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In the unlikely event of a class-nine accident at a nuclear

power reactor, it is possible that molten fuel and steel from
the reactor core will penetrate the reactor pressure vessel
and cascade into the reactor cavity. The intense interaction
that would develop between the hich temperature core materials
and the cavity concrete raises 2 number of safety ocuestions.
The nature of melt/concrete interactions during core meltdown
accidents must be understood if a realistic evaluvation of the
risks associated with the use of nuclear power is to be made.

Bigh temperature melt/concrete interactions have been studied
both experimentally and analytically at Sfandia under sponsorship
of Reactor Safety Fesearch of the U. €. Nuclear PRecqulatory
Commission. The purpose of these studies has been to develop an
vnderstanding of these interactions suitable for risk assessment.
In this paper, results of the experimental prooram are summar ized
and a computer model of relt/concrete interactions is described.
A melt/concrete interaction test that will c¢llow this and other
models of the interaction to be compared is also described.

The code comparison exercise, using this fandia test and
a similar test at the Kernforschungszentrur Karlsruhe, was
suggested during discussions among core-melt recearchers from
laboratories in both the United States and the Federzl PRepublic
of Cermany at the December 1978 Fuel Meltdown Prograr Peview and
and NRC/FRGC Information Fxchange Meeting. Its objective is to
provide a bacsis for evaluating the various codes with respect to

how well they model the important interaction phenomena and predict
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I. Experimental Program

The experimental program has been directed toward ocuvalita-
tively identifying important physical and chemical processes
that occur during hiahk temperature melt/concrete interactions
and quantitatively evaluatina those phenomena particulatrly
impor tant for reactor safety considerations. The experimental
proaram has been characterized by the use of prototypic
melts and concretes at realistic conditions in larae-scale
tests. Melts of mild steel <ctainless steel, and Corium
A+R (54w/0 U0 ,: l6w/0 Zr0,; 30w/0 stainleses steel,, varving
in size from 2 to 220 ka and at temperatures of 1400-3000°C,
have been used. In some ceses Mo, Sr0, &nC,, Cs,U0,,

La,03 and, CeC, have been added to the melts to rimulate
fission products. A basaltic and two limestone concretes,
representative of concretes in existinag or planned nuclear
reactors, have been studied in the proaram. The chemiceal
corpositions of these concretes are listed in Table I.

The initial goal of the exper.mental program was the ocuvali-
tative identification of phenomena occurring durina melt/
concrete interactions. These cualitative observations frorm
the experimental proaram are listed in Table II as a series
of comparisons with assumptions made in The Feactor Safety
Study (WASEF-1400).

Once the cuvalitative identifications were made, the
particularly pertinent phenomena were ocuvantitatively studied.

gustainina melts of up to 220 ko stainless steel bv inductive
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heating while in contact with concrete, ard observing the
behavior of thermitically generated melts interacting

with concrete by x-ray image intensification, were particularly
fruitful avenues for makinr these cuentitative studies. The
numer ical data cgenerated in the experimental preogram is

Jisted in Table III and discussed more fully below.

A, Concrete Frosion Pate

A core melt would consist of 2 metallic phase and an
oxidic phase. Thc metallic phave was found in the experi-
mental proarar to be far more aacrzssive toward corcrete
than the oxidic phase by vircuve of its hiaher thermal
conductivity. The rate of erosion of concrete is approximately
@ linear function of the rate of heat transfer to the concrete
as shown in Fiqure 1. Consecuently, the rate of concrete
erosion by a melt is a function of the difference between the
melt temnerature and the onset of meltinag in the concrete.

The variation in erosion rate with this temperature difference
is shown in Figure 2. Note that erosion of low meltina
concretes, such as bacalt, can take place even after the

core melt bhas solidified.

