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1. Molten Fuel Concrete Interactions Study

1.1 Summary
The Molten Fuel Concrete Interactions (MFCI) study

is comprised of experimental and analytical investigations
of the chemical and physical phenomena associated with
interactions between molten core materials and concrete.
Such interactions are possible during hypothetical fuel-
melt accidents in light water reactors (LWRs) when molten
fuel and steel from the reactor core penetrate the pres-
sure vessel and cascade onto the concrete substructure.
The purpose of the MFCI study is to develop an understand-
ing of these interactions suitable for risk assessment.
Emphasis is placed on identifying and investigating the
dominant interaction phenomena occurring between proto-
typic materials in order to evaluate:

1. The generation rate and nature of evolved

noncondensable gases.
2. The e fects of gas generation on fission products

release.
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3.

The mechanism, rate, and directional nature of

concrete erosion by the melt.

In addressing this objective, the experimental pro-

gram was divided into four areas of investigation:

1.
2.

3.

Deposition of Corium-type melts onto concrete.
Kinetics and stoichiometry of the thermal
decomposition of concrete.

Response of concrete to high heat fluxes at one
surface.

Simulation experiments exploring phenomena at
the interface between a melt and a decomposing

solid.

In the analytical portion, we are developing a

computer model of molten core material concrete inter-

actions capable of providing quantitative estimates

of reactor fuel-melt accident situations. We divided

this effort into two phases:

1.

2.

Development of a preliminary interaction model
based on the earliest results from the experi-
mental program - INTER.

Development and verification of an improved
interaction model that involves a more detailed
and refined treatment of the interaction phenom-

ena - CORCON.



CORCON development activities concentrated on debug-
ging and check=-out of the initial version of the code,
CORCON-MOD 0, and bringing it to an operational status.
The latter, which represents a major milestone of the
analytical program, was achieved at the end of February.
We corrected a number of computational problems in
accomplishing this goal and, since then, have made addi-
tional wodifications to CORON. Two of the most important
modifications to the original program concern the melt/gas
phase chemical equilibrium computation and the basic data
structure (i.e., bookkeeping logistics) of the code. We
completed the equilibrium computation modifications soon
enough to include them in the initial version of the code;
modifications to the data structure were not incorporated
until after CORCON-MOD 0 became operational.

During testing and debugging of the mass and energy
transport and conservation routines in CORCON, it became
apparent that a change in the basic data structure within
the code would simplify it considerably. It was found to
be computationally more efficient to model the system as
a fixed number of layers (the maximum possible), some of
which might contain no material, than to employ a variable
number of layers with flags to identify their contents, as
was done in the original program. With this new concept,

which has been developed and implemented, layer masses



and energies are updated for mass transfer, mass related
energy transfer, and chemistry in two passes through the
system--upward, then downward, following the flow of
rising and falling materials, respectively. The final
eénergy conservation calculation for each layer, which
involves the temperature driven energy flows into and

out of the layer, is performed using a linearized implicit
scheme to insure computational stabiiity.

Modifications to the melt/gas phase chemical equili-
brium computation improve the stability and convergence and
reduce the number of iterations required. We replaced
the linear equation solver used in the original routine
with a singular value decomposition solution algorithm
that computes a well-behaved, approximate solution to
almost singular linear problems. The use of this algorithm
has significantly reduced the number of iterations required
for a solution and, hence, the overall computation time
as well. The algorithm also eliminates the need for intro-
ducing fictitious amounts of elements that are physically
absent, solely for computational purposes.

Several other computational problems were identified
and corrected during the gquarter. In addition, the CORCON
data ‘nput routine and the associated input instructions
were extensively revised to eliminate unused portions and

insure compatibility with the initial version.



CORCON-MOD 0 contains all of the essential elements
of the melt/concrete interaction process. It does have
several simplifications and approximations, however, that
restrict its application. The most significant are:

1. no coolant included, 2. superficial treatment of the
melt atmosphere, 3. constant convective heat transfer
coefficients in the pool and atmosphere, and 4. no decay
heat generation model.

