidic
phase emissivity table s or K

TORT 2(M or N) -- Time or temperature for metallic
phase emissivity table s or,K

.

TORT 6(M or N) -- Time or temperature for surround-
ings emissivity table s or K
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Total pool enthalpy required byTOTALH --

conservation J

Total pool mass required byTOTALM --
|

iconservation kg

Temperature of oxide rising orTOTR --

sinking in pool K,

TPA(N) -- Time in gas (atmosphere) pressure
table s

TPRIN -- Time for start of diagnostic print s

TSIDE(L) -- Side (radial) boundary temperature K

s
TSOLCT Te Concrete solidus temperature K

TSOLID(L) -- Solidification temperature K

s
TSOLLA(L) TL Solidus temperature K

TSTART(L) -- Temperature at start of timestep K

TTS(N) -- Time in surroundings temperature
table s

TW Tw Concrete ablation temperature K

UBUB(L) U Bubble rise velocity m/sg

3VA -- Initial gas volume m

VISLAY(L) -- Dynamic viscosity kg/m s

VISLIQ(L) ug Dynamic viscosity of liquid kg/m a

VOL(J) -- Cumulative cavity volume m3

VSGINT(L) V Superficial gas velocity m/ss

X(J) -- Path length in film m

XMTU -- Core size, metric tonnes of
uranium Mg

XMWTH -- Core operating power (thermal) MW

Z(J) z Axial coordinate (positive down) m
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ZB Axial coordinate of bottom of--

concrete crucible m

Interface location mZINT(L) --

ZMAX -- Axial coordinate of deepest point
in cavity m

20 Axial coordinate of ray origin m-

Axial coordinate of top of concreteZT --

crucible, Figure 5.2 m

6.5 Partially Implemented Features

In addition to the fully-implemented and operational features
of CORCON-MOD 2 described in this report, there is also partial
coding for a number of additional models and user options.
Several of these will be briefly summarized here, as an aid to
future workers.

1. The detailed diagnostic print remains an all-or-nothing
proposition in CORCON-MOD 2 as it was in CORCON-MOD 1.
However, this output is now controlled by the routine
EXPRNT (Extra PRINT) which is called by all routines
which could produce additional output. The name of the
calling routine is passed as an argument, and EXPRNT
determines whether output is desired from that routine at
the current time. The simple test currently implemented
is for TIME .GT. TPRIN: EXPRNT could easily be modified
to provide more flexibility in control of this output.

2. Addition of core material or coolant to the debris pool
after the start of the calculation is not allowed in
CORCON-MOD 2. However, provision has been made for such
mass addition through input (card 26 and groups 27-29);
the logic for treating the added material is included in
the code. (It is, of course, not completely tested.)
The addition rate is defined (currently as 0) in sub-
routine MASSEX (MASS Exchange). The tables of addition
rates may be accessed by a call to subroutine ABLATE,
which is included but not called in the distributed
version of the code. The only additional coding which
should be necessary to activate the model is a procedure
for defining the initial temperature (s) of the added
materials.

3. Provision is made in the structure of CORCON-MOD 2, and in
its calculational procedures, for the inclusion of pool
layers which are heterogeneous mixtures of metals and
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oxides. Because no procedure is available for getting
. : material into-(or out of) these layers, however, they are

not "available" to the user. If procedures were-defined
to eliminate the restriction, coding would have to be
added to routine MbTPHP to define the transport proper-
ties for such mixed layers. In addition, provision would
have to be made to preserve the results of chemical
reactions calculated in REACT for later output from EDIT
by way of PRTGAS. The existing code calculates the
reactions correctly, including updating of masses.and
energies, but does not provide space for savinc.the
information for reactions in more than one layer in any
timestep. Finally, each phase in the layer has its own-
freezing range; this has implications for the thermal
equation of state and for heat-transfer mechanisms in the
layer.

4. The possibility of a reduction reaction between the
surface of an oxidic layer and the atmosphere above'it is
included, but the calculation is bypassed because the
state of the atmosphere is not updated. If the bypass
were to be removed, the temperature and composition of
the atmosphere would have to be redefined in ATMSUR.
Because the redefinition should include the effects of
communication between the reactor cavity and the rest of
the containment, this feature is more appropriate for a -

code which couples CONCON-MOD 2 to a full containment code
such as CONTAIN or MARCH than for the stand-alone version.

5. The properties of the gas film between the melt and the
conc *ete are defined at each body point in subroutine.

GFLMPR. Studies 70 have shown little sensitivity to
these properties; therefore, CORCON-MOD 2 uses hard-wired
constant values for them. Improvement of this model
would probably require a point-wise definition of the gas
composition. The composition at each interface between
layers is available (but is not saved) in subroutine
MHTRAN; a determination of the composition at inter -
mediate points would be greatly complicated by the
possibility of chemical reactions.
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| 7. SAMPLE PROBLEM

7.1 Problem Definition

As an illustration of the use of CORCON-MOD 2, we have defined
a sample problem. It is intended to demonstrate some of the
capabilities of the code, and does not model any particular plant
or accident sequence. By providing an example of a correctly set
up data deck, it may also be helpful to a new user. When
CORCON-MOD 2 is installed at a new site, we suggest that the sample
problem be run to verify that the code is performing correctly.

The problem describes deposition of essentially the entire
core of a typical large (3400 MWt) PWR into a reactor cavity
formed of limestone aggregate / common sand concrete. Deposition
takes place 3 hours after reactor SCRAM, at which time the
zirconium cladding is assumed to be approximately 50% oxidized.
The melt also includes a significant amount of steel, from the
upper internals and the breached lower head; the steel is assumed
to be 5% oxidized. The initial water inventory of 60 metric
tonnes represents the contents of the accumulators of a typical
PWR. The cavity radius is taken as 3.0m, and does not include the
area of the keyway in a plant such as Zion or Indian Point.
Containment pressure is assumed to rise linearly from 1.5 bars at
deposition time to 3.0 bars 3 hours later. The effects of aerosol
opacity are included with the characteristic path length taken as
a nominal 1.0m.

7.2 Input Data

The data cards used for this problem are shown in Table 7.I.
keyed to the input description of Section 5.1.

7.3 Output Listing

A partial listing of the sample problem output is given in the
following pages. This includes the echo of input data records,
the expansion and interpretation of input data during initializa-

| tion, the cycle-zero (initial time) edit, messages generated when
'

the oxidic and metallic layers invert and when the coolant is
depleted, and the final (end time) edit. Two warning messages may
be observed after the initial-time edit of layer properties: for
the first two timesteps, the metallic layer contained more than
10% Zr.

The temporal variation of several parameters of interest is
shown in Figures 7.1-7.7. One may see that the pool contains four
layers (heavy oxide, metal, light oxide, and coolant) until
ll850s, when the density of the heavy oxide becomes equal to that
of the metal (Figure 7.3). The two oxide layers then combine to

!
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[
form one, which is less dense than the metal. The resulting
three-layer pool persists until the coolant is depleted at 15660s,
leaving only two layers (metal and light oxide). The coolant is
initia11f subcooled, but is heated to saturation at about 11100s
(Figure 7.1). While the coolant is boiling, the resulting steam 1
dominates the gas generation. Most of the gas from concrete

'

decomposition is reduced by the molten metal to hydrogen and
carbon monoxide (Figure 7.5). Initially, the metallic layer
contains zirconium and much of the carbon monoxide is further
reduced to elemental carbon, which is retained in the pool. When
the zirconium is depleted at about 11600s, this carbon is rapidly
re-oxidized. This may be seen in Figure 7.5 as a relative
suppression of carbon monoxide production before 11600s fc11 owed
by enhanced production until the elemental carbon is depleted at
about 12300s. The average temperatures of the oxidic and metallic
layers are almost equal, even after 18000s when a 0.07m solid
crust forms on the bottom of the metallic layer. The crustir.g
results in decreased axial erosion as may be seen in Figures 7.6
and 7.7.

|
.
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TABLE 70I Input Data for CORCON-MOD 2 Standard Problem

.... ....l.... ... 2.... ... 3.... ... 4.... ... 5.... ... 6.... ... 7....-... 8
-

a1. CORCON-MOD 2 STANDARD PROBLEM (23 FEB 84)
2. 0 1 2 2 0 0 1 0 0 360 0 0 1 1- 0: 1
3. 30.0 10800. 21600. 21601.
4. 95 0.0 0.5
6. 0.0 3.0 5.00 0.1 4.0 2.0- 10 10

10 . - 350.0 1550. .6 .135
14. 3 4 2500. 2500.
15. UO2 1.0E5 1

ZRO2 1.4E4
FEO. 6.0E3
ZR 1.0E4

16. FE 7.0E4
CR 1.0E4
NI 6.0E3

17. 90. 3400. O
18A. 322.
18B. H2O 6.0E4

H 19. 5.0E4- 0.0 380. 2
$ 20. 112 0 0.5

11 2 0.5
20A. 2
20B. 10800.0 1.5E5 21600.0 3.0E5
24. 2
25, 10800.0 400.0 21600.0 800.0
30. TIMETIMETIME
31. 1 1 1
32. 0.0 0.8
33. 0.0 0.8
34. 0.0 0.8
34A. 1.0

.... ... 1.... ... 2.... ... 3....-'... 4....-... 5.... ... 6.... ... 7.... ... 8

'rI
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., __ _ _ _ , _ _
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f

I

| CCMCChasCE2 STAECA60 Ppchttu
i

i * * * 1mPUT ***
i

*** FLAGS *** *** CChTRCL PAkastTik8 ***
ILVM s 0 ICCCL e 3 3GtCM e 2 ACCH a 2 TIMEO e 30600.00 (SEC) CELT!n a 30.0000 (SEC)
ICA5 a0 IFF e0 38La a 1 3AhL a O TIMfhD e 21600.00 (8LC)
15PL5ms 0 IPihC m30 ItLCp a 0 Ip51pt a 0 CPhlh a 0.00 (SEC) TPath a 21601.00 (SEC)
ImCV e 1 SPG e 1 IshAuL e 0 1ACFAC a 1

13ptstEP Contput. C1pth(1) CTMAX(!) 73MC1(I)
30.C00 30.0C0 1.000E*10

ECIT Cohtp0L. CECI1(!) TECIT(I)
900.000 1.000k'10

BA1 CLhTER CC0D0thA1E8

30 s 0 20 m 500000. ,

CohCSETE CAVITV GECpEta!