Erosion does not occur uniformly about the perimeter of
a melt. Cases liberated fror the ~oncrete and passina up
along the walls of 2 concrete cavity tend to rrovide a
thermal shield between the walls and the melt. The ratio
of horizontal to downward erocion decreacses with increasing
gas generation rates. This effect can be clearly seen in the

corparison of the post-test cevity shapes for the limestone
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concrete (high gas generation rate) and basalt concrete
(low cas generation rate) crucibles shown in Figure 3.
Fully dehydrated and at least partially decarboxylated
concretes erode aprroximately uniformly in the
horizontal and downwvard directions.

P. Cas Ceneration

Gases are produced durina melt/concrete interactions by
the thermal decomposition of hydrates and carbonates in the
concrete. The decomposition reactions occur in three
temperature regimes:

1) loss of "free" water, 30-250°C

2) loss of chemically bound water, 380-550°C

3) loss of carbon dioxide, €80-1000°C
Above 1000°C other constituents of concrete, includino Na 0
and Si0O, are vaporized.

The rate of gas generation durinag melt/concrete interaction
is not directly related to the rate of concrete erosion.
Rather, it is dependent on the rate and extent of heat con-
duction into the concrete. The kinetics of aas-aeneratina
concrete decomposition reactions may be related to temperature
and the rate of temperature change by kinetic expressions

of the form:

= k exp(-E/KT) (1-a)"

oo
(o §S

where F, k, and n are parameters, a is the extent of reactior,

P is the gas constant, t ie time, ond T is the abesolute
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temperature. Parametric valuves found for the decomposition
reactions in various concretes are listed in Table IV. The
rate expressions have been incorporated in a detailed
model of concrete by Knight and BReck.
BAside from influencing the direction of melt attack
on the concrete as described above, the gases releacsed
from the concrete exert a dominant influence on the relt/
concrete interaction. They keep the melt well-stirred,
especially the metallic phase, so that the melt irs
essentially isothermal. The gases also levitate and swell
the melt. The extent of this swelling of the melt is 2
function of the gas generation rate, the melt dep*th, and
the gas hold-up within the melt. Cbserved melt depths
for a shallow pool are plotted versus superficial agas
velocity in Figure 4. Swelling of the pool increases
almost linerarly with suvperficial gas velocity until a
critical plateau is reached. Further increases in aas
generation rate do not influence the observed pool depth.
As the gases liberated from the concrete - primarily
CO, and 8,0 - percolate up throuah the melt they are
chemically reduced by the metallic phase of the melt to
hydrogen and carbon monoxide. The resulting oxidation
of the metallic species represents a major mechanism for
depleting the core melt of its acagressive metallic phacse.
The extent of chemical reduction of the concrete gaces
is controlled by the iron-iron (II) oxide ecuilibrium. The

oxygen fugacities of gases extracted at various temperatures
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from above 2 melt interacting with concrete are plotted
along with the iron-iron (II) oxide phase boundary

in Figure 5. The gas composition evolves with tempera-
ture a2long this phase boundary. One concsequence of this
pathway of gas evolution is that the agas becomes rich in
methane rather than hydroger as it cools, as shown in
Figure 6.

e Berusol Generation

Aerosol ageneration is intense during melt/concrete
interactions. The aerosol concentration observed during
the course of a2 transient Corium A+R/concrete interaction
is shown in Figure 7. Concentrations in exceses of 100 a/w3
were observed early in the test. Fven after about 40
seconds, when the melt had very nearly colidified, aerosol
corcentrations were about 20 g/ma. Purira large-scale csteel
melt/concrete interactions tests average aerosol concentra-
tions were abocut 10 q/w3.

The aerosols have mean aerodynamic particle sizes of
1-2 um as shown in the distribution plot in Figure 8.

Chemical compositions of 2erosols from several tests
are listed in Table V. Much of the aerosol comes from
non-melt sources - i.e., the concrete. When volatile
fission products are present - such as Cs, MoC5, €n, and
Cd - they make up a sianificant fraction of the aerosol.
Fission products expected to be refractory and present in
the met2l phase are apparently sparged and oxidized by the

cgases passina throuah the melt.
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The aerosol concentration observed in the tests is
a function of the gas generation rate as shown in Figure 9.
Concentration increases approximately linearly with the
superficial velocity of aas produced by the melt/concrete
interaction. The finite aerosol concentration at zero
superficial gas velocity mav be attributed to thermal
vaporization of species from the melt. This and other
aspects of aerosol generation will be discussed more fully
in another paper a2t this conference.