Sample problem input conditions representative of
the Zion and Indian Point nuclear power plants were
identified based on data obtained from structural
drawings of the two plants, results of MARCH-CORRAL calcu-
lations performed by Battelle Columbus Laboratory (BCL),
and the Zion/Indian Point (ZIP) St:udy.l-3 An initial
sample problem calculation has been made with CORCON-MOD 0
out to a time of 1-1/2 hours. The results are compared
with the predictions of two other melt coacrete interac-
tion codes, INTER4 and WECHSLS, for the same input
conditions. Despite the preliminary nature of the CORCON
results (as a consequence of the approximations and
simplifications in the initial version), it is signifi-
cant that the general trends of the CORCON variations
are qualitatively similar to the WECHSL predictions.

Experimental activities during the guarter produced

results in three separate areas: the code comparison
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tests, ae.osol generation rates, and the viscosity of two-
phase mixtures. The objective of the code comparison
tests was to provide a comprehensive set of quality data
as a basis for evaluating various melt/concrete interac-
tion computer models. To accomplish this task, code
developers and evaluators require suffi~ient information
about the tests to define code input conditions. A
complete description of the experimental conditions for
the two code comparison tests, CC-1 and CC-2, is provided
to meet this requirement. Data obtained before and
during the tests are presented, instrumentation and
measurement techniques are described, and the quality of
the various experimental results is discussed. Actual
test results will be withheld until after all code
comparison calculations have been made.

Aerosol generation during melt/concrete interactions
has been monitored in both large- and small-scale tests.
Optical transmission was used to determine the aerosol
¢ ncentration in the gas flow above the melt. Aerosols
were collected for particle size analysis and determina-
tion of chemical cormposition using inertial cascade
impactors. Early results based on analysis of only a
small portion of the data collected during the experimental
program have led to a number of observations concerning

the effects of various interaction phenomena on aerosol
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concentration, composition, and production. An empirical
model describing the amount of aerosol produced during

an interaction was developed based on data from one
small-scale, transient, Corium/concrete test and two
large-scale, sustainec, stainless-steel /concrete tests.
The form of the correlat.on appears guite attractive
because of the manner in which it includes explicitly

the effects of gas flow through the melt and melt tempera~-

ture on aerosol generation.

1.2 CORCON Model Development (R. K. Cole, M. L. Corradini,

J. F. Muir, D. A. Powers)

Development of an improved molten core/concrete
irteraction model, CORCON, continued. CORCON is a user~
oriented computer pProgram written in a modular structure
in which most computational units are contained in separate
subroutines. Maximum use is made of existing codes and
subroutines. Phenomenological models developed for the
code have relied heavily on existing techniques, and data
and correlations available in the literature. Numerous

input options provide a flexibility that enables a variety

of problems to be solved ! «wiely changing input data.
We achieved severy. escones in the CORCON develop-
ment effort during ; (K 3



1. Performed the first successful calculation
through the point where the metallic and primary
oxidic layers of the melt flip and the primary
and secondary oxidic layers are combined.

2. Performed the first calculation including complete
energy transport among, and conservation within,
all components of the system (producing time-
varying melt temperatures).

3. Brought to an operational status, the initial
version of the program, CORCON-MOD 0,

4. Performed sample problem calculations with CORCON-
MOD 0 for conditions representative of those postu-
lated to exist during an LWR fuel melt accident
and compared the results witn the predictions
of other melt/concrete interaction codes.

The efforts and activities associated with these

accomp!ishments are described in the following sections.

1.2.1 Programming and Numerical Concerns

During the quarter we completed, debugged, and
checked out the initial version of CORCON. The check-
out was performed by exercising the code on a sample
problem that is representative of nuclear reactor fuel-

melt accident conditions. Debugging activities consisted
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of identifying and correcting programming errors as well
as modelling deficiencies and omissions.