3

* * ' B3GHT CTL3hCEp

"

hpAYS'e kupath CF BAT 5 e 95
H
Jh 21 = ZaCCCRCIDATE Cr TCP s 0.
W

RAC = CVLIhCEE RADIUS (m) a 3.00000

MIT - CELInCER HEsCht (m) s 5.00000

RACC * CCEhts FAC105 (p) e .300000

thof = hupBER Cr 30110> PolhTS e 10

hC0kb e Wh>0EN OF C0phER P0th18 e 10
'

.

6

)

9

4 % # g

.__ _ _ _ - . _ _ _ _ _ _ _ _ _ -



_ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _. _ . _ _ _ - _ . .. _ _ _ _ _

* * * CchChaik 5PECIFICAT!Ch5 ***

List 37ChE AGCFEGAlf = CLPPCE 6AhC CCNCPLTE

EkoC bek $1 15LL 1LIG TIC Th CELH Es

(8G/m3) (>G/>G C) (=) (D ) (k) (D) (E) (J/PG) (*)

2.340000L*03 1.350000L=01 2.565400E-01 1.42000CE,03 1.67000CE*03 3.500000E+02 1.5500001903 2.734253E+06 6.000000E=0g

5FECit5 HAPL PA55 tp.(PG/P4 C) MCLFCULAk eT.

51C2 35#0 60.0843
TIC 2 0038 79.8986
Phu 0003 70.9374
mCL 0046 40.3044
CAL .3130 56.0794
hA2C 0006 61.9790
k2u 0122 94.1960
tk2C3 0144 159.6922

CH2C3
,

0J60 101.9613AL2C3
0001 151.9902

CC2 2115 44.0098
H20EVAF 0270 10.0152
h2CChEm 0200 18.0152

pfLT F1551th FbCCLCT 1hWEhTCET
BASLC Ch 9.C00uoE+01 ptTh1C 1Ch LDAh10p CC6E CFEhATID AT 3.40000E+03 ph(THERPAL)

NFLT CChTAlh5 8.83390E+01 PETk1C ICh5 UkAhlup, CChpt3FChC1hG TC 97.93 PENCEhT CF CCRE

ELEMEhts. ELTAlhED fpACT10h5 (**CLhrTLS 03Eb thE01, CTHLP5 FECD BASH 1400), AhC GhAM*Altas th PELT
g

mc ( 970) 1.9550E,03 TC ( 910) 4.9900t+02 RU ( 970) 1.2548Ee03 pH ( 970) 2.2266E+02$
56 ( 650) 6.905eE*00 TL ( 850) 1.7746k+02 && ( 900) 6.4579E,C2 8A ( .900)- 5.7367E*02
19 ( 990) 2.4235t+03 C4 ( 990) 1.2757E*03 hF ( 990) 1.3911EtC2 Cm ( 990) 6.7247E+00
kB ( 990) 3.754eE+01 FU ( 990) 2.6111t*03 A> ( 990) 1.954sE*01 7 ( 990) 3.6227E*02
LA ( 990) 5.4786ke02 Pk ( 990) 4.766ht+02 hC ( 990) 1.5289L+03 54 ( 990) 1 7768E+02
LU 't 990) 5.6204F+01 E4 ( .190) 5 3813te01 05 ( 190) 2.3889teC2 89 ( .100) 1.7647L,00

1 ( 100) 1.0655E+01

F1551Ch PRCCCC15 GRCUFEC A5 4 F5EUCC-5FEC1E5

4.13600L,03 GBAh=ATCMS Cf #FM m!TH ATCMIC FMACTICk3
aC 4.74976f=01 TC 1.21235t*01 RU 3.04054E=01 kH S.41439L=02 58 1.67779E=03
1E 4.31137t=02

1.08824k+04 GRAM.ATCPS Cf FFCI WITH ATCm!C FRACTich3
SR 5.9342tE=C2 EA 5.27339L.02 29 2.22t99E=ct CL 1.17226L*01 hF 1.27820E=02
CM 6.17937E=04 hb 3.45015t.03 FU 2.39535E=01 Am 1.7962fE*03 7 3.32896E=02
LA 5.03437E*02 Fm 4.380064-02 >C 1.40490E=01 Sm 1.63265L*02 EU b.16462E=03

2.90699E*02 GBAm A1 CMS CF FFALkpET WITh ATCutC FFACTICh5
kB 1.762371 01 C5 8.21763L*08

1.2419eEe01 GEAmeATCMS CF FFHALCGk h!TH ATCMIC FRACTich3
86 1.4209tt=C1 1 8.57909t*01

- _ _ _ _ _ _ - _ _ _ _



th1TIAL FCetr AT StabT CD CCMCCh, 1.08000k+04 SEL Attig sCHA> 15 2.le428t+01 *A115
ktF>tSth11hG .h5 FENCEh1 cf Cit >AIIhG FLeth CF f>ACTILN Ct CCHE In PEL1

1h175AL CChi PA5bES (#G) CD CCh51110thT5 AhD YtPkteAlumES

ORICL5 SPtPm CChihF PE14L5 stino CCNIhP

FFG 7.lb4e400L+01 6.0000000i+03 tE 5.584700Ct+0! 7.0CCCC00L*04
bC2 2.1c02740t+02 3.C000000L*05 CR 5.199600CL+01 1.C0C0CCCt+04
ZhC2 1,2321880L*02 1.4000000E+04 h1 5.871000Ct+01 6.CCC0000E*03
tFCA 1. 313 6 610 L + 0 2 1.4927010E*03 ZR 9.122000Ct+01 1.C0C0C00s+04
FFAtkpET 1.3300000L+02 3.6662974E+0! iPM 9.033h30Ck+01 4.C476075E+02
FFHALCGk 3.270G000L+02 1.5773101E+00

Ih!TIAL TLPPEHATOEE (10) th CtCbEL5 k u 2.5000000E+03

Ih!TIAL 7t>PENATONL (TP) In CLGFtt3 k a 2.5000000t+03

Ih1TIAL PA55 0F CAICf3 a 1.2153294L+05

Ih1TIAL PASS L* NETAL5 a 9.6404761L+04
CCCLAh! 15 H2C

lh!TIAL DA55 CF CCCLANT a 6.0000000E+04

Ih173AL 1LhPERATUHE CF CCCLAh! a 3.2200000L+02

* * * kEACTIhc GAS m!XTURE * * *

*** ATp05FHERIC PhE55uhE SPECIFIED A5 Ct TIME ***ga
g, TIME 3.0s00E+04 2.1600E+04
(n PatssukE 1.5000E*05 3.0000E+05

DA PA TA
(>3) (h/p2) (CEG K)

5.0000000!+04 1.5000000t+05 3.0000000E+02

GA5 thPUT

SFECILS hAME PCLL FN. (=) MCLECULAR af,

h2 .5000 2.0154
H2O .5000 10.0152

*** MELT IntEphAL CCNCITICh5 ***

*** BCUhDART CChCITIch3 = SUEPCUhD1 HGS ASCVE PELT ***

*** SURFACE TEMPEkATURE VARIA11Ch h1TH TIME ***

*** 15(CEG k) thPuf AS TABLLS .V5 11pt ***

TIME (5LC) T5(CFG El
3.090CL+04 4.0000E+02
2.1600t+04 8.0000L+02

*** SukRCUhCthG5 MAltkIAL PELithG Ch ASLAT10h Cub!hG 1h1kHACTICk ***,

, . - - - _ _ - _ _ _ _ _ _ _
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i

!

*** BCUhD ANY CChCITICh3 = S ADI ATIVE HE AT TE Ah5FER ***

*** SUEfACE EN1551VITIE8 .V8. TIME CR TEMP. ***

TINE 0
EQ 3.0000E.01

11DE 0
EM 0.0000E=01

11PE 0
ES 8.0000E*01

*** Agp05CL CPACITY 1hCLUCEC IN ATMC5PMEpg ***
CHAkAC1ER131!C PATH LEhGTH (h) a 1.OC00E*00'

*** ha MELT /COCLANT 8PLA5hCUT ***
V
A
Ch *** EhD CF INPUT ***

;

* * * 80LL10 * * 9 PETAL CChTAlh5 10.8 PERCEN1 hCN CR*FE=h!. NELT RAhCE MAY BE thACCUBATE
********** PC5318LE Epp0Re EXECUTICh CCATINUE8 AT CYCLE hubOER. Ce TIRE e 1.00000E+04 **********.

.

(.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _
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I

CCPCCh VEp51Ch 2.00.00
Time a 10tCO 00 CCSCCh*PCC2 STAhCapD FRCett> 11. 20. e e

* * **Gt h tp AL 5UMM AR 1****

NELT AhD COCLAhT LAYEE5
i

- hDNBLR OF LAYENS, blyR a 3
CChFIGURA11CN. ILYR aO'

CCCLAh! PRESEhT. ICGCL a 3
.

EXTRE*E CAV171 CIDEh530h5. b31H LCCATIch3

RADIAL AXIAL
MAXImbm CAVITV DACICS (>) a 3.90000 CLEFEST P0thT IN CAVITY (m) a 5.00000
Cb131CL RADIUS CF CChCNETE (m) a 4.0u000 MAX 1pum DLPTH CF CChCPETE (M) a 1.00000
DEpathlhG THICaht35 (P) s 1.00000 pt#AIhlhC Th! Cane 55 (M) s 3.00C00
CCkpESPChCIhG ECCI Fathf a 22 CCWhESPGhCIhG SCCY POINT e t

|

AFP80X1pATE CVERALL EhEEG1 BUDGET FCh DEBRIS
(SEE PAhUAL FCR EXPLAhATICh AhD CAVEATS)

1 thTtphAL (DECAT) 300pCE (e) e 2.155E*07
CHEMICAL SEACT10h 3CbpCE (m) s 0.g,

#*
MEAT LC55 70 C0hCPETE (h) a 6.731E+07%J
HEATUP CF ASLATICh FRCCUCTS (s) s ,

HEAT LOSS FECM SupFACE (*) s .485E*07
(10 CCCLahr).s

CHAhGE IN PCOL Eh1NALPY (h) s 0,
(50mmAfith 0F M*CN/DT)

; hl'MEpICAL CHECES Ch MASS AhC EhEECT C0h5kRtA!!Ch

RELATIVE ERpop th M455 m 0 RELATIVE EppCR Ib EhTHALPY a 0

ChECs ch RECESS!Ch CALC 0LaTICm (CC/D5 5HCULD BE .LE. 1)

MAXIMUN DC/C5 s. 0.00000

|

I

:

_ -
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$

I |

4

CCBCth 4tb5tCh 2.00.00 11. NO. m 0
.