D. Code Comparison Test

The experimental technicues developed in this proaram will
be used to provide test date for comparing computer models
of melt/concrete interactions. Code comparison tests will be
performed by both Sandia and the Kernforsc. ngszentrum
Karlsruhe in West Germany. The test procedure for the fandia
test is shown schematically in Figure 10. About 200 kg of
1700°C stainlecs steel wase deposited into 2 limestone concrete
crucible (concrete III in Table I). The melt was sustained by
inductive heating with coils embedded in the concrete,

Data collected in the Sandia test for code comparison
purposes were:

1) rate of concrete erosion

2) extent of concrete erosion

3) rate of metal oxidation durino the interaction

4) rate of melt solidification

5) concrete temperatures,
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Additional data produced during the test that will allow
evaluations of future improvements in the computer models
include:

1) aerosol composition

2) aerosol generation rate

3) aas composition

4) aqas generation rate

5) vupward heat flux due to radiation and convection

6) moisture migration within the concrete

7) mechanical response of the concrete

8) melt temperatvures

Detailed information concernina this Sandia test mav be

obtained from the authors.

II, CORCON Model Development

One of the principal purposes of the test describec above is
to provide a well designed, instrumented, and documented experi-
ment against which existing melt/concrete interaction computer
codes may be compared (e.g., BPETZ, KAVERN (KWU), CCPCON (Sfand1ia),
GROWSE (ANL), and WECHESL (KFK)).

The COPCCFN (core/concrete interaction) cormputer code is being
developed at Sandia Laboiatories under sponsorship of the Fuel
Pehavior Pesearch Franch, NRC, ac part of the combined experimental/
analytical Molten Fuel Concrete Interactions Study. The objective
of the modelling effort is to develop and verify a molten fuel/

concrete interaction code capable of providina cuantitative
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estimates of pertinent phenomena, e.g., the nature and rate of
gas evolution, and the rat2 and direction of melt penetration,
ruitable for risk assessment of light water reactors.

CORCCON containe the mass and eneray transport and chemicel
reaction models necessary to describe the interaction process.
The princival component:z of the system are the concrete crucible
or container, the molten pool, and the atmosphere above the
pool. These are cast in a two-dimensional, axisymmetric oceometry
as illustrated in the sketch. The initial concrete cavity may
be either a flat or hemispherically based right circular
cylinder or an arbitrary shape defined in terms of n - r, 2
body points. Three "default" concrete compositions, specified
in terms of 12 species, are included in the code (Table I).
These are representative of IWR bacsaltic acareagate and limestone
aggregate concretes, and a generic southeastern United Staotes
concrete (the so-called CPPR concrete). The pool is treated
as a multi-layered structure ranging from a single one-phase
or heterogeneous mixture layer to cseparate oxidic and metallic
layers svrmounted by a coolant layer. Fach layer is treated
as isothermal in tulk (well stirred) and the relative orientation
of the layers is determined by the bulk layer densities. The
atmosphere above the melt is modelled as an isothermal mixture
of reacting gases. The code treats the conservation of mass and
energy throughout the system including the interaction with the
surroundings. Inter- and intra-component mass and eneragy

transport and generation are described vsina phenomenolooicel
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models obtained from & “ure, the majority of which
are based on empirice 1-empirical correlations.
Chemical ecuilibrium is assumed within =2ach component.

The rhenomenclogical . ‘Yavina the greatest impact on
the interaction process ar~ - . ¢ ‘ealino with heat transfer
within the melt and across the melt/concrete interface, concrete
erosion and cavity shape change, and melt/gas-phase chemiceal
reactions.