During testing and debugging of the energy conserva-
tion routines in CORCON, it became apparent that the
mass~-transfer and chemistry-related terms were causing
the most difficulties. The problems were primarily in
bookkeeping, i.e., deciding which terms were present and
then properly adding or subtracting energy from the correct
component of the system (either from pool layers [melt
and coolant] or from the atmosphere above the pool).

On reconsideration of the basic problem, we decided
that a change in data structure would simplify the code
considerably. Rather than describe the system as a
variable number of layers with flags to specify their
contents, it was found to be computationally more effi-
cient to describe it as a fixed number of layers (the
maximum possible) some of which might contain no material.
This concept was developed with the layers being, from
the bottom up: heavy oxide phase (HOX), heavy hetero-
geneous mixture (HMX), metallic phase (MET), light hetero-
geneous mixture (LMX), light oxide phase (LOX), coolant

(CLN) .nd the atmosphere (ATM). (See Figures 1-3). The

three letter mnemonics are useful in describing the pool




structure, and have been used in appropriate variable
names in the code written to test this concept.

In this scheme, a two-phase, metallic and oxidic,
melt would assume any one of three possible configurations
depending on phase densities: it would have mass in HOX
and MET (when Pox > Pqpp) ©Or in MET and LOX (when Pox <P°mer)
for a two-layer configuration, while a three-layer pool
would have mass in HOX, MET, and LOX (with °Hox ” °MeT > “Lox)*
Pool inversion (layer flip) is handled by adding the contents
of HOX to LOX and then zeroing out HOX "between timesteps."

At present, CLN is always absent, and ATM is only partially
included. (See Section 1.2.2.) The two heterogeneous
mixtures (HMX and LMX) are included in anticipation of

future model improvement. Their mass- and energy-conservation
equations are included and solved, but the logic for creation
or elimination of these layers is extremely rudimentary at
present.

The masses and energies of all po.l layers are updated for
mass-transfer, mass related enerqy transfer, and chemistry in
two passes. The first, up through the pool, follows rising
gases and rising condensed-phase species from concrete decom-
position or melt/gas-phase reactions. The compositions and

enthalpies of these rising materials are followed and modified

for chemical reactions. The materials are thermally eguilibrated



with layers they pass through, and their energy is ultimately
added to the layer where they remain. The second, or
downward, pass is similar, following ablaticn products
from surroundings and sinking reaction and concrete
ablation products. Figures 1-1 through 1-3 show this in
more explicit detail -- the actual code follows these
figures rather closely. In these figures, M/G refers to
the melt/gas oxidation reaction, and O/A to the oxide/
atmosphere reduction reaction. The latter is, of course,
considered for at most one layer (only for an oxide-
containing layer in contact with the atmosphere).

When the new routine, MHTRAN, was completed, tested,
and incorporated into CORCON, it was possible to eliminate
the original mass conservation routine, MASCON. However,
before doing this, we made calculations using the two
routines in parallel, and then checked the results exten-
sively to insure that the two were identical. Finally,
we found that a simple explicit advancement of the energy
ejuation was unstable for reasonable timesteps. The
problem was with the terms representing heat transfer
between layers and from the pool surface to the atmosphere
and the surroundings. This calculation was there-
fore replaced by a linearized implicit scheme. These

terms have the form

ARy = [Q) (Ty . ,et5) = Q41 (TysTj4ep)) ot
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where H; is the total enthalpy of layer i, and Q;, Q4]

are the heat flow rates (W) at its lower and upper
interface, T is temperature and t is time. For an explicit
calculation, the temperatures at the start of the time
step, T", are used to evaluate the Q's. In an implicit
calculation, some fraction g (where 0 < g < 1) of the heat
flow is evaluated using the (as-yet unknown) temperatures
at the end of the time-step. Thus, we have

n+l _ yn+li(expl) : n+l n+l\ _ 5. n n
i " + a0l (Ti-l, 2 ) 05 (Ti_l. " )]

:
i n+l ndl ) _ n n
Qi+1 (Ti ’ Ti+l) Qi (Ti’ Ti+1)]

-

where H?+1(expl) is the fully explicit solution

(corresponding to @ = 0). Rather than solve this set of

n+1l n+l :
’i TS which

equations iteratively for the | and

satisfy the equation of state, it was linearized by
expanding each Q in terms of the layer temperatures, and

approximating

where
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S n+l & A
Xi H (H i - Hi)/éi ¢

A

H; is the total enthalpy of the new layer mass at the old
A

temperature T} and C; the corresponding heat capacity.