TIDE a 10gCO.00 CChCCh pCL2 STAh0A6C F6CeLLP
1 ee * eGA5 GIhER AT1Ch eoeo

GA5 EX111hG PCCL (thCLbCLS FIL> AhD COGLAN11

CEhEEATICs NATE Cymutativg n!LgASE

5FEC1I5 MASS (>G/5J MOLE 5 (1/5) >A55 (FG) PULES (=) SPECI()

C(G) 0. O. C. O. C(G)

Ch4 0. O. C. O. CH4

CC 0. C. O. O. CC

CC2 4. O. C. O. CC2

C2H2 0. O. C. O. C2H2

) C2nd O. O. O. O. C2W4

C2n6 0. O. O. O. C246

p 0. O. C. O. M

M2 0. O. O. O. h2

h20 0, 0, 0 O. h20

h 0. O. O. O. k

hh3 0. C. O. O, hM3

h2 0. C. O. O. h2

0 0. O. C. O. O

02 0. O. O. O. G2p
A

CH 0. O. O. O. Oh
00

Cho 0. O. O, C. CHO

.
CH2C 0. O. C. O. Ch20

CE03(G) 6. O. O. O. CRQ3(G)

FFML2(G) O. O. O. O. FPp02(G)

FPMC3(G) P. O. 6 O. tFm03(G)
,

7

.

__ _ __ - _ _ _ - _ . - _ _ _ _ . _ _ . _ _ _ _ _



_ _ _ _ _ _ _ . _ _ . .

Coptrh Vfp81Ch 2.00.00
11pt a 10000.00 CCaCGh-PCC7 57AhCAND FMCultP 11. h D , m 0-

* ***CkC>ETHY****

6CLt B Z 57PGAM 6CCY RAY VOLUME SONFACE WCIDPCthf CCChCthaft CCCHL1hAfk LthCth AhcLL AhGLE AntA FRAC !Ch
(p3 (P3 (M3 (C&G3 (ctg 3 (M33 (#2) (=3

1 0.000000 5,000000 0.000000 0.000 0.000 0.00000 0.C0C00 0.00000
2 .322222 5.000000 .322222 0.000 4.096 0.00000 32610 0.00000
3 644444 5.000000 644444 0.000 e.150 0.00000 1.30473 0.03000
4 9606e7 5.000000 9e6e67 0.000 12.124 0.00000 2.93504 0.00000
5 1.260899 5.000000 1.260609 0.000 15.903 0.00000 5.21692 0.00000
6 1.6t!!!! 5.000000 1.611115 0.000 19.699 0.00000 8.15457 0.00000 i

,

7 1.933333 5.000000 1.9J3333 0.000 23.250 0.00000 11.74260 0.00000 I

e 2.2555$6 5.000000 2.255550 0.000 26.622 0.00000 15.98295 0.00000
9 2.577770 S.000000 2.57777e 0.000 29.606 0.00000 20.075e9 0.00000

.

|10 2.900000 5.000000 2.900000 0.000 32.600 0.00000 26.42079 0.00000 1

11 2.900C00 5.000000 2.900000 0.C00 0.000 0.00000 26.42079 0.00000 '

12 2.914231 4.99s982 2.914266 0.182 32.933 02702 26.6tlet 0.00000 l
13 2.92e173 4.99S949 2.928S36 16.364 33.076 .30833 26.94329 0.00000
14 2.941542 4.990903 2.942604 24.545 33.224 2432S 27.20639 0.00000
15 2.954064 4.904125 2.957071 32.727 33.376 42992 27.47065 0.00000
16 2.965406 4.975575 2.971339 40.909 33.52b 66524 27.73599 0.00000
!? 2.975575 4.965466 2.9v5607 49.091 33.677 94492 20.00229 0.00000 )
la 2.984125 4.954064 2.999675 57.273 33.v21 1.26354 20.26943 0.00000 |

19 2.990963 4.948u2 3.014143 65.455 33.957 1.6446e 28.53725 0.00000 i
20 2.995949 4.92t173 3.028411 73.636 34. Cut 5.99101 26.80561 0.00000 |
23 2.99e962 4.934238 3.042678 81.818 34.192 2.38454 29.07432 0.000C0
22 3.000000 4.900000 3.0S6946 87.955 34.287 2.70679 29.34322 0.00000
23 3.000000 4.432877 3.124C69 90.000 34.690 4.68465 30.60646 0.00000
24 3.000000 4.765753 3.191193 90.000 35.110 6.50252 31.87371 0.00000g
2h 3.000000 4.eSt630 3.250386 90.000 J5.547 8.48039 33.13995 0.00000
26 3.000000 4.e3:507 3.125439 90.000 35.984 10.3762S 34.40420 0.00000
27 3.0C000C 4.5643s4 3.392363 90 C00 36.432 12.27612 35.66944 0.00000
24 3.000000 4.497260 3.459696 90.000 36.089 14.17390 J6.934e8 0.00000

3.000C00 4.492618 CAICL / METAL 1h1ESFACE
29 3.000C00 4.430137 3.5266C9 90.000 37.356 16.0718S 38.19993 0.00000
30 3.000C00 4.36J014 3.593933 90.000 37.e33 57.96972 39.46517 0.00000
31 3.000000 4.29S090 3.6etC5e 90.000 38.320 IV.6675u 40.73C42 0.00000
32 3.000C00 4.220767 3.728379 90.000 38.019 21.76545 41.995e6 0.00000
3J 3.000000 4.363644 3.795J02 90.000 39.320 23.66332 43.26091 0.00000
34 3.000000 4.094S21 3.062426 90.000 39.649 25.56ttu 44.52615 0.00000
35 3.000000 4.027397 3.929549 90.000 40.381 27.45905 45.79139 0.00000

3.000000 3.991270 mL1AL / COCLAh1 th1ENTACE
36 3.000000 3.960274 3.996672 90.000 40.925 29.35691 47.05464 0.00000
37 3.0C9000 3.s93153 4.063796 90.0C0 41.481 31.25478 48.32160 0.00000
16 3.0C0000 3.626027 4.130919 90.C00 42.050 3J.15265 49.56743 0.00000
39 3.000000 3.758904 4.196C42 90.000 42.631 35.05051 50.03237 0.00000
40 3.CC0000 3.6987st 4.265165 90.000 43.226 30.94838 52.11161 0.00000
41 3.000000 3.624658 4.332269 90.000 43.034 30.64625 S3.3s2e6 0.00000
42 3.000C00 3.557534 4.399412 90.000 44.456 40.74411 54.64810 0.0000043 3.000000 3.490411 4.4e6535 90.000 45.092 42.6419e 55.913J5 0.00000

. _ _ _ _ - _ _ - - _ _ _ _ _ - - _ - _ _ _ - _ - . . . . . . . . . . .~ . . . . . . -



44 3.000C00 3.423268 4.533659 9C.CC0 45.742 44.S3964 57.17859 0.0C000

45 3.0C0C00 3.350104 4.600782 9C.C00 46.407 40.-3771 St.443e4 0.000C0

46 3.000c00 3.269041 4.6e7905 9C.000 47.Ce7 ou.t353u $9.70908 0.00000

47 J.00CC00 3.22191e 4.735C26 90.000 47.742 50.23344 6C.97432 0.00000

48 3.000000 3.1S4796 4.802152 90.000 48.433 52.1J131 e2.23957 0.00000

49 3.000000 3.bu7671 4.boS275 90.000 49.22C 54.0291u 63.504al 0.000C0

50 3.0000C0 3.020548 4.936398 90.000 49.9e4 5 .92704 64.77006 0.000C0

51 3.000000 2.953425 5.003522 90.000 50.723 57.e2491 66.03530 0.000C0

52 3.000000 2.uS6301 5.07C643 9C.000 51.500 SW.72277 07.30054 0.00000

53 3.0C0C00 2.e1917h 5.137766 90.C00 52.294 61.o2064 Ct.56579 0.0C0C0

54 3.000C00 2.7520S5 5.2C4691 90.CC0 53.105 63.51851 69.63103 0.00000

55 3.000C00 J.684932 5.272C15 98.000 53.934 65.41o37 71.09628 0.0C000

So 3.0C0300 2.617606 5.339136 9C.C00 54.78C 61.J1424 72.36152 0.0C000

$7 3.000C00 2.Shcee5 5.406261 90.000 S5.645 69.21211 73.62677 0.0C000

58 3.000000 2.4D3562 5.473385 90.C00 56.526 71.10997 74.89201 0.0C000

59 3.C00000 2.41e438 5.54C508 90.000 57.429 73.00784 76.15725 0.00000

60 3.00CC00 2.349315 5.607631 90.000 58.349 74.9CS70 77.42250 0.0CGC0

61 3.000000 2.282192 5.6747S4 90.C00 S9.2e1 76.40357 78.tu174 0.0C000

62 3.000000 2.21$066 5.74167W 90.000 ec.244 74.70144 19.95299 0.0C000

63 3.00uc00 2.147945 S bo9001 90.000 61.219 80.S9930 61.21023 0.00000

64 3.C00C0C 2.080822 5.876124 90.CC0 62.213 82.49717 m2.4u147 0.0C0C0

65 3.000000 /.013699 5.943244 90.000 63.226 84.J9%C4 W3.74872 0.00000

66 3.000C00 1.94e575 6.010371 9C.200 64.257 86.29290 b5.01396 0.00000

67 3.0CvCCC 1.679452 6.077494 90.000 e5.306 8e.19077 86.27921 0.0C000

|
63 3.000C00 1.612329 6.144t17 90.000 66.373 90.06b63 87.54445 0.00000

3.000000 1.762404 CCCLAhT / A7PsFN>t ib7tSTACE
69 3.000000 1.74S20S 6.211741 90.0C0 67.458 91.98650 .8.80970 1.000C0