Feat transfer a--ovss the pool/concrete interface is described
veing applicable gas-film models. The Taylor instability model
for 2 horizontal surface is employed along the cavity bottor,
up to a local suvrface inclination anale of 15°, at which point
the bubbling of concrete decomposition gases into the pool
ceases. At higher surface anales, i.e., around the sides of
the pool, laminar and turbulent continuous gas film heat transfer
models similar to those developed for film boilina are utilized.
When coupled together with appropriate transitiocn regions, thece
models provide a2 continuvous descriptior of the pool/concrete
inter face heat transfer around the periphery of the rool.

Feat transfer from the interior of the melt to 1ts pherirhery
and across pool layer interfaces is strongly affected by the gas
flow into the pool from the decomposina concrete. Fnhanced heat
transfer as a recsult of the gas driven circulation may be
categorized as either indirect (bubble agitation), for surfaces
across which there is no gas flow, e.q., steeply inclined

surfaces, or direct (gas inijection), for surfaces throuoch which
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there is gas flow, e.g., bottom and top of the pool, and
layer interfaces. The associated heat transfer coefficients
are modelled using empirical correlations for gas driven
circulations faired into standard turbulent natural convection
correlations as the injected gas flow approaches zero.
Concrete erosior is described vsing a cuasi-steady, one-
dimensional ablation model applied at each point on the
melt/concrete interface at each time step. Valuves of the
concrete "heat of ablation"™ required for this model were
obtained for the three "default" concretes from experimental
investigations of the thermal decomposition behavior of these
representative types. The concrete ablation model is coupled

to a two-dimensional, axisymmetric shapre change procedure

which uvtilizes the local surface recession values to define a
new cavity shape at each time step.

Melt/gas-phase chemical reactions are treated thermo-
dynamically for the following two subsystems: gas-metal
phases and gas-oxide phases. Fach subsystem is assumed to
reach chemical equilibrium during each time step, but they
are not in equilibrium with one another. The method employed
is to minimize the free-eneray of & reacting chemical system
at constant temperature and pressure subject to the mass
balance constraint. This is accomplished using a first order,
steepest cdescent minimization techniove. Its main advantaces
are that neither the reactions nor their order of occurrence
need be known and that convergence is auaranteed. Th2 principal

disadvantages are that although the solution follows the
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phase rule it does not do so completely, and that trace
species in the melt are not accurately determined.

The initia’ version of CORCON is operational and is
currently being debuaaed and checked out on sample probleme.
A topical report/users manual to describe the content
and operation of the code is in preparation. It is anticipated
that a draft version of this report will be completed by the
end of the calendar year.

The first application of CORCCN will be to perform
prediction calculations for the Sandia code comparison test.
The initial and boundary conditionrs for this test will be
supplied to the variouvs code evaluators durina November 1979,
Fach will be provided the same and sufficient informetion
about the test to facilitate the comparison calculations.

The test results will be suppressed until all calculations
have been completed. A number of specific interaction
phenomena and events are to be predicted. The calculations
will be exchanged with other evaluators for analysis and
comparison of the computed and experimental results. Fineally,
these analyses and their results will be docurented and

iistributed.

1606 018




wl e

References:

1)

2)

3)

4)

5)

6)

7)

8)

9)

D. A. Powers, D. A. Danlgren, J. F. Muir and W. D. Murfin
"Exploratory Study of Molten Core Material/Concrete
Interactions July, 1975 - March 1977," SAND77-2042,
Sandia Laboratories, Albucuercue, NM 87185, Feb, 1978,

W. B. Murfin, "A Prelirinary Model for Core/Concrete
Interactions"™ SAND77-0370, Sandia Laboratories, Albucueraue,
NM R7185, Cct., 1977.

J. F. Muir "Response of Concrete Fxposed to a Figh PFeat
Flux on One Surface" SAND77-1467, Sandia Laboratories,
Albucuercue, NM R7185, Nov. 1977.