The result is a set of equations

1=

T, aT; )yt aT; i+l
= u.n+l(expl fh
= Hy (expl) _ Hy

which are easily solved for the Xi+ Then, we have
A
AP = e Ox;
i

and may find the new layer temperatures T?+1 with a simple
Hewton's iteration on temperature. Two comments seem appropri-
ate: (1) the 3Q/3T terms are, of course, essentially inter-
layer heat transfer coefficients except for the radiative
surface-to-surroundinqs term where a more complicated expres-
sion is obtained, and (2) while the equations are tridiagonal,
advantage has not been taken of this feature and a general-
purpose linear equation solvers, SAXB, from the Sandia Mathe-
matical Subroutine Library, is used in the program. This
algorithm ié coded as part of the subroutine ENRCON, which
handles those parts of the energy conservation eguation

not in:luded in MHTRAN.
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An energy balance at the pool/gas film-interface

requires simultaneous solution of the equations:
(';Aa)conc = 0eaee(Tat = 7" + np(my - T
(';‘A“’conc = hpy (Tg = Ta),

where

= pool bulk temperature

Tp

Tpa = pool/film interface temperature

Tw = concrete surface ablation temperature
"

= concrete ablation rate

concrete ablation enthalpy

0]

Al

hp = film heat-transfer coefficient

hpi = pool boundary heat=-transfer coefficient
T = Stefan Boltzman constant

taff = effective emissivity = (1/ey + 1/‘Pl +1)'1

In the original CASCET* package developed by Acurex/Aerotherm
Corp., these equations were not solved simultaneously.

The value of ; from the previous time-step was used in

the second equation to calculate a Tp which was then used

in the first equation to calculate a new ;. {A special

iteration was performed for the first time-step, using

subroutine MITT.)

¥Concrete Ablation/Shape Change Bvaluation Technique

PR T PR N W —— — Fre B S U N Sm———
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This process 1s probably adequate. However, it did,
on occasion, produce small negative values for A. This
problem has been eliminated by modifying the routine
SURFEB to employ what is essentially a Newton's iteration
to generate a simultaneous solution. Convergence is very
fast, with five-figure agreement (and guaranteed positive é)
typically requiring two to four iterations. Subroutine
MITT is no longer needed and has been eliminated.

The melt/gas~phase chemical equilibrium computation,
subroutine MLTREA, is bheing modified in an effort tu
insure convergence and reduce the number of itevations
required. A number of modificatons have been tried with
mixed success. ©One that made a significant improvement
to the computation involved the use of a d.fferent solu-
tion algorithm. The solution of the linear eguations
emplcyed in the initial version of the equilibrium model
was found to be extremely unstable -- the equations are
nearly singular. nNifferences as small as 2 or 3 bits in
the inputs to the computation (such as occurred when
the input data computation routine was changed to replace
X**0.5 by SQRT [X]) caused changes in the amounts of the
trace species (reaction products) of as much as three
orders of magnitude, while amounts of the major product
spacies differed only in the fourth or fifth place. This

sensitivity of the results to machine procedures would




have made it impossible to compare results obtained usin,
two different computers. To rectify this, the linear
equation solver was replaced with a Singular Value Decom-
position solution algewvithm (SVDRS. available in the
Sandia Numerical Mathematical Subroutine Library). SVDRS
computes a well-behaved, approximate (in a least-squares
sense) solutior to almost singular linear problems. The
use oI this algorithm has caused a significant reduction
in the number of iterations required for a solution,
particularly for the oxide/atmosphere reaction calcula-
tions. 1In addition, the computation time has been reduced
bv a factor of at least three. An add .tional benefit of
chis modification is that it eliminates the necessity of
introducing (for computational reasons only) fictitious
amounts of elements that are physirally absent.