1

' 70 3.000000 1.b78082 6.278664 90.000 68.56C 93.ub437 9C.C7494 1.0C000

71 3.000000 1.6109t9 6.345987 90.000 69.679 95.78223 91.34C18 1.CC000

12 3.000000 1.543936 e.413111 9C.000 70.e15 97.68010 92.60543 1.3 COCO
g

73 3.0C0C00 1.470712 6.4a0234 90.C00 71.906 99.57197 93.67C67 1.0C000
m

74 3.000C00 1.4C9589 o.547357 9'.0C0 73.333 101.47S23 95.13592 1.CCCC0o
75 3.000C00 1.342466 6.014480 90.000 74.314 103.37370 96.40116 1.0C0C0

lb 3.0C0000 1.275342 6.6eleC4 90.C00 75.509 105,27156 97.66640 1.000C0

77 3.000Cc0 1.2C6219 6.746727 90.000 76.717 107.16943 94.93165 1.000C0

76 3.0C0CC0 1.141096 6.61S650 90.000 71.937 109.06730 100.196t9 1.CC0C0

19 3.CCuc00 1.c73973 6.6e2974 90.000 79.169 110.96Sto 101.46214 1.0C0C0

to 3.0C0000 1.C06849 6.950097 9C.C00 30.410 112.u6303 102.12138 1.0C000

81 3.000000 939726 7.01722C 90.000 el.661 114.76u90 103.99263 1.000C0

82 3.000000 672603 7.044J43 9C.C00 m2.920 116.e5876 105.257s? 1.0C0C0

83 3.0C9000 .b0$479 7.151467 90.0u0 e4.186 116.55e63 106.52311 1.CCCCC

64 3.C00000 73s3S6 7.21659C 90.C00 65.457 120.45449 107.7st36 1.0C0C0

85 3.0Cw000 6712J3 7.245713 90.000 b6.733 122.35236 109.0536C 1.00000

86 3.000000 .604110 7.352b37 90.000 68.C12 124.25023 110.31665 1.00000

87 3.000000 .536966 7.419960 90.C00 #9.294 126.14e09 111.54409 1.0C000

88 3.000000 469863 7.4e7083 9C.000 90.576 12t.04S96 112.44933 1.0C0CG

I2 3.000000 4C2740 7.554206 90.000 91.657 129.94383 114.11450 1.00000

to 3.000C00 .J35616 7.62133G 90.0C0 93.136 131.64169 115.379b2 1.000C0

91 3.0C0000 .268493 7.648453 90.000 94.413 133.73956 116.64507 1.0C000

92 3.0000C0 2C1370 7.755576 90.000 95.485 135.63742 117.91031 1.00000

93 3.0C0000 .134247 7.822700 90.000 96.951 137.53529 119.17556 1.0C000

94 3.000C00 067123 7.ht9n23 90.000 98.211 139.43316 120.44C6C 1.00000

95 3.0C0C00 .000000 7.956946 90.000 99.462 141.33102 121.70404 1.00000

|

|
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COECCN 95651C4 2.00.00
11pt s 10800.00 (CPCCharLL2 51AkLA>D EncuLtP 11. h0. a -. 0

+ +*+ht A 1 1*A h 5t Eb > E5uL15+ +++

BCDT A6LAT1Ch FIls PILP FIL> htYkCLLS SECIPE HT 1mAh5 INILbfACE CChutC11%E PAC 1411bt
PC1kt EAlt 1HICant$4 FLCe vtLCCitt m u s t+ L k CCti r SEpFt>Atuet FLUX flux

(p/53 (k) (PG/5) (P/53 (=3 (b/>2-k) (E) (m/m23 Lh/>2)

1 2.354E=04 3.154t=04 0 O. 5.560 lam.aus. 502.998 2492.8 4.742E+0S 9.716t+05
2 2.354t=n4 3.154t=04 0 O. 5.580 Lam.mbs. 502.996 2492.8 4.142E+05 9.716L+05
3 2,354t=C4 3 154E-04 0 G. S.b80 lam.ste. 502.998 2492.8 4.742t+05 9.716t+05
4 2.354t=04- 3.1549-04 s. D. 5.b80 Lam. ele. 502.996 2492.t 4.742L*06 9.716t+05
3 2.354t=04 3.354E-04 0 O. 5.580 1Am.BLs. S02.994 2492.6 4.742E*C5 9.116E+05
6 2.3S+t=04 3.154L-04 c. O. S.S60 Lam.ste. 502.998 2492.6 4.742L+05 9.716E+05
7 2.354F=C4 3.'.54E-04 0 G. b.580 lam.80s. 502.998 2492.s 4.742E+Ch 9.786E+05
8 2.3541 04 3.1S4F=04 0 O. 5.580 LAh.hte. 502.996 2492.8 4.742E+05 9.716E+05

'9 2.354E=C4 3.154E=04 0 C. 5.580 Lam.htm. 502.998 2492.8. 4.742t+05 9.716E+03
10 2.354t=C4 3.154t=04 0, 0, 5.580 lam.BLs. 502.998 2492.8 4.142E+0h 9.716E*05
11 2.3S+t=04 3.154E-04 0 D. 5.500 Lam.mLu. 502.998 2492.0. 4.742E+0S 9.786t+05
12 2.354t=C4 3.15JL-04 0 O. 5.579 lam.htm. 503.03C 2492.7 4.742E+05 9.714E*05
13 2.352t-04 3.153t=04 0 O. 5.b76 lam.bbe. 503.126 2492.3 4.74tt+05 9.706t+05
14 2. 39 st =0 4 3.321E=04 3.Sh9E=03 2.377f+00 5.874 16m.tLs. 534.945 2491.4 5.0365+05 9.690E+05
15 2.23tF=04 4.1COE=04 1.893E=02 2.03df*01 It.J9e 1&n. ate. 427.591 2490.9 4.023E +05 9.6u0E+05
16 2.119t=04 S.S29t=04 5.060L=C2 4.320E*01 45.654 lam.FL>. 3S6. Bot 2489.6 3.353E*05 9.658E+05
17 2.057t=04 6.130E=04 8.2m4E=02 6.357t+01 74.492 lam.FLM. 321.059 2487.4 3.017E+05 9.617E+05
it 2.017t*04 6.521E-04 1.144E=01 0.232f*01 102.395 16m.FL>. 304.119, 2483.7 2.640t+05 9.560E+05
19 2.0601 04 6.837k-04 1.462L-03 1.00!k+02 130.755 thh.tL>. 347.921 2477.0 3.225t+05 9.428E+05
20 2.043E=04 7.1291-04 1.7eSL-01 1.17ut+02 159.401 1 * N . F L P. . 387.114 2466.6 3.548t+05 9.244E*05
21 2.089E=04 7.416F-04 2.111L 01 1.329t+02 188.330 Tah.tLM. 421.719 2453.3 3.812E+05 9.019E+05

(( 22 2.109E=c4 7.782E=04 2.439L=03 1.475t*02 217.516 1pa.FLP. 451.796 2447.0 4.053E+05 8.900E+05
23 2.250E=04 9.10gE=04 4.042E*01 2.u?!E*02 300.550 1ph.FLm. 568.861 2443.0 4.990E+05 0.829E+05ps
24 2.367t=04 1.024E=03 5.740t=01 2.616E+02 511.926 t>m.FLM, 646.753 2440.0 5.756E+05 6.77et+05
25 2.4 3et =0 4 1.15eE=03 7.510L=01 3.038t+02 669.672 TPb.FLp. 700,644 2438.2 6.223E+05 8.747L+05
26 2.471L=04 1.311L=03 9.314L=01 3.316t+02 430.74e tho.pLM. 126.234 2.437.3 6.444E*05 8,733L*05
27 2.500L 04 1.4556-03 1.114L+C0 3.512t+02 993.0b7- ths.FLa. 748.235 2436.6 6.634E+05 4.720L*05
28 2.S2SE=04 1.591E=03 1.299E+co 3.80st+02 185e.339 1pe.ity. 7o7.605 2436.0 6.601E+GS. 8.709E+05

011CL / PETAL 1httMtACE
29 2.356t=04 3.u44t=03 1.472L+00 3.726P+02 1312.999 1&s.FLN. 727.780 2407.4 6.240E+05 0.229L+05
30 2.372F=04 1.968t=03 1.64eL*00 3.903t+02 1467.941 16e.FLP, 741.437 2406.u 6,H2fe05 8.218t+05
31 2.38st=04 2.067t=43 3.62tE*C0 4.070L+02 1623.922 tem.FLm. 754.022 2406.2 6.456t+05 8.208E*05
32 2.402t=04 2.202E=03 1.997t+00 4.230t+02 1780.662 16b.tL>. 765.105 2405.6 6.SSIE+05 0.199E+05
33 2.4tSE=04 2.314E-03 2.174t+00 4.382E+02 193m.694 Ibe.FLM. 776.619- 2405.1 6. 6 41 E + 0 5 -8.19tE+05-
34 2.4276-04 2.423E=o3 2.3S2k+00 4.h2ef+02 2097.361 tah.tLa. 7t6.e68 2404.6 6.72SE+05 6.5m3t+05
35 2.439t=04 2.S29E=03 2.530k+00 4.669t+02 2250.612 Tao.tLM, 796.536 2404.1 6.803E+05 0.175L+05

pt1AL / CCCLAh1 th1E>FSCE
36 0 4.963E=03 2.627E+00 2.470t+02 2342.923 1Eu.FLm. 417.423 322.0 0.- 0
37 0 4.9636-03 2.627t+00 2.4708+02 2342.923 the.FLm., 417.423 322.0 0 O,-

38 0 4.96Jt=03 2.627E*00 2.470t+02 2342.923 the.FLM. 417.423 322.0 0 O,
39 0 4.963F=03 2.627t+00 2.470E + 0 2 2342.923 ThB. ELM. 417.423 322.0 0, 0,

40 0 4.963E=03 2.627E+co 2.470E+r2 2142.923 tes.FLM.' 417.423 322.0. O. C.
41 0 4.9631-03 2.627Ee00 2.470t+02 2342.923 1as.FLa. 417.423 322.0 0 C.
42 0. 4.963E=03 2.627k+C0 2.47CE+02 2342.923 195.FLP. 417.423 322.0 0. O.
43 0 4.963E=03 2.627L,00 2.470f*02 2342.923 tuu.tLa. 417.423 322.0 0 O.

