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SOURCE-TERM EVALUATIONS FROM RECENT
CORE-MELT EXPERIMENTS

ABSTRACT

Predicted consequences of hypothetical severe reactor
accidents resulting in core meltdown appear to be too con-
servatively projected because of the simplistic concepts often
assumed for the intricate and highly variable phenomena in-
volved. Recent demonstration work on a modest scale (1-kg)
has already repealed significant variations in the mode and
temperature for clad failure, in the rates of formation of
zirconium alloys, in the nature of the U02-Zr02 eutectic mix-
tures, and in aerosol generation rates. In pressurized water
reactors (PWRs), these aspects of core degradation are depen-
dent upon the extent and nature of the dispersion of the
control rod silver alloy and the interaction of both silver
and molten stainletb steel with the Zircaloy — processes •
which are overlooked. In fast melt accident sequences, the
dominant aerosol species generated in the early stages of core
meltdown (before primary vessel failure) now appear to be cad-
mium, manganese, silver, and the volatile fission products
rather than structural or fuel materials, uranium oxide, or
zirconium.

The current series of core-melt demonstration experi-
ments (at the 10-kg scale) seem to confirm that an increase
In size of the meltdown mass will lead to an even further
reduction in the amount of vaporized components. Source
terms that are based on older release evaluations could be
up to an order of magnitude too large.

1. INTRODUCTION

An experimental investigation of core-melt fission pro-
duct release and aeroBol formation has been conducted for the
U.S. Nuclear Regulatory Commission (NRC) at Oak Ridge National
Laboratory (ORNL) since the Three Mile Island reactor accident
in 1979.

The ongoing SASCHA work of H. Albrecht [1] in Germany was
well-established at that time and, to some extent, afforded a
pattern for the ORNL project. However, since aerosol for-
mation and characterization were to be emphasized in the ORNL
program, a scale increase by nearly a factor of 100 (1—10 kg)
above the SASCHA size was needed. This increase in size also
gave the opportunity to study the scaling effect of surfaee-to-
voiume ratio and to observe both physical and chemical pro-
cesses and material interactions In one experiment.

Over the period from 1980 to 1983, many core-melt
experiaents were conducted (on a I-kg scale), and the release
fractions of almost all fission-product and structural-type



material aerosols were measured and reported [2]. The large-
scale, core-melt demonstrations also offered a unique oppor-
tunity to observe physical changes during the course of a
meltdown through Interrupted steps from Initial control-rod
failure (~1400°C) to complete eutectlc oxide melting
(2400°C).

The U.S. Reactor Safety Study [3] of 1975 and a recent
comprehensive report from the United Kingdom Atomic Energy
Authority (UKAEA) have reviewed much of the literature on
degraded core analysis [4]. There are, however, some notable
inconsistencies between the U.S. study, the UKAEA report, the
SASCHA work, and the recent core-melt study at ORNL.

The most significant observations from the ORNL core-
melt work are these:

1. Control rod silver-indium-cadmium alloy is observed to
rupture the stainless steel cladding at ~1400°C, leaving
the silver to wet the fuel cladding and form a low-melting
zirconium alloy that flows downward. Relatively little
silver escapes as a vapor or aerosol.

2. Stainless steel also attacks Zircaloy at about this same
temperature and exposes large areas of fuel surface to
the steam and hydrogen.

3. The releases of many materials and fission products are
lower than those in the SASCHA tests: Ag, Sn (cladding)
Fe, U, Te, for example.

4. The releases of Ba and Sr are higher than in the SASCHA
tests; however, this difference may be an artifact of the
low-density fuel simulant used. This point is to be re-
solved by using high-density fuel simulants in future
experiments.

5. Tht release of europium (~1Z) is greater than the
release of the other rare eartb.6. Samarium should be
similar to europium.

6. The expected form of cesium (Cs2U0i+) decomposes completely,
releasing metallic cesium at temperatures >1500°C.

7. The release of boric oxide is lower than expected (<1Z)
from B4C (and boroslllcate glass) probably because
B2O3 reacts readily with both U02 and ZrO2.