The above modification solved one problem but,
unfortunately, others remaiuned. Changes introduced to
solve these worked for some situations but not for others;
none was universally successful. A re-examination of the
entire solution algorithm is in process to determine if a
more basic modification can be made to insure rapid
convergenre, and what the nature of such a modification
might be.

Several problems involving incorrect calculations

were encountered at the timestep at which pool layer

19



flip and combination occurred. These were corrected. 1In
addition, the CORCON data input routin., DATAIN, was
extensively revised to eliminate unused portions and he
compatible with the initial version of CORCON. The COR.JON

input instructions were also revised accordingly.

1.2.2 1Initial Version of CORCON

The initial version of the code, designated CORCON-

MOD O, became operational on February 29, 1980. A computer
tape containing this version, along with a partial draft
of a topical report/user's manual describing the code, were
transmitted to NRC on March 4. In this form, the program
has a storage requirement of 115K octal. The ratio of
problem real-time to computation time varies with problem
conditions and time-step size. For the computations that
have been made to date (on a CDC 7600), it ranges from
approximately 10 to 40; thus the computation time for a
6-hour problem can range from about 9 to 36 minutes.

Although CORCON-MOD 0 contains all of the essential
elements of the melt/concrete interaction process, it
does have simplifications and approximations that restrict
its application. The following limitations are the
most significant ones found.

1. 1Includes no coolant (water) in the s;stem.

2. Treats the atmosphere and its surroindings only

superficially to facilitate heat transfer from



the peol surface and the top oxidic layer/atmos-

phere reduction reaction. Mass and energy flows

to and from the atmosphere, other than from the
pool surface, are not computed. Consequently,
mass and energy conservation within the atmosphere
is also omitted. The atmosphere surroundings

are treated as a uniform temperature black body

€ oury ® 1.0); the variation of temperature
with time being specified as input to the compu-
tation.

3. Includes the convective heat transfer ccefficients
within the pool and the atmosphere (at the pool
surface) as constants. A value of 104 (w,mzx)
is assumed for heat transfer from the interior
of the pool to its periphery (i.e., for melt/
concrete heat transfer). Values for the bulk-to-
layer interface heat transfer coefficients (for
inter-layer and pool/atmosphere heat transfer)
are input by the user.

4. Does not model the fission product decay heat
generated within the pool. The decay power to
the oxidic and metal.ic phases must be input
versus time.

Ef forts to supplant these and other simplifications with

more realistic mcdels and treatments began with the




completion of CORCON-MOD 0. All will be vectified in the
next version of the code, CORCON-MOD 1, which is anticipated

to be completed by the end of the fiscal year.

1.2.3 Sample Problem Calculations

Three tasks were undertaken during the quarter:
(1) acquiring data representative of the Zion and Indian
Point nuclear power plants and setting up an input data
deck as a sample problem for CORCON, (2) initiating a
scoping sensitivity study of the cocde ising CORCON-MOD 0
with the above ZIP input data as nominal conditions, and
(3) performing sample problem calculations with CORCON-MOD 0
and comparing the results with predictions made by the
INTER and WECHSL (initial version) codes for the same
nominal ZIP conditions.

Input data (initial and boundary conditions) required
for the CORCON sample problem calculations were obtained
from structural drawings of the Zion and Indian Point power
plants (supplied by the Nuclear Reactor Regulation Division,
NRC) and from results of the MARCH-CORRAL calculations per-
formed by Battelle Columbus Laboratory (BCL) as part of the
Zion/Indian Point (Z1IP) Study.1'3 The data so obtained
were subsequently adjusted to be identical t., .nput data
used for melt/concrete interaction calculaticns performed
for the "1IP Study using the INTER? code and an initial version
of the WECHSL® code.3 The resulting set of input c nditions

are presented in Table 1-1.