_______ ____
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44 0 4.9e3E=03 2.627t+00 2.470t+02 2342.923 1*B.FLP. 417.423 322.0 0 O.
45 0. 4.963E=03 2.627t+C0 2.470t+02 2J42.923 76n.tLM. 417.423 322.0 C. C.
46 0. 4.963E=03 2.627t*00 2.47Ct+C2 2342.923 16m.tLM. 417.423 322.0 C. O.
47 0. 4.9634 03 2.627L+00 2.470t+02 2342.923 1hs.ttm. 417.423 322.0 C. C.
4e 0 4.963t=03 2.627L+00 2.470t+02 2342.923 ths.ttm. 417.423 322.0 0. C.
49 0. 4.9e3E=03 2.627t*00 2.470t+02 2342.923 1hm.tLM. 417.423 322.0 0 C.
SO 0. 4.96JE=03 2.627t+00 2.470t+02 2342.923 168.tLM. 417.423 322.0 'O. 0.-
S; 0 4.963E=03 2.627L+00 2.470t+C2 2342.923 1pm.tLM. 417.423 322.0 0 O.
S2 c. 4.9631 03 2.627E+40 2.410t+C2 2342.923 16m.tLa. 417.423 322.0 0 6
53 0 4.9 tat =03 2.627t+00 2.470t+02 2342.923 thm.FLn. 417.423 322.0 0 O.
S4 0. 4.9634 03 2.627t+00 2.410k+02 .2342.923 1pa.FLM. 417.423 322.0 0 C.
SS 0, 4.963t=03 2.627t+00 2.470f+02 2342.923 16d.FLM. 417.423 322.0 0 c.
Se G. 4.963E=03 2.627L+00 2.470t+02 2342.923 16d.6LM. 417.423 322.0 C. C.
57 0 4.963E=03 2.627L+00 2.470t+02 2342.923 spo.fLM. 417.423- 322.0 C. C.
SS 0. 4.963E=03 2.627t+00 2.470F+02 2342.923 1km.ttm. 417.423 322.0 0 C.
S9 0 4.963E=03 2.627t+00 2.47Ge+02 2342.923 1hb.tLM. 417.423 322.0 0, 0,
60 0. 4.9631 03 2.627t+00 2.470t+02 2342.923 16d.FLa. 417.423 322.0 C. c.
61 0. 4.963f=03 2.627C+00 2.470t+02 2342.923 Tbs.ttm. 417.423 322.0 0 c.
62 C. 4.963t.03 2.627t+00 2.470t+02 2342.923 1k8.FLM. 417.423- 322.0 0 C.
63 0. 4.963k-03 2.627t+00 2.470t+02 2342.923 1k6 FLM. 411.423- 322.0 0 c.
64 0. 4.9639-03 2.627E*00 2.470t+02 2342.923 spb.FLM. 417.423 322.0 C. O.
66 0. 4.963k 03 2.627E*00 2.470E+02 2342.923 1pb.FLn. 417.423 322.0 0, 0,

pa 66 0. 4.963E=03 2.6271+00 2.470E+02 2342.923 1ks.FLM, 417.423 322.0 0 O.
(n 61 C. 4.963E=03 2.627E+00 2.470k,02 2342.923 1ps.FLa. .417.423 322.0 0 O.
kJ 68 0 4.963E=03 2.627t+00 2.470E+02 2342.923 198.FLM. 417.423 322.0 0 O.

C00LAh! / A1p5FHRE 1h1L> FACE
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CopCCm VEp510h 2.00.00
ft>E a 30000.00 CCHCCh=>CC2 STAhCASC PACSLED 11. he, a 9

e oeePcCL CCDPG8ITILW****

CAICE NETAL CCCLAh!

MASS OF LAVEk 1.2153t+05 9.640SE+04 4.0000E+04

mA88 0F SPECIES
FE0 6.0000E+03 FE0
UC2 1.0000E+0S U02
1502 1.4000E+04 2p02
FPOI 1.4927t+03 FPCX
FPALahET 3.0663E+01 FPAtumff
FPHALCGN 1.5773E+00 FPN8LOGk
FF 7.0000E+04 FE
CD 1.0000E+04 CA
NI 6.0000E+03 P1
ZN 1.0000E+04 28
FPM 4.0416E+02 FPN
m20CLh 6.0000E+04 N20CEN

W
tn
Ld

1

|

-
- - - - _ _ _ _ _ _ _ _ _ _ _ - _ _ _



C08Cth VEh81Ch 2.00.00
T!st a 10000.00 CCRCCh=>CO2 STANCADD PRCBLEN IT. DS e e

oeeeLA TE5 PR0FERTIE8eoeo

011CE METAL CCCLAhT
MASS (EG) 1.2153E+05 9.6405E+04 6.0000Ee04
CEh5ITY (EC/P3) 8.4957t+03 6.8010E+03 9.6073E+02
ThEmpAL EXPAh81TITY (1/53 3.2205E=05 2.7395E=05 3.7296E=04

ADERAGE TEMPERATupt (E) 2.5000E+03 2.5000E+03 3.2200E902
thTERFACE TEMPE8A10kE (E) 2.4928E+03 2.5000E+03 2.3714E+03 3.2230E+02
8CLICUS TEMPESATUht (E) 2.3192E+03 1.758SE+03 2.6016E+02
L10U10US TEMPENATURE (E) 2.8054E+03 1.7600E+03 2.7016E+02
8PECIFIC ENTHALPT (J/>G) =3.7671Ee06 1,7729E+06 =1.5770E+07
1CTAL EhTHALPT (J) =4.5703E911 1.7092Eell =9.4671E911
SPECIFIC MEAT (J/BG E) 1.1412E+03 7.4604E902 4.1706E+03

VISCCSITY (EG/> 3) 0.1729E=03 4.0489E=03 5.5490E=04
Thtp>AL CQhDUCTIVITV (b/m g) 2.6400E900 4.7090E+01 6.0000E=01
THEppAL DIFFUSIVITT (m2/8) 2.7230E=07 9.2011E=06 1.4975E=01
SURFACE TEh5Ich (h/M) 4.9095E=01 1.7696E+00 7.3000E=02
Em1881VITY (*) 0.0000E=01 8.0000E=01 1.0000E+00

30PE8FICIAL CAS VEL (M/3) 3.2969E=01 C. O. C.
BushtE MADIUS (m) 1.1303E=02 1.1303E=02 5.7080E=03
BUS 8LE VELOCITY (m/83 3.2292E=01 3.3292E=01 3.3650E=01
101C FRACT10h (=) 7.1054E=15 0. c.

807 CRU37 THICEhE38 (M) 0 O. O.
NT CCEFF. L10 10 BCT (h/M2 E) 2.0150E905 1.0786E+02 7.6191E+02ps
!= AVE !!Q TEMPERATURE (5) 2.5000E+03 2.5000E+03 3.2200E+02 j

on hT CCEFF, LIQ TO TCP (h/M2 El 1.0406E+01 1.2144E904 3.7385E+03 |gs
TCP CAUST THICkhE58 (p) 0 O. O.

'

R AVE L10 TEDPERATURE (E) 2.5002E+03 2.5005E+03 3.2200E+02
hT CCEFF. LIG 70 sID th/m2 K) 2.4193E+04 1.5558E+04 1.00002=10
81CE CRUST THICENE88 (N) 4.6051E=04 8.5202E.04 0

CECAT NEAT (a) 1.0851E+07 2.6990E+06 0

HEAT TC C0hCSLTE (h) 5,3403E+07 1.3910E+07 0,

BEAT OF REACTICh (a) 6 O. O.
Ih1ERLATER MEAT FLCs (a) 9 4.41LCE+07 =3.1311E404

e o e 80LLIO e e e, stTAL CChTAth8 10.5 PERCEh! NCh Cp=FE=h!. MLLT EAhGE MAT BE thACCupATE
*****ee00e POSSIBLE ERhop, EXECUTION C0hTINbE8 AT CYCLE h0PhER 1. TIME s 1.08000E+04 ese**eeeso

e e o 80LLIG e o e. METAL CChTAlh3 10.2 PESCEh! NCN Cp=FE=hl. NLLT RAEGE NAT bE IhACCUBATE
e0000000ee PC3818LE ERROR. EXECUTION CCNT!bbE8 AT CICLE hupSEN 2, TIME a 1,08300E+04 eeeeeeeees

seeeeeeeeeeeesoseeeeeeeessesseceseos
e LATER FLIP AT T!pL a 1.19500E+04 e
esecoeesessessessemetesesseeeeeee000

oceeeesteseososecesseseoveeeeeeeeeeessesee
o CCCLANT DEPLETED A1 TIME a 1.56600E+04 *
esegettecessosoesseeeeeeoeceseceoecesseece

__
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CORCON VER$10N T,00,00

TIME a 2!noo.Jo CJ4CJN=4302 51410Au0 PRuSLEM If, NO, a 360

eoeoGENERAL 5CN MART ****

MELT AND C3OLA4T LATEWS

Nus8ER OF l.ATER5, ALYd a 2
C34 FIGURATION, ILVd a0
N3 COOLANT PRESENT, IC33L S $

EXTREME CAVITT DIMEN513ms, WITH LOCAT13m3

RADIAL ARIAL
h411404 CAVITT RA0!us (M) a 3,57805 DEEPEST P3 INT IN CAVITT (M) m. 5,5555:

4,00000 MAXING4 DEPTH OF CONCRETE (M) a 1,00000QUTSIDE RADI31 OF CONCRETE (M) s.
42195 REMAINING THICENESS (4) a 1,44442REMAINING THICKNESS (4) a

e 41 CORRESP3s0!NG SOOT POINT e 1C3RRE5PowCIns 830T PJI4T

APPR3154 ATE OVER4LL EdEd 7 5000ET FOR DE8RIS
(SEE MANUAL FUR EXPLANATIJN AND CAVEATS)

bd INTERNAL (DECAT) SOURCE (N) a 1,964E+07
LA CHEMICAL HEACTIJN 50ddCE (N) e 6,353E+05
U1

7,797E+06NEAT Loss 70 C3NCKETE (N) a
3.265E+05MCATUP OF A8LATION PRJ0dCIS (W) s
1,051E+07HEAT LO55 FN34 SuurACE (N) e

(TO suRwDUNDINGS)

CHANGE IN P03L ENTd4LPT (N) e 8,460E+05
(SU444TIuN 3F M*Dd/07)

.