8. The principal aerosol components (by mass) are
Cd>Mn>flesion products >Ag>(In, Cr, Ni, Fe, Sn).

9. Molten stainless steel concentrates the elements Te, Ru,
Sn (and probably all of the noble metals), forming a
separate phase below the oxide phase.



10. Residual, unoxidlzed Zlrcaloy Is found uniformly dissolved
In the Zr-ZrC>2'UO2 oxide phase.

11. A comparison of this work with the release estimates
given in NUREG-0772 and The U.S Reactor Safety Study [3]
shows similar values except for tellurium and the noble
metals (See TABLE I).

2. THE EXPERIMENTAL CORE-MELT SIMULATION BY INDUCTION HEATING

Laboratory methods for high-temperature melting of mixed
phases (metals and oxides), which represent reactor core systems
are extremely limited and almost universally require both a
limited choice of cover gas (usually iu^rt) and a ceramic con-
tainer (usually thorium oxide, ThO2) with power supplied by a
high-frequency (MHz) induction generator.

In contemplating the design of a system fzc ORNL which
would operate without these restraints, it war,' decided to •
investigate a new development in induction furnaces in which a
segmented copper water-cooled jacket surrounding ceramic cru-
cible is found to be compatible with both the mixed phases as
well as both oxidizing or reducing steam atmospheres. The
essential features of the new method of applying low-frequency
(KHz) induction heating to pure UO2 were first identified with
the fast-reactor facililty in Grenoble, France, known by the
acronym CORRECT.

In applying the method to the mixed-phase LWR core-melt
system, we encountered both an advantage in rf coupling effi-
ciency a6 well as a limitation in coupling following extensive
oxidation of the metal cladding. A compensating effect for
the loss of metal was found in the improved electrical proper-
ties of the UO2 and the eutectic Zr«Zr02*UO2 at high tempera-
tures which afforded extended heating in a single cycle.

The concept of the ORNL core-melt prcject was intended to
represent a simple extension of the German KfK SASCHA experi-
ments, with as few differences as possible. But among these,
several technical differences were considered to be virtually
imperative, and others were simply scaleup related. Among the
technical differences that we preferred were:

1. The fuel charge, metal clad U02, should act as the suscep-
tor for induction heating, thereby, more closely simulating
the reactor.

2. The furnace container should operate in a cold-wall con-
dition (no outside susceptor).

3. The steam flow should be upward through the fuel rods and
should be measured by injecting liquid water at a control-*
led rate into a flash evaporator.



4. The fuel simulants should be premixed with powdered U02

(not in presintered pellets) to be loaded into empty fuel
tubes( usually 4 of the 12) and compacted to maximum
density.

5. Provision should be made to maintain the weight propor-
tions of each additive (fuel cladding, control rods,
stainless steel), etc., in relation to the reactor design.

6. The thermal cycle including heatup rate, clad metal-steam
reaction, time to melt, and maximum limiting temperature
should be identifible with a unique MARCH reactor accident
sequence.

7. In addition, the scaleup factor should be at least 10 (1-kg)
and, possibly later, up to 100 (10-kg), thus permitting
extensive use of direct methods for determining chemical
forms, fractional releases, and aerodynamic properties of
the released aerosols. •

A survey of the requirements of an experimental approach
to a demonstration of core-melt aerosol release clearly indi-
cated that the most practical technique would be that referred
to a6 a "skull melting" by rf induction. The implied "skull"
would be a preformed UO2 or ThO2 shell composed of presintered
powdered oxide. The advantages of this method include freedom
from foreign nonreactor materials, a cold-wall environment,
and an almost unrestricted use of steam or other atmosphere as
the cover gas. Scaleup was conceived as also reasonably
simple and practical by this method. Mixed core-simulating
charges including clad fuel, structural and control rod metals,
and fission-product tracers could all be incorporated and
melted in any combination. Melting rates and maximum tem-
peratures were optional variables, although eutectic melting
at about 2300°C (and complete melting at about 2400°C) were con-
sidered most important. Initial experiments in a wet hydrogen
environment would be expected to produce only chemically reduced
aerosol species.