Table 1-1

Input Data for ZIP Sample Problem

(Indian Point 3, Sequence AB~§, BCL data)

Reactor Cavity Geometry - Flat - Based Cylinder

- Cavity Radius - 3.125 m
- Cavity Depth - 3.0 m
- Radial Wall Thickness = 1.375 m
~ Basemat Thickness - 1.383 m
Reactor Cavity Concrete - Limestone
- Composition: CaCo - 0.80 w/o
Sio - 0.01 w/o
Al 83 - 0.01 w/o
Hza e 0-03 w/O
- Density - 2520 kg/m3
- Melt Temperature - 1473 K
- Heat of Ablation - 2.7 x 10% 3/kg
- Rebar Content - 0.135 w/o
Molten Fuel - Initial Properties
- Composition: Species Mass (kg)
Metals Fe 1.119 x 103
cr 1.754 x 104
Ni 9.74% x 1073
Oxides uo 9.789 x 104
2r8, 2.573 x 104

- Temperature - 2550 K

Decay Heat Generation in Melt Phases - Power Histories

Time Metallic Phase Oxidic Phase
(s) Power (MW) Power (MW)
0 5.061 22.70
3605 3.126 18.59
7200 2.295 16.82
21603 1.752 13.09
32406 1.539 11.80

Atmospheric Pressure - 3.3265 x 10° pa



The second tas} was begun by identifying the param-
eters to be varied in the stidy and setting up a system-
atic schedule of calculations based on a factorial design
strategy. The six parameters identified as primary
variables for the purpose of this study are (1) initial
core melt composition (metallic and oxidic species masses),
(2) concrete composition, (3) decay heat generation in the
melt, (4) initial melt temperature, (5) initial cavity
radius, and (6) computation time-step size. The resulting
variable matrix/calculation schedule is shown in Table 1-2,
The first two parameters are held constant at their nominal
values (those for the 2IP sample problem given in Table 1-1).
Parameters 3 through 5 are evaluated at their nominal values
and at upper and lower Lounds selected on the basis of
plant data and discussions with BCL and Sandia researchers.
The last parameter, time-step size, is varied over what
is optimistically believed to be a reasonable range.
Although some initial calculations have been made, no
significant results or conclusions are forthcoming at
present.

An initial CORCON-MOD 0 sample problea calculation
for the nominal ZIP input cunditions has been made ocut to

a time of 5400 sec (1-1/2 hr). Similar calculatcns using

the INTBR4 and WECHSL? (initial versirn) melt/concrete

interaction codes were performed for the same input




Matrix of Variables Included in Sensitivity Study

RUN NO. 1 2

Initial Melt
Composition
(Metallic and
Oxidic Species
Masses)

Concrete Compo-
sition (Species
Mass Fractions)

Cecay Heat
(8 of Nominal)

Initial Core
Melt Temp (K) 2550* 2550*

Initial Cavity

Radias (m) 3.125* 3. 125*
Numerical Time
Step (8) 30 90

*Nominal values are those for the 7P Sample Problem given in Table 1-1.

Nominal* Nominal¥*

Table 1-2

NOMINAL VALUES*

-20%

1800

2.14

00

NOMIV'AL VALUES* - CONSTANT

- CONSTANT

+20% -20% +20%

1800 2800 2800

2.14 2.14 2.14

60 60 60

7 8 9 10
-20% +#20% -20% +20%
1800 1800 2800 2800
4.66 4.66 4.66 4.66

60 60 60 60



conditions as part of the ZIP study.3 The CORCON results
for a number of parameters that characterize the interaction
process are presented in Figures 1-4 through 1-11. For
comparison purposes, WECHSL and INTER results (where

they exist) for the time variations in selected system
parameters are included in Figures 1-4 through 1-9. 1In
addition, the eroded cavity shape at 5400 sec is compared
with that predicted by WECHSL in Figure 1-11.