NUMERICAL CHECKS DA MASS AND ENERGT CONSERVATION

RELATIVE ERNOR 14 4A55 m 7,95800E 13 RELATIVE ERROR IN EWTNALPT e 3.043178 14

CHECK CN RECE5513N CALCULATION (0D/05 SHOULO BE ,LE, 1)

4411M04 00/05 a 01432

;

k
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CORCD4 VERSION 2.00.00
!!ME a 21600.00 CONC 3N=4302 STANDARD PROBLEM 17. NO a 364

****GA5 GENER & TION 8 * * *

GAS E1172nG P03L (thCLupE5 FILM A40 C03L4WT)

GENERAf!34 RATE CUMULATIVE RELEASE
SPECIES Mass (EG/5) MJLES (1/5) MASS (EG) MULES (=) SPECIE 5
C(G) 3.7492SE=16 3.121 b it *14 2.54533E=05 2.11917E=03 ctg)
Cut 1.565650-05 9.7593hL*04 3.94096t=01 2.45656E+01 CH4
Co 1.79189E*01 o.39723E+00 7.67223E+03 2.73907E+05 CO
CO2 3.21819E*01 7.31244E+00 4.01220E+03 v.11661E+04 CO2
C2H2 3,95931E=07 1.b2022E=05 1.00195E*01 3.84807E+02 C2N2
C2H4 2.71117E=00 9.66426E=07 1.02339E=02 6.49968E=01 C2H4
CJH6 1.17939E=10 3.92224E=09 5.75910E=06 1.91527E=04 C2N6
H 1.09957E=07 7.04392E*04 8.64628E=01 0.57s51E+02 N
h2 6.96A90E=03 3.45710E+00 2.98056E+02 1.47860E+05 N2
H2O 7.17409E=02 3.98224E+00 6.00902E+04 3.30038E+06 H2O
N 0 O. 0 O. N
WH3 0 O. 0, O. NH3p,
Na d. U. O. O. N2(n

Ch D 6.10026E=13 3.81201E=11 1.04028E=06 6.55197E=05 0
02 3.08102E=15 9.62855E=14 1.89351E*09 5.91744E*00 02
DH 3.7h449E=09 2.22522E=07 4.15694E*04 2.44421E=02 ON
CHn 3.23618E*08 1.11522E=O6 5.17125E=03 1.78206E=01 CNO
Cw20 1.93415E=07 6,44154E=06 4.55185E*03 1.51596E=01 CH2O
Cn03(G) 2.01059C*16 2.01070E=15 1.78500E=10 1.78590E=09 CR03(G)
FP402(3) 2.19703E=12 2.14600E=11 1.56000E=06 1.19690E*05 FPN02(G)
rem 03(G) 1.37715E*13 9.41086E=13 9.23614E=00 6.31157E=07 FPNO3(G3
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CDHC04 VERSION 2.00,00
T14C * 216J0.00 CJ4C3d=4302 STANDARD PROBLEM 17. NO, e 360

e oeoGEOMCTRI****

830T H E STREAM B10T RAT VDLU4E SURFACE VOID
PJINT C00hn!44TE Chdp1NATE LEW3fH AhGLE ANGLC AREA FRACT10m

(d) (4) (43 (DEG) (CEG) (N3) (M2) (e)
1 0.000000 5.555581 0.000000 0.000 0.000 0.00000 0.00000 03023
2 3o2005 5.555581 362005 0.000 4.096 0.00000 41170 03023
3 724009 5.5555A1 724009 0.000 0.150 0.00000 1.64679 03023
4 1.ud6014 5.555501 1.086014 0.000 12.124 0.00000 3.70527 03023
5 1.44801s 5.555bst 1.448018 0.000 15.983 0.00000 6.58716 03023
6 1.h10023 5.5b55e1 1.810023 0.000 19.699 0.00000 10.29243 03023
7 2.172027 5.555581 2.172027 0.000 23.250 0.00000 14.82110 03023
0 2.534032 5.555501 2,534032 0.000 26.622 0.00000 20.17316 03023
9 2.896036 5.5455a1 2.896036 0.000 29.806 0.00000 26.34862 03023

10 2,900000 5.555581 2.900000 0.000 0.000 0.00000 26.42079 03023
11 3.211960 5.484076 3.220050 23.820 32.500 2.09972 32.56617 02799
12 3.223342 5.476186 3.233899 47.171 32.933 2.35635 32.84616 02764
13 3.231683 5.461962 3.250389 62.264 33.076 2,02105 33.18055 02702
14 3.239335 5.445616 3.268437 65.102 33.224 3.35944 33.54746 02633
15 3.247047 5.428059 3,286804 66.732 33,376 3.91316 33.92336 02563
16 3.254122 5.411190 3.305916 69.23e 33.528 4.49965 34.31207 02491
17 3.260570 5.393182 3.325044 70.070 33.677 5,09994 34.70356 02419
au 3.2n649u 5.375529 3.343666 71.951 33.u21 5.69061 35.00540 02349
19 3.271036 5.350634 3,361384 74.537 33.957 6.25757 35.44935 02203
20 3,275831 5.341653 3.378634 75.929 34,081 6,82291 35,80418 02219
21 3.279650 5.327349 3.393632 76.297 34.192 7.31245 36.11307 02163

p 22 3.282554 5.314413 3.406090 76.910 34.287 7,74996 36.38639 02114
(n 23 3.295654 5,259087 3,462967 68.494 34.698 9.60310 37.54529 01907
=J 24 3.318775 5.219026 3,509917 57.150 35.118 11.00717 30.52009 ,01737

25 3.345621 5.182142 3.555375 33.831 35.547 A. 20602 39.47363 01580
3.391046 5.171135 4ETAL / OI!DE INTERFACE

26 3.391718 5.170969 3.602654 23.103 35.984 12.69227 40.47758 02338
27 3.429849 5.146794 3.648036 46.497 36.432 13,57501 41,44586 02287

| 28 3.454560 5.102925 3.698367 65.006 36.e89 15.20082 42.53442 0225529 3.472012 5.049542 3.754784 74.127 37.356 17,22005 43.76222 0223230 3.466530 4.9t9505 3.816369 79.346 37.833 19.50459 45.10067 02215
31 3.496273 4.923023 3.002769 79.932 38,320 22,01993 46,56531 0220332 3.509156 4.061609 3.946303 80.661 38,819 24.41791 47.96358 0218733 3.517517 4.793298 4.015124 03.920 39.320 27.06691 49.48279 0217734 3.523950 4.722311 4.056402 82,954 39.W48 29.83127 51.05957 0216935 3.534391 4.655734 4.153792 81.934 40.381 32.43634 52.55390 0215736 3.54313e 4.586740 4.223338 84.934 40.925 39.15068 54.10023 0214637 3.546945 4.511773 4,298402 08.206 41.481 30.11049 55,77222 0214230 3.547075 4.433443 4.376737 04,410 42 f50 41.20720 57.51824 0214139 3.560121 4.367364 4.44J941 83.078 42.631 43,82929 59.01894 ,0212640 3,564504 4.292372 4.519061 02,500 43.226 46,81859 60.70032 0212141 3.578046 4.226723 4.be6092 102.667 43.034 49.44941 62.20443 021043.497843 4.120250 OX1DE / ATMSPHMC INTERFACE
42 3.315428 3.082069 5.017587 120.121 44.456 62.32990 71.55316 1.00000

_ - _ _ _ _ _ _ _ _ _ _ .
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41 3.2e2n2s 3.7322Jo 5.15#937 99.360 45.092 66,74763 74.47556 1.00000

44 3.247949 3.6b4433 5.226915 94.789 45.142 69.01756 15.87025 1.00000

45 3.24303W 3.544311 b.326027 104.449 46.407 72.218u3 77.89784 1.00000

to 3.28t442 5.492123 b.42hS12 116.d71 47.007 7b,37374 79.91757 1,00000

47 3.000030 3.221w15 S.772971 109.477 47.7t2 83.58340 86.70546 1.00000

48 3.04000J 3.154795 3.s40094 90.000 4W.493 85.48127 47.97070 1.00000

49 3.040000 3.0s7671 S.907218 90,000 49.220 u?.37913 89.23595 1.00009

50 3.uc0039 3.020548 5.974341 90.000 49,964 U9.27700 90.50119 1.00000-
51 3.000000 2.953425 6.041464 90.000 50.723 91.17486 91.76644 1.00000

52 3.000u09 2.6d63J1 6.108588 90.000 St. BOO 93.07273 93.03168 1.00000

53 3.00000u 2.k19178 6.175711 90.000 52.294 94.97060 94.29692 1.00000
$4 3. N 00 3o 2.752055 6.242834 90.000 53.105 96,86846 9b.56217 1.00000