D. A. Powers "Sustained Molten Steel/Concrete Interactions
Tests" Proceedings, Post Accident Beat Pemoval Information
Exchange Nov. 2-4, 1977, L. Baker, Jr. and J. D. Pinale,
eds., ANL-78-10, Argonne National Labs., Argonne, Illinois
60430,

D. A. Powers, "Sfustained Molten Steel/Concrete Interactions
Tests,"™ SAND77-1423, Sandia Laboratories, Albuaueraue,
NM 87185, June 1978.

D. A. Powers "Influence of Cas CGeneration on Melt/Concrete
Interactions™ Proceedings of the IAFA International
Syrposium on the Thermodynamics of Nuclear Materials,
Julich, West Cermany, IAEA-SM-23€/5f, IAFA, Vienna,
Austria, in press.

D. A. Powere "A Survey of Melt Interactions with Core
Retention Materials” Proceedings of the International
Meeting on Fast PReactor Safety Technoloay, Auaust 19-23,
1979, Seattle, Washington, in press.

R. L. Fnight and J. V. Peck, "Model and Computer Code

for Fnergy and Mass Transport in Decomposina Concrete and
Related Materials," Proceedinas of tYe International Meeting
on Fast Reactor Safety Technology, Rugust 19-23, 1979,
Seattle, Washington, in press.

C. A. Powers, "Transient Interactions Petween Large Steel

Melts and Concrete™ Sand79- , Sandia Laboratories,
Albuguercue, NM 87185, in press.

1606 019



Table I. Conarate Co-z2siticns (ireizht percent)

Species Basaltic Lirmestone- Generic Southcactern
Concrets Ccxmon Sand Concrete United Stateg Cconcreta

F’e203 6.25 1.4 1.20

Cr203 nd 0.01L 0.004

o ni 0.03 0.01

TiC, 1.05 0.18 0.12

120 5.38 1.22 0.€8

§2,0 1.80 0.082 0.078

Cal 8.80 3.2 5.4

¥z0 6.15 c L8 5.67

8102 SL.73 35.7 3.6

A10, 8.30 3.6 1.6

CO2 1.9 22.0 35.7

532 0.2 0.2 nil

Hao 5.0 4.7 k.1

nd = not determined
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Table IT

Copparigsnn of Data From Tmrerimental Procran
with Arcsurdtions in Wasn 14CO

Phenomenon Assurption Observation

I) Melt Behavior

1) Stratification No Yes

2) Agitatica Natural Convertion Vigorous gas-induced
forcea convection

3) Crusv forzation Yes Oxide layer only

L) Precipiza‘icn Yes Yes in metz2l; not

observed in silica
rich oxides

5) Melt Oddation No Cr and Fe cxidized;
Oxidaticn of Fe ani
Ni limited by cozzo-
sition cf aizospheric
gases

II) Therral R2s-z+” 5r of Consrete

1) Spallstien Significant first meter Mot significent;
only to 3-5 =m.

2) Erosion Rate 180 cm/hr at steady Deperids on heet flux
state from melt; 25-135

en/nr

3) Direction depenience of two models h*/d4 < 1 end k¥/d < 1; dersnis

concrete erczion h* 3 on melt gecretry ani
d gas generatiion rate,
L) Beat dispozitiosn All into concrete Depends on g2s5 zener-
ation rate; 21 to 22
into conzcrete.

5) Reinforcins steel No significant effect No sigrificent effect

6) Water migraticn Not considered Both awzy frea and

into hot zcne.

7) Concrete rce=lting 2200°C melting point Melting range depends

on concrete comrozition
solidus ~ ll::':-
liguidus ~ 1500 ¢

1600°C.

8) Deccrposition Thermodynamically con- Kinetically controllei!
trolled dehydration depends on tezperature
500°C cdecarbexylaticn eating rate and a:mo-
770-835°C sphere cormeoziticn de-

hydration 25-5C0°C

decar'chl;: on I5e=s1Co0t
9) Concrete eracking Not considered Fracture induceil
tensile, therc2l :z
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Tab'e II (cont.)