The CORCON-MOD 0 results must be considered preliminary
in view of the approximations and simplifications employed
in the initial version (see Section 1.2.2). Nevertheless,
the variations exhibited in the figures appear to have
the proper directions and reasonable magnitudes. Perhaps
the most significant observation to be made is that the
general trends of the CORCON variations are qualitatively
Juite similar to those of the WECHSL predictions. 1In
spite of this, there are some noticable quantitative
differences between the two sets of variations, particu-
larly in the amounts of concrete eroded (Figures 1-9 and
1-11). It is premature to discuss or interpret these
differences here, however, because of the preliminary
nature of the CORCON results, and because no investigaton
has been made to determine the causes of the differences.

It is sufficient at this point to note the qualitative

comparison of CORCON with WECHSL.
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1.3 Experimental Program (D. A. Powers)

1.3.1 Code Comparison Tests

Two tests of sustained molten stainless steel inter-
actions with limestone concrete were conducted as part of
the code comparison effort. These tests, C(C~1 and CC-2,
ware sustained for 60 and 87 minutes, respectively, using
the inductive heating technigque developed for the COIL
test series.® The objective of these tests was to provide
a comprehensive set of gquality data as a basis for evalu-
ating the various computer codes developed for predicting
melt/concrete interactions. Comparison of the code
predictions with results of the tests will allow a judg-
ment of the state of development of the codes and the
models upon which they are based.

Much of the information necessary to make predictions
of the results of these tests has been presented in previous

=9 a digest of this previously reported

quarterly reports.
information, along with input data for the predictions
that became available only after the tests were executed,
are presented in the following paragraphs.

As in the COIL series tests, melts of stainless steel
were prepared in an induction furnace. Once the melts

reached a temperature of 1970 + 10 K they were teemed

into concrete crucibles. The initial weights of the
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melts were 204 and 206 Kg for tests CC-1 and CC=-2,
respectively.

The crucibles were fabricated from the so-called Clinch
River limestone concrete. This concrete contains little
silica and about 8l w/0 calcium carbonate. Consequently,
when heated, the concrete yields large quantities of gas
(~ 250 ml/gm concrete at STP). The solid products of
concrete decomposition are quite refractory since the
solid residue is mostly CaO. The melting range of the
solid residue is estimated to be between 1700 K (solidus)
and 1870 K (liquidus). The heat required to raise the
concrete from room temperature to melting is about 3000-4000
J/gm=concrete.

The crucibles had flat based cylindrical cavities
33.1 em in diameter and 338.1 cm deep. The crucibles were
equipped with embedded induction coils which were energized
at a nominal input power of 120 kW at 920-980 Hz. Power
losses were determined by the difference in coolant
temperature between the inlet and outlet to the induction
coils. The coolant consisted of a 50 v/0o aqueous ethylene
glycol solution which flowed through the coils at a rate
of 284 ch/s.

The net input power to the melt in tests CC-1 and CC=2
is plotted versus time in Figures 1-12 and 1-13. The appar -~

ent increased efficiency of power input early in the tests
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may not be real. More careful analysis of the coolant
p temperature data is now underway to see if this behavior
i might be due to a systematic error in the way heat losses
; were computed.

The six interruptions that appear in the melt power

| histories were produced when the induction power supply

was shut off, the instrumentation tower raised, and the

| melt temperature measured. During these interruptions,

i the melt surface was visually inspected for evidence of

l crust formation.

| In both tests, the net input power to the melt

reached an approximately steady value about 1800s after

the start of the test., This steady state value indicated

that the efficiency of power input was about 6§ percent.
Data were collected during and after the tests for

the specific features of melt/concrete interactions to be

considered in the code comparison effort:

i
l
|
F 1. melt temperature history including time to
\ solidification

} 2. concrete temperatures

l 3. rate and extent ot concrate erosion

l 4. melt oxidation

i 5. onset of crust formation.

|

Melt temperatures were obtained primarily by immersion

- thermocouples. An optical pyrometer was also focused on the
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surface of the melt. The melt temperature data collected

in the two tests were of outstanding quality and showed
good reproducibility.