55 3.000000 2.6e4932 6.309957 90.000 53.934 98.76633 96.82741 1.00000

56 3.000070 2.6178ut 6.377081 90.000 54.780 100.66420 98.09266 1,00000

57 3.00000u 2.550605 6.444204 90.000 55.645 102.56206 99.35790 1.00000

38 3.000000 2,4d3562 6.$11327 .90.000 56.b28 104.45993 100.62315 1.00000

50 3.0J0000 2.416438 a 578451 90.000 57,429 106,35779 101.88839 1.00000

60 3.co0000 2:349315 6.64S574 90.000 58.349 108.25566 103.15363 1.00000

61 3.00000u 2.2t2192 6.712697 90.000 59.287 110.15353 104.41s88 1.00000
62 3.0wu000 2.2150e8 6.779820 90.000 60,244 112.05139 105.68412 1,00000

63 3.000000 2.147945 e.e46944 90.000 61.219 113,94926 106.94937 1.00000

64 3.00000u 2.0M0822 6.914067 90.uco 62.213 115.84713 108.21461 1.00000

65 3.000000 2.013699 6.981190 90.000 63.226 117.74499 109.47985 1.00000

66 3.0J0000 1.946575 7.048314 90.000 64.257 119,64286 110.74510 1.00000

67 3.000000 1.879452 7.115437 90.000 65.306 121,54072 112.01034 1,00000

68 3.00000J 1.612329 7,182560 90.c00 66.373 123.43859 113.27559 1.00000
69 3.n00000 1.745205 7.249683 90.000 67.458 125.23646 114.54083 1.00000

70 3.0u0000 1,678082 7.316807 90.000 68.560 127.23432 115.80608 1.00000

71 3.000000 1.610959 7.383930 90.000 69,679 129,13219 117.01132 1.00000

H 72 3.000000 1.543836 7,451053 90.000 70.s15 131,03006 110.33656 1.00000

(n 73 3.0000cu 1.476712 7.518177 90.000 71.966 132.92792 119.60181 1.00000

CD 74 3.000000 1.409589 7.S85300 90.000 73.133 134.82579 120.86705 1.00000

75 3.000000 1.342466 7.652423 90.000 74.314 136.72355 122.13230 1,00000

76 3.000000 t,275342 7,719546 90.000 75,519 138.62152 123.39754 1.00000
77 3.000000 1.208219 7.786670 90.000 76.717 140.51939 124.66278 1.00000
78 3.000000 1.141096 7.s53793 90.000 77.937 142.41725 125.92803 1.00000.
19 3.000000 1.073973 7,920916 90.000 79.169 144.31512 127.19327 1.00000
s0 3,000000 1.006849 7.9se040 90.000 80.410 146,21299 128.45852 1.00000
81 3.000000 939726 0.055163 90.000 81,661 148,11085 129.72376 1.00000
s2 3.00300J ,872603 0.122286 90.000 82.920 150.00872 130.98901 1.00000

83 3.000000 003479 8.189409 90.000 84.186 th1.90658 132.25425 1.00000

84 3.000000 738J56 8,256533 90.000 85.457 153.80445 133.51949 1.00000
85 3.000000 671233 8.323656 90.000 86,733 155.70232 134.18474 1.00000
W6 3.000000 604110 8.390779 90.000 88.012 157.60018 136.04993 1.00000
87 3.000000 .5J6986 8.457903 90.000 89.294 159.49805 137.31523 1.00000
88 3.000000 469863 s.525026 90.000 90.576 161.39592 138.58041 1.00000

89 3.000000 ,402740 8.592149 90.000 91.e57 163.29373 .139.84571 1.00000
|

90 3.000000 .335616 8,659273 90,000 93.136 165,19165 141.11096 1.00000
91 3.000000 268493 W.726396 90,000 94.413 167.08951 142.37620 1.00000
92 3.000000 201370 s.793519 90.000 95.685 168.98738 143.64145 1,00000

93 3.000000 ,134247 8.860642 90.000 96.951 170,88525 144.90669 1.00000
94 3.000000 067123 e.927766 90.000 98.211 172.78311 146.17194 1.00000

95 3.000000 000000 9.994589 90.000 99.462 174.68098 147.43718 1.00000
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CORC04 WERSION 2.00.00
TIME a 214a0.00 Cs4C3h=43DJ ST440AkD PR08LEM IT. NO. e 360

eo eoHEAT TR A45FER RE5 ULT 5****

BODY AHLAT134 FILM FIL4 FILM WEINDLDS REGIME HT TRAN5 INTERFACE CDNVLCTIVE RADIATIVE
POINT NArg T41C(hE55 FLUd VE1.0 CIT Y NOMoEW COEFF TE4PERATURE FLUE FLUE I

(#/5) (4) (K2/S) (M/5) (=) (w/N2=K) (E) (d/N2) (W/N2)
,

1 1.420C=ub 1.74GE=04 0, 0, 797 LAM.8UB. 911.811 1621.9 6.555E+04 3.395E+04
2 1.640E=0S 1.740E-04 0 O. 797 LAN. Bun, 911.811 1621.9 6.555E+04 3.395E+04
3 1.620F=05 1.740E=04 0 D. 797 LAM.8UM. 911.811 1621.9 6.555E+04 3.395E+04
4 1.640E=0h 1.740E=04 0, 0 .797 LAN. Bud. 911.811 1621.9 6.555E+04 3.395E+04
5 1.620E=o5 1.740L-04 0 O. 797 LAM.808 911.811 1621.1 6.555E+04 3.395E+04
6 1.620E=c5 1,740E=04 0 O. ,797 LAN.8US. 911.811 1621.9 6.555E+04 3.395E+04
7 1.620E=ub 1.740E=04 0, 0 797 LA4.8US. 911.811 1621.9 6.555E+04 3.395E+06
8 1.620E=0D 1.740E=u4 C. O, 797 LAM.BU8 911.811 1621.9 6.555E+04 3.395E+04
9 1.420E=J5 1.740E-04 0 O. 797 LAN.808, 911.811 1621.9 6.555E+04 3.395E+04

10 1.620E=05 1.740t=04 0, 0, 797 LA4. bub. 911.811 1621.9 6.555E+04 3.395E+04.
11 1.51mE=u5 1.792E=04 0 O. 747 LAN.8US. 931.778 1616.5 6.198E+04 3.125E+04
12 1.27bE=d5 1.592t=04 W.645E=04 2.358E*00 ,794 TRN.8US. 1209.320 1596.9 5.669E+04 2.161E+04
13 9.524E=06 1.95SE=04 3.013E=03 6,675E+00 2.495 LAM.FLN. 1009.093. 1589.9 4.023E+04 1.826E+u4
14 8.829E=06 2.238E=04 4.966E=03 9.589E.00 4.102 LAN.FLN. 881.695 1590.5 3.568E+04 1.854E+ed-
15 8.422E=06 2.483E=04 6.347E=03 1.189E+01 5.643 LAN.FLM. 794.642 1591.3 3.280E+04 1.893E+04
16 7.959E=06 2.668E=04 8.695E=03 1.402E+01 7.150 LAM.FL4 739.478 1590.8 3.018E+04 1.870E+04
17 7.664E=36 2.823E=04 1.047E=02 1,592E+01 3.593 LA4.FLM. 698.877 1590.7 2.844L+04 1.W65E+0'
18 7.475E=06 2.958E=04 1.215E=02 1.760E+01 9.953 LA4.FLM. 667.042 1590.8 2,721E+04 1.J70E*04
19 7.129E=06 3.071E=04 1.36VE=02 1.908E+01 11.198 LA4.FLM. 642.537 1589.B 2.556E+04 1.822E+04
20 6.9b3E=06 3.155t=04 1.514E=32 2.051E*01 12.370 LA4.FL4 625.372 1589.4 2.466E+04 1.805E+04
21 6.889E=36 3.240E=04 1.639E=02 2.159E+01 13.368 L4M.FL4 600.994 1589.7 2.415E+04 1.816E+04

pa 22 6.810E=U6 3.304E=04 1.747t=02 2.255E+01 14.243 LAN.FLN. 597.168 1589.6 2.367E+04 1.815E+04
on 23 7.687E=06 3.583E=04 2.236E=02 2.650E+01 18.153 LAM.FL4 550.671 1596.7 2.570E*04 2.151E+04
ya 24 9.10rE=u6 3.956E=04 2.714E=02 2.893E+01 21.879 L4M.FLM. 498.678 1600.0 2.892E+04 2.702E+04

25 1.171E=05 4.317E=04 3.295E=02 3.193E+01 26.353 LAN.FLM. 457.030 1627.2 3.529E+04 3,665E+04
4ETAL / OXIDE INTERFACE

26 2.482E=05 7.740E=04 3.9d5E=02 2.125E+01 31,441 LAM.FLM. 254,897 1744.1 4.947L+04 1.030E+05
27 2.608E=05 6.537E=04 5.423E=02 3.386E+01 42.311 LAN.FL4 301.003 1742.6 5.814E+04 1.021E*05
28 2.671E=05 6.663E=o4 7.098E=02 4.744E+01 54.980 LAN,FL4 325.423 1741.9 6.245E+04 1.016E+05
29 2.629E=05 6.371E=04 8,987E-02 5,686E+01 69.248 LAM.FLM. 309.697 1742.4 5.958E+04 1.019E+05
30 2.584E=US 6.743E=04 1.102E=01 6.564E+01 84.611 LAM.FLM. 292.582 1742.9 5.644E+04 1.022E<e'
31 2.542E=05 7.118E=04 1.319E=01 7.420E+01 100.964 LAN.FL4 277.190 1743.4 5.361E+04 1.025E=0D
32 2.540E=05 7.490E=04 1.527E=01 8.133E+01 116.442 TRN.FLN. 291.145 1743.0 5.618E+04 1.023E+05
33 2.610E=05 7.806E=04 1,757E=01 8.956E+01 133.648 TRN,FLM. 309.750 1742.4 5.959E+04 1.019E+05
34 2.67bE=05 8.137E=04 2.000E=01 9.763E+01 151.848 TAN.FLN. 327.037 1741.9 6.274E+04 1,016E+05
35 2.713E=u5 9.457E=04 2.234E=01 1.046E+02 169.100 TRN.FL4 341.119 1741.4 6.530E+04 1.013E+05
36 2.753E=05 4.736E-04 2.479E=01 1.121E+02 147.216 TRM.FL4 356.390 1741.0 6.806E+04 1.010E+05
37 2.796E=05 9.018E=04 2.748E=01 1.203E+02 207.338 TRN.FLM, 372.705 1740.5 ,7.099E+04 1.007E+05
38 2,437E=uh 9.316E=04 3.034t=01 1.285E+02 228.819 TRN.FLN. 388.491 1740.0 7.381E+04 1.004E+05
39 2.863E=05 9.606E=04 3.282E=01 1.343E+02 246.705 TRN.FLN. 398.626 1739.7 7.561E+04 1.002E*05
40 2,904E=05 9.820E=04 3.564E=01 1.425E+02 267.539 TRN.FLN. 414.414 1739.2 7.841E+04 9.992E+04
41 2.926E=05 1.010E=03 3.419E=01 1.479E+02 285.572 TRN.FL4 423.124 1739.0 7.995E+04 9.976E+04