I0) Gas Produstisn

3) Hydrceeroons

L) Cas ignition

IV) Aerssals

1) Generation

2) Azmount

3) Cozpositicn

Cozpesition and arount
proportionzl to concrete
eroded

No; gases assumed
tc bypass ==1t

No

No; flaxsati

1ity limiis
of well-rmixed

.
-
gas

Yes

Only radicsctive
aerosols considered

Obecermrntinn

Neither ecrpescition

or amount proportioral
to concrete erodei:
depends on reut transfer
in concrete.

Yes; CO, &and :,0 re-
duced a3 they Tercolate
through pelt; =25 coz-

Fe/Fe0 equilioriu=,

Hydrogenaticn of OO cb-
served to yield methane,

Cteervesi when cryoen
available 2nsi gaces
hotter than 5CC°C.
Diffusional flame limits
may be applicavle.

Yes; multizc iyl =
sizes <1y and < 5 §.
Depends on melt terper-
ature end cec generaticn
rates; 35 to 15C g/=3.
Significant non-

radiocactive cczpcnent
10% - 35%.
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TABLE 111
DATA NOW AVAILABLE

Gas Generation Rates

Gas Composition

Melt Penetration

Heat Flux Partitioning
Aerosol Formation

Melt Chemistry

Fission Product Chemistry

Chemistry and Thermal Behavior
of Concrete
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Table IV. Kinetic Parameters for Concrete Decomposition*,#

Basaltic Limeston:-Common Generic Southeastemmn

Reaction Concrete Sand Concrete United Statcs Concrete
loss of evaporable E=11.6 6 E =11.0 6 E=11.0 6
vater (n=1) K = 4,L4x10 K = 1.29x10 K=1.290
loss of chemical E=1Ll.9 E = L40.8 E = LO0.8
water (n=1) K=2.8102 g =1,96x102 K = 1.96x102
decarboxylation E=L2.6 - E =385 E = 45.8

(n=1) K = 3.6x10 K = 1.59:107 K = 1.73x10%
decarboxylation - E = 37.0 - E=1LL 9 6

(n=2/3) -—- K = 3.6610 K =1.9%x10

*E in units of Kcal/rmole; K in units of minutes-}
¥Standard errors in B ~ 10%; standard errors in X ~ 30 to 50%
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Element

Zr
Fe
Cr

Ce

Sr
Cs
Sn

Mg
Ca

Na
Si

Cl

qdf

Lu
Yb
Tm

Ho

Gd
Eu
Sm

Nd
Pr
Ba

Sb
Nb
Yt

Table V.

NSS-1
pPPm wt.

550
>1%

>1%
750
>1%

31

250
>0.5%
>1%
1%

540
310
1%
3200
>1%
>1%
1500
>1%

. .
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. . .
o - wm
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WNNAMAWNHh =D ODNNY

N WHWHMOOwWOOOMW
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1100
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Aerosol Compositions

melt constituents

fission product mocks

concrete materials
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EROSION RATE (CM/HR)

FIGURE 2. EFFECT OF TEMPERATURE DIFFERENCE
ON THE CONCRETE EROSION RATE
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FIGURE 4. EFFECT OF GAS VELOCITY ON THE
OBSERVED DEPTH OF A SHALLOW POOL
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FIGURE 5. OXYGEN FUGACITY OF GAS SAMPLES
(pointe) AND THE Fe-Fe(IDDO
PHASE BOUNDARY (seclid lirne)
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FIGURE 8. PARTICLE SIZE DISTRIBUTION
OF AEROSOLS PRODUCED BY MELT

ITERATICNS WITH CONCRETE
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FIGURE S.