With this small core-melt system (FIG. 1), over 40
experiments were conducted (as described in Ref. 2), and release
fractions for up to 16 species were measured.

At this point the need for a still larger-scale core-melt
demonstration became apparent, and the present 10-kg furnace
and collection system was constructed (FIGS. 2 and 3).
The experiments conducted to date at this Bcale have been
largely dedicated to the exploration of some special effects,
such es silver-zirconium run-off and boron carbide oxidation
and vaporization.

3. LWR COKE-MELT RELEASE CORRELATION WITH MARCH SEQUENCES

Core-melt release has been correlated in with the rate of
fuel melting in a very simple proportionality [3], which later



led to the designation "the single release rate method" [5].
This simplification Is particularly justifiable for the fast-
melt sequences in which phase change from solid to liquid, not
diffusion, is the principal release mechanism. This approach is
consistent with the view of P. Hoseman [6] who wrote in 1982:

It is simply wrong to assume that in the course of a
core meltdown, first the more highly volatile and
later the Ies6 volatile fission products will be
released into the containment.

We have proposed as an example a simple core-melt behavior
concept based on MARCH-I and the BOIL Subroutine for the PWR
ABY-2 sequence for which we have proposed both total releases
as well as individual fission product time-dependent release
fractions or release rates. Other sequences, including THLB1,
yield a similar analysis with only a short time delay. The
basic philosophy of this concept is derived from the analysis
of the mode of core degradation in the MARCH (BOIL) projection.
According to this interpretation, after the initial blowdown and
coolant boiloff, the core heats from its approximate center
both axlally and radially with a large temperature gradient
(initially between 2275°C at the center and 250°C at the edge)
after about 5—10 minutes. As the molten zone expands at a rate
of nearly 1 foot in diameter per minute, the temperature gra-
dient diminishes and a 50 vol X decrease is effected by
collapse of the upper portions of the fuel rods into the melt
zone. In succession, both radial and axial increments of the
core are added to the melt zone so quickly that both the por-
tion of the fuel melting and the portion of the fission pro-
ducts vaporizing is relatively constant except for the
difference attributed to the induced buraup concentration gra-
dient. The tine at temperature that the fuel in the peripheral
zones passing from a threshold temperature is likely to contri-
bute only volatile fission products by secondary processes is
so short that the contribution is essentially negligible.
Therefore, we have arbitrarily equated the fraction of the core
melted to the fraction of the volatile fission products
released. All other fission product release fractions are then
simply proportional to the fraction melted. The individual
release fractions are taken from our 1-kg core-melt summary
data [2] and are used as the end point in the release accumula-
tion curves. In the subsequent calculations, these values are
designated by

By way of illustration, we have prepared time-stepped graphs
from BOIL which describe (1) the nature of the fast-melt core
heatup, (2) the corresponding cladding oxidation rate, and
(3) the material behavior after initial blowdown and up to core
collapse (FIG. 4.).

The method of calculating fission product distribution at
the middle of core life for the Surry ABy-2 sequence is based
on BOIL, which divides the reactor core into 10 vertical cylin-
ders; each cylinder is in turn divided into 24 units of equal



volume. The fraction of the core volume represented in each
of these hypothetical cylinders is:

VX - 0.047 V2 - 0.062 V3 - 0.083 V,, - 0.062 Vs - 0.062
V6 - 0.062 V7 - 0.083 V8 « 0.124 V9 « 0.166 V 1 0 - 0.249

It is estimated that 1/2 of the fission product inventory
of the reactor is contained in Vj, V2, V3, V^, and V5; 1/3 is
contained in V5, V7, and Ve; and 1/6 is contained in Vg and
VJO* The reactor inventory is thus divided horizontially into
sixths. Each of the above sections (vertical) are divided into
24 units of equal volume. N^, N2, ̂ ,......^0 are the number
of units in Vj, V2, V3 V 1 0 that are molten (temp., 2275°C)
at any time.