0110E / ATMSPHME INTERFACE
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CORCJm VER510N 2.00.00 IT. NO. e 360
TIME a 2169u.uo CJwCON=M302 STA30AHO PR06LEM

ee o e BULK METAL /GA5 REACTION DURING TIMESTEP * * * *

GASE5METALS

SPLCIES .tE ACT AH rs en90 JCT 5 SPECIES REACTANTS PRODUCTS SPECIES REACTANTS PRODUCTSun i r,Es

NagES (MOLS) (dub 5) NAMES (MOL5) (MOL5) NAMES (MOL5) (MOLS)

FE0 v. O. FE 1.4372E+06 1.4372E+06 C(G) 0 9.2364E=13

MNO o. O. CR 5.5872E+04 5.5697E 04 CH4 0 1.7055E=02

2a02 0 O. N1 1.0220E+05 1.0220E+05 CD 0 1.6974E+02

CR203 0, e.7179E+01 ZR 0 O. CO2 1.7002E+02 2.6906E=01

mIO o. O. FPM 4.1160E+03 4.1160E+03 C2H2 0 2.9635E=04

FPM02 u. O. M4 0 D. C2H4 0 1.2413E=05

FPM33 J. O. C(C) 0 O. C2H6 0 3.1997E=08

FE304 0 O. K 0 O. H 0 2.0250E=02
H2 0 9.1720E+01

MN334 0 Q. H2O 9.2283E+01 5.1867E=01
N 0 O.
NH3 0 O.
N2 0 O.
0 0, 1.1368E=09
02 0 2.8786E=12

$( OH 0 6.5592E=06
C) CHO 0. 3.1491E=05

CH2O 0 1.6975E=04
CR03(3) 0 6.0171E=14
FPM32(G) O. 6.4138E=10
FPm03(G) O. 2.8142E=11

NO. OF ITERATIONS a 4

|



_ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ - _-__ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _

|

I
|

CORC09 VERSIDM 2.00.00 j
fine a 216wo.30 C3RCJw*4302 STANDAHD PRDeLEM IT. NO, a 360

* * * * FILM METAL / GAS REACTION DURING TIME 5fEP * * * *

DXIDES METALS GASES /

SPECIES REACTAdrs Pd000CT5 SPECIES REACTANT 5 PR3 DUCTS SPECIES REACTANTS PRODUCTS -

NA4ES (M3LS) (4GL8) NA4E5 (MOLS) (MDLS) NAME5 (MOLS) (MOL5)

FE0 o. o. FC 1.4372C+06 1.4372E+06 C(G) 0 1.2014E.14
MWD 0, u. CR 5.5697E+04 5.5674E+04 CH4 0 1.2223E.02
ER02 d. O. NI 1.0220E+05 1.0220E+05 CD 0 2.2101E+01 )
CH203 0 1.1409E+01 1R 0 O. CO2 2.2216E+01 2.2373E=02 |NIO 0 O. FPN 4.1160E+03 4.1160E+03 C2H2 0 1.5972E=04 5

FPMu2 0 O. NN 0 O. C2H4 0 1.6500E-05
'

FPM03 U. O. C(C) 0 O. C2N6 0 0.5670E.00
FE304 9 O. K 0 O. H 0 0.0160E=04
MN304 0 O. N2 0 1.1995E+01 s ,

H2O 1.2050E+01 3.75715 02
N 0 O.

,

NH3 0 O.
N2 0 O.H 0 9 7.0062E 120 02 0 1.0004E 14H 04 0, 1.1645E=07
CMG 0 1.9659E.06
CH2O 0 2.3500E=05
CROJCG) 0 1.5023E=16
FF202(G) 0 2.4201E=12
FPM03(G) 0 9.04665 14

NO. OF ITERATIONS a 4

1
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CORCON VER510N 2.00.00
!!nE a 216''4.00 CORC3a=1302 STANDARD PROSLEM IT. NO. m 364

**** POOL C0mPO5ITION*** *

4Erab 0xtDE

M455 0F LATER 6.957bE+04 2.0182E+0S

4455 0F SPECIES
$1c2 2.7250E+04 S102
7102 1.3701E+02 T102
FEQ 6,0000E+03 FE0
mun 2.283SE+01 MNO
NGO 3.6536E+02 4GO
Can 2.3B?%E+04 CAO
WA20 6.24'6t+01 NA20
$20 9. 2 5 6 t'.+ 0 2 K20
Ft203 1.0961E+03 FE203
AL233 2.7402E+03 AL203
002 1.0000E+05 UO2
Zwp2 2.7506E+04 2R02
Ch203 1.0395E+04 CR203

$( ~ Frat 1.4927E+03 FPOK
FFALEMET 1.4780E=04 FPALKMEThJ
FPHALOGN 6.0329E*06 FPHALOGN
FE W.0276E+04 FE
CH 2.0948E+03 CR
MI 6.3000E+03 NI
FPM 4.0476E+02 FPN '

.

9

~ ~ ' - - _ _ . _ _ _ _ _ _ _ _



CORCON VEaSION 2.00.00
IIgE s /3600.00 CJdCJi.=9JJ2 STANDARD PROSLEM IT NO. r 360

* * * *L4 1 EN PR 0PEH TIE 5** * *

4ETAL 34IDE
MASS (KC) s.9575E+04 2.01d2E+05
DENSITi (AG/43) 7.2257E+03 5.03d5E+03
THERMAL E1rA4SIVITY (1/K) 3.0857E=05 5.6159E=05

AVEaAGE TExefdATJHL (K) 1.1565E+03 1.7728E+03 |
INTERFACE TE4PERAlbdE (6) 1.6219E+03 1.7720E*03 1.7669E*03
53LIDU5 TF=PERATOWE (K) 1.7677E+us 1.6075E+03
LIQJIDOS TV4PEWATJNE (K) 1.7777E+03 2. 3 2 5 t< r + 0 3
SPECIFIC EuTHALPt (J/KG) 9.9083E*05 =6.5283E+06
T3f4L ENTHALPf (J) 6.d754E*10 =1.3176E+12
SPECIFIC HtAt (J/nG K) 7.3304E+02 1.3259E+03

VISCOSITY (EG/1 5) 6.9977E=03 6.2589E=02
THER"AL Cut.DuCTIVITY (m/g K) 4.7261E+01 3.8493E+00
THERM AL DIt t"JSIVITY (42/S) u.9227E=06 5.7618E=07
SURFACE Ttub!3N (N/4) 1.7975E+00 4.7785E=01
E41SSIVITV (=) 0.0000E=01 8.0000C=01

SUPEPFICIAL GAS VEL (4/S) 9.6417E=03 1.0075E=02 1.1175E*02
8088L6 MADIHS (4) 2.0783E=02 2.1643E=02

ps pus 3LE vet.uCITY (4/5) 4.5144E=01 4.6069E=01
Ch VOIO FWACTION (=) 2.2819E=n2 2.1841E=02
W

B3T CRUST IHICKNESS (4) 7.3964E=02 0
HT COEFF, LIo T3 HDT (e/42 K) 2.7254E+04 4.3899E+04
Z= AVE LIO TENPERATURE (R) 1.7709E+03 1.7728E+03
MT C3EFF, Liu T3 TOP (w/42 K) 2.8576E+04 4.6233E+04
T3P ChUST THICKNESS (4) O. O,

R 4VL Lio (EMPERArudE (K) 1.7681E+03 1.7728E+03
HT COEFF. LIJ T3 SID (m/42 K) 5.5262E+04 5.3066E+03
SIDE CauST THICK 4ESS (4) 3.0557E=01 0

DECAY HEAT (a) 2.3880E+06 1.6247E+07
HEAT T3 C3hCxETE (d) 3.6381E+06 4.1592E+06
HEAT GF NEACTID1 (=) 6.3528E+05 0
INTERLAVEk HEAT FLod (d) =1.2295E+06 1.0514E+07
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CORCON is a computer code fo siodelling the interactions
between molten core materials ands oncrete, such as might occur
following a core meltdown accident n a Light Water Reactor. It
may also be applied to experiments ich simulate such accident
conditions. The code predicts the be avior of the system,p

including heat transfer, concrete abla ion, cavity shape change,
and gas generation. Thefirs/ version,CORCON-MODl,wasreleased
in 1981. This report is a cpmplete user ' manual and reference
for the updated version, CO ON-MOD 2. Th major changes are the
inclusion of models for so dification of e melt and for its
(non-explosive) interactio a with coolant w ter. In addition, a
number of improvements hade been made in res nse to experience
with CORCON-MODl. The n/w code remains compa ible with the old
in the sense that MOD 2 ill accept any input d ta set which was
accepted by MODl.

1

.. oocwwist.s.....,-.... 0 oscuca.roas .. . . . . . . . < , .

St.?tus%f

'SISCwat? W C L.$i'8 'C.f sC%

I te.s geger

Uncle soa%tisisas o*em ssoto tsaws '

o r . , ..e ,,,,

Unc1
., ss .. 3. ..a n

193
-185- . .. a

.

t e * . * ~ = = +enaeon, .e e <

- 2



. _ _ . _ .

120555078877 1 1ANIR3US NRC
ADM-DIV 0F TIOC
{0 Y

& PUB MGT BR-PDR NUREG
WASHINGTON DC 20555

r

.

- - _ _ _ _ _ _ _ . _