EFFECT OF GAS VELOCITY ON THE
AEROSOL CONCENTRATION IN THE GAS
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CODE COMPARISON TEST ANALYSIS



CORCON - PRINCIPAL FEATURES 1

GEOMETRY
MULTILAYERED POOL
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CORCON - PRINCIPAL FEATURES Il

INSTANTANEOUS DEPOSITION OF MELT INTO CAVITY
MELT/CO'ICRETE INTERFACE -
= ELOW CCAF  .ai " ON | VARIABLE AROUND
- HEA. ~ND MAS. TRANSFER POOL

AASS AND E w«uY CONSERVATION -
= TRANSPORT - MELT/CONCRETE INTERFACE
- BETWEEN POOL LAYERS
- FROM POOL SURFACE - ATMOSPHERE
- SURROUNDINGS
- ATMOSPHERE TO SURROUNDINGS
= VENTING TN CONTAINMENT
CONCRETE DECOMPOSITION
CHEMICAL REATIONS
- FISSION PRODUCT DECAY HEAT
- ABLATION OF SURROUNDINGS

- SOURCES/
SINKS

CONCRETE EPOSION - 1-D, STEADY-STATE ABLATION
= 2-D, AXISYMMETRIC CAVITY
- CONCRETE DECOMPOSITION DATA

CHEMICAL REACTIONS - OXIDATION - METALLIC LAYER
- REDUCTION - OXIDIC LAYER
- EQUILIBRIUM - GAS PHASE

IMPROVED MATERIAL PROPERTY DATA
POOL VOID FRACTION AND LEVEL SWELL 1606 038
IMPROVED NUMERICAL TECHNIQUES
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INTERFACE HEAT TRANSFER

1 TAYLOR INSTABILITY BUBBLE MUDEL
2  CONTINUOUS LAMINAR FILM MODEL
3 CONTINUOUS TURBULENT FILM MODEL

TRANSITION REGION, € - 8, FRON
BUBBLE TO LAMINAR FILM MODEL

TRANSITION REGION, Re.- Re,, FROM
LAMINAR TO TURBULENT FILM
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INTERFACE HEAT TRANSFER MODELS

1. TAYLOR INSTABILITY MODEL:  Nu, = 0.326 Rel/3
(BUBBLE MODEL)

: Py A
NuB=t}(|G~ Rgz_z_Go_

”2 1/3 i 1/2
¢ |t Gl

LAPLACE CONSTANT

2. LAMINAR FILM MODEL: NUL = (0,563 RE'1/3
3., TURBULENT FILM MODEL: NuT = (0.0902 pRl/BREl/G
" p -6
Mo 7 = Et' Re = 7&5—
2 1/3
L* = [ep sx‘;ﬁe(p TN ] pr = Mo
G 1 Fe Kg
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TRANSITION REGIONS

4  BUBBLE TO LAMINAR TRANSITION:
- LINEARIZATION OF HEAT TRANSFER
COEFFICIENT ALONG STREAMLENGTH

= 160 = 200

FROM 8 = 15° T0 @, = 30

5 LAMINAR TO TURBULENT TRANSITION:
- REC = 100

- "PERSH" TYPE TRANSITION

Nu, - N
o = Mo, - ( Ur UL)C

(Re/Re,.)?

= Nu_ - CONSTANT

! R52
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INTERFACE HEAT TRAN SFER
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- GAS DRIVEN CIRCULATION -
- SURFACE WITH BUBBLE AGITATION - 11

- BASED ON CGRRELATION DEVELOPED BY KONSETOV

- COMBINED WITH TURBULENT NATURAL CONVECTION RELATION

1/3
"= K(PR GE) (000274 BAT + 0.05a)1/3
vV

- SURFACE WITH GAS INJECTION - 1

- BASED ON CORRELATION DEVELOPED BY GREIF

- COMBINED WITH TURBULENT NATURAL CONVECTION
RELATION FOR COOLED HORIZONTAL SURFACE

172 /3
H = K(PR QE) (0.001313AT + 040.2)1
v

a--4_ B = 065V, [7GA
1+ B

(26)
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HEAT TRANSFER COEFFICIENT (W/mzK)

HEAT TRANSFER FOR SURFACES
WITH BUBBLE AGITATION
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HEAT TRANSFER COEFFICIENT (W/m°K)