A large amount of concrete temperature data was
obtained in both tests from 43 type K thermocouples
located about the crucible cavity, as illustrated in the
top view of the cavity shown in Figure 1-14. Eleven
thermocouples were arrayed at equal distances about 10 cm
diameter ring centered on the axis of the cavity. The
relative vertical locations of the thermocouples were
fixed by a coplanar set of rings. The relative separations

in depth of the 11 centerline ring thermocouples were:

TC Relative Vertical Location (cm)
1 0 «—This TC is located
2 1:3 a small distance
3 2.5 beneath the initial
4 3.8 cavity bottom that
5 L I ¢ is yet to be
6 6.4 determined.
| 7.6
8 8.9
9 10.2

10 12.7

11 18.2

A second set of eleven thermocouples were equally spaced
about a 140 degree arc of a 26.6 cm diameter ring. The rela-
tive vertical locations of these thermocouples were the same
as those given above for the centerline thermocouples.
Twenty-one thermocouples were located along the walls of

the crucible cavity. Three stations of thermocouples

e e e T N L oI L
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were installed 120 degrees apart around the circumterence ot the
cavity. Within each of these stations, th:rmocouples -
were mounted at three vertical locations: level with the
initial bottom of the crucible cavity, and at heights of
11.4 cm and 22.9 cm above the bottom. At each location,
three thermocouples were located radially (horizontally)
2.5, 3.8, and 5.1 cm from the cylindrical walls of the
cavity.
No information concerning the onset of crusting was
obtained in the test. When the instrumentation tower
over the melt was raised for the melt temperature
me- Jrements, no existing crust over the melt could be
seen, However, a crust did begin to form once the tower
was lifted, but it is unclear whether this was because of
accentuated upward heat loss from the melt or because
power to the melt was no longer being supplied. When
the tests were terminated, a crust rapidly formed over
the melt.

A variety of other data, beyond that required for

the code comparison effort, were also collected during

the tests:

1. gas generation rate
2. gas composition
3. aerosol composition

4. aerosol generation rate |



5. moisture migration within the concrete

6. upward heat flux from the melt.

Gas flow data were collected pitot-statically, by a
turbine flow meter, and by a pressure drop method. The
three methods all yielded different results. It is not
clear at present how these data should be interpreted.

Grab samples of the evolved gases have been analyzed
and appear to be of good quality. Similarly, cascade
impactor data for the acrosols seem to be of high guality.
Attempts to make real-time measurements of gas composition
and aernsol generation rate appear to have been only
partially successful. The intensity of vibrations to the
instrumentation tower and the heating of the sensors may
have upset locations and calibrations of the devices used
for these purposes.

Moisture sensors were located along the center line
of the crucible cavity. The sensors consisted of a
thermocouple, a pressure sensor and a four-point electrical
conductivity bridge. As was observed in the COIL tests,
the pressure transducers aopear to have been the best
indicators of the arrival of the dehydration front
propagating through the concrete.

It is apparent that very detailed study of the raw
data from the various instruments employed during the
tests will be necessary before a consistent iaterpretation

is possible.
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1.3.2 Empirical Description of the Rate of Aerosol Generation

The interaction of molten reactor core materials
with concrete is intense. Thermal decomposition of tle
coucrete produces large quantities of gas. The combination
of this gas sparging through the melt and the high tempera-
tures of the molten material combines to form copious
quantities of aerosol. The rate at which aerosols are
formed has been monitored in large- and small-scale tests
of melt/concrete interactions conducted at this laboratory.

Optical transmission has been used to determine the concen-

|

|

|

|

|

|

!

|

\ tration of aeroscl in the gas stream evolved during melt/
concrete interaction. We collected the aerosols to analyze
their pacticle size and to determine their chemical compo-
sition with inertial cascade impactors.

Only a small portion of the data collected in tests of
melt/concrete interactions have yet been analyzed. The
early results of the data analysis have lea to the following
observations:

1. Aerosol concentration and hence, aerosol genecatinn
rate, at a fixed temperature is linearly proportional
to the superficial velocity of gas sparging through
the melt.

2. Aerosol concentration is a sharp function of melt
temperature.

3. Aerosol concentration is not strongly dep