The value R^ is defined as the fractional accumulated
release by time interval and is calculated from the following
expression:

R
t

10

i-1 i«6 i-9 J

RCH/(6 x 24) (1)

Results of these calculations are shown graphically in FIG. 5.

These total release curves, however, can be more simply
represented by an equation of the form:

F - (AT-C)/(1-BT), (2)

where

F » fraction released;
T - time (min), from 25.6 to 42.1 min.

A, B, and C are constants that define the individual release
curves.

Values for the constants A, B, and C are listed in TABLE 2.

4. RELEASE RATES CALCULATED FROM ACCUMULATED RELEASE TOTALS

While it would be possible to derive some releaBe-rate
data from our 1-kg core-melt experiments that were generally
conducted in steps of successively higher temperature, our
opinion is that this information would serve no useful purpose
eiince it does not reflect the actual reactor course of events
in which melting is continuous. Instead, the release rate
(fraction of reactor release per minute) can be computed from
the differential of Eq. (2) which gives:

41 - (AB-C)/(1-BT)2. (3)
dT



The calculated release rates (fraction/min) for each spe-
cies are compared in FIG. 6.

5. CONCLUSIONS

1. The single release-rate method as used in the MARCH-BOIL
core-melt analysis appears to fit the fission product
vaporization data generated in the recent large-scale
meltdown demonstration experiments.

2. Aerosol sources (particularly silver) originating from
control rod or structural materials are found to be much
lower than would be predicted because of the rapid for-
mation of low-melting intermetallic alloys that candle
downward below the melt zone and eventually combine with
the large mass of uoltnn steel.
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TABLE I
A Comparison of Fission-Product Release Values®

Fission

Xe,
I,
CB,
Sr,
Te
Ru,

Product

Kr
Br
Rb
Ba

Rh, Pd,
Rare earth

From the
Safety

Mo, Tc
elements

Percent
Reactor

release
From

expected
From ORNL work

Studyb NUREG-0772C (NUREG/CR-3997)

90
90
80
10
5-25
3
0.1-1.0

100
100
100
30,50
100
3.0
0.3

>90
>90
>90
<10d

<1.0
0.1
0.1-1.0

aRelease from fuel before RPV failure, nonspecific sequence.

bData from Appendix VII, Reactor Safety Study, Wash-1400,
NUREG-75/014, October 1975.

CData from NUREG-0772, Table 4.5, p. 4.25, "Technical Bases for
Estimating Fission Product Behavior During LWR Accidents," U.S. Nuclear
Regulatory Commission, 1981.

revaluated.



TABLE II
Values for the Constants in Equation (2)

Element

C B , I
Mo
Sr
Ba
Sn
Mn
Ag
In
Cd
Fe
B

A

-1.40E-1
•1.35E-4

-1.25E-2
-1.41E-2
-2.217E-3
-2.217E-2
-6.859E-3
-8.501E-3
-1.016E-1
-1.157E-4
-1.799E-3

B

1.022E-1
7.9E-2
1.13E-1
1.427E-1
1.266E-1
1.266E-1
8.712E-2
1.114E-1
J.315E-1
1.OA6E-J
1.227E-1

C

-3.492
-3.348E-3
-3.I05E-1
-3.482E-1
-5.478E-2
-5.478E-1
-1.701E-1
-2.1O3E-1
-2.508
-2.862E-3
-4.45E-2
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FIG. 1
One-kilogram core-melt induction-heated aerosol generator•

FIG. 2
Relative scale of furnace and 10-kg vs 1-kg fuel bundle.
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Figure Captions

FIG. 1
One-kilogram core-melt induction-heated aerosol generator.

FIG. 2
Relative scale of furnace and 10-kg vs 1-kg fuel bundle.

FIG. 3
The 10-kg core melt furnace assembly.

FIG. 4
Temperature and time scale for two types of LOCAs.

FIG. 5
Accumulated release fractions (RQM) for coremelt.

FIG. 6
Rate of aerosol release for the AB sequence.