10

10

HEAT TRANSFER FOR SURFACES

1

10

10°

10

A IIITIIT[ |l '1T]]lTI 1 P rarTn
-
P—
-
—
p—
e
—
-
—
-
—

1

1 Llllll

1 lllllll

1

10
10

. —===GREIF CORRELATION =
3 ——— EQUATION (27) :
- AT = 100 K -
1 A & llllll 1 | ]llllll | | £ 2 2000
ke 1072 107 1
SUPERFICIAL GAS VELOCITY (m/s)
1606 046



- LIQUID/LIQUID INTERFACES - 111
Q

- UPPER LAYER: W, = ——

u i MES 3

q
- LOWER LAYER: #_ = ————
o ST A

T - HITI + H”T“

- INTERFACE TEMPERATURE:
; H * Hy

- KONSETOV RELATION MODIFIED TO ACCOUNT FOR INTERFACE DYNAMICS:

(27B)

1/3 1
: g 2
Hy,L = K(PR - ) (0.0027u;mr +50@ )
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HEAT TEANSFER COEFFICIENT (W/mzK)

LIQUID/LIQUID INTERFACE

WITH BUBBIE AGITATION
SLAC-METAL
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HEAT TRANSFER COEFFICIENT (W/mzK)

LIQUID/LIQUID INTERFACE

OIL-WATER
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CONCRETE ABLATION

- STEADY-STATE, 1-D, MASS AND ENERGY BALANCES:

S— RADNET (Mg + My /ML (T,)
¥ /_/l/-}/—} T 77T ]
//l? CONCRETE &
iy i s s e I:
MCH;t(TO) s
- MASS:

Mo * My/s = Mc = RS

- ENERSY: q,, *+ 6RADNET - ﬂté(ﬁT(Tn) - ”c(To))




CAVITY SHAPE CHANGE PROCEDURE

RAYS

MOLTEN POOL
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—=— QUTWARD NORMALS, ABLATION DEPTH
O SURFACE POINTS AT TIME 1
O SURFACE POINT AT TIME 1 + AT
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EQUILIBRIUM SYSTEMS
in CORCON

* GAS — METAL PHASES.
* GAS - OXIDE PHASES.

* GAS ABOVE MELT.
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ME THUD

FPIRST=-ORDUER STEEFEST UESCENT

MINIMIZATION OF FREE-ENERGY.

SUBJECT TOQO:

* STOICHIOMETRIC CONSTRAINTS
* NON-NEGATIVITY CONSTRAINTS
* CONSTANT TEMPERATURE

* CONSTANT PRESSURE
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CODE COMPARISON TEST ANALYSIS

- COIL TEST - INITIAL AND BOUNDARY CONDITIONS TO BE
SUPPLIED TO CODE EVALUATORS DURING
NOVEMBER:
KFK - WECHSL
SANDIA - CORCON
KWU - KAVERN, BETZ
UCLA - GROWS

- TEST PREDICTION/CODE COMPARISON CALCULATIONS -

- EVALUATORS PROVIDED SAME AND S IFFICIENT
INFORMATION ABOUT BOTH TESTS - “0IL - SANDIA
- SUPER-THERMITE - KFK

- TEST RESULTS SUPPRESSED UATIL PREDICTION
COMPUTATIONS COMPLETED
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- INTERACTION PARAMETERS PREDICTED TO

INCLUDE: -

CAVITY EROSION PROFILE

WEIGHT OF METALLIC PHASE

CONCRETE TEMPERATURE DISTRIBUTIONS
MELT PENETRATION VELOCITY

MELT SOLIDIFICATION TIME

- COMPUTATION RESULTS EXCHANGED WITH OTHER EVALUATORS

- ANALYSIS AND COMPARISON OF COMPUTED AND EXPERIMENTAL

RESULTS

- DOCUMENTATION OF ANALYSIS RESULTS

- DISTRIBUTION TO INTERESTED PARTIES
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