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ABSTRACT

This paper describes a MELCOR Version 1.8 simulation
of the I'ower Burst Facility (PBF) Severe Fuel Damage (SFD)
Test 1-4. The input data for the analysis were obtained
from the Test Results Report and from SCDAP/RELAP5 input.
Results are presented for the transient liquid level in
the test bundle, clad temperatures, shroud temperatures,
clad oxidation and hydrogen generation, bundle geometry
changes, fission product release, and heat transfer to
the bypass flow. Comparisons are made with experimental
data and with SCDAP/RELAP5 calculations.
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INTRODUCTION

MELCOR is a fully integrated computer code that models the progression
of severe accidents in nuclear power plants [1]. It is being developed by
Sandia National Laboratories (SNL) as part of the U. S. Nuclear Regulatory
Commission's (USNRC) Severe Accident Research Program. MELCOR is a second-
generation source term code, and it is designed to provide an improved
severe accident/source term analysis capability relative to the older Source
Term Code Package (STCP) [2]. The results of MELCOR calculations for a set
of accident conditions will form the primary source term estimate as part of
Probabilistic Risk Assessment studies for a nuclear plant [3].

Early assessment efforts for MELCOR emphasized validation of
containment modeling [4]. Current assessment efforts have realized the need
to focus more on in-vessel phenomenology, which is an area of major
uncertainty in the assessment of severe accident radiological consequences.
The only in-vessel analyses reported to date using MELCOR have been the PBF
SFD 1-1 test [5] and the TMI-2 standard problem [6]. Both used MELCOR
Version 1.7.1.

The purpose of this paper is to describe a MELCOR (Version 1.8, most
recent) simulation of the PBF SFD Test 1-4 [7] and to compare results with
predictions from NRC's mechanistic SCDAP/RELAP5-M0D1 code [8]. Results are
presented for the transient liquid level in the test bundle, clad and shroud
temperatures, clad oxidation and hydrogen generation, bundle geometry
changes, fission product releases, and heat transfer through the surrounding
shroud to the bypass flow.

DESCRIPTION OF SFD 1-4 TEST

The SFD Test 1-4 was the last in a series of four in-pile tests
performed in the PBF at the Idaho National Engineering Laboratory (1NEL), as
part of an internationally sponsored light water reactor (LWR) severe fuel
damage research program initiated by the USNRC. The objective of the
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program was to investigate fuel rod and core response and the release of
fission products and hydrogen during degraded core accidents.

The SFO 1-4 bundle assembly, shown in Figure 1 [7], consisted of 28
zircaloy-clad fuel rods and 4 stainless steel clad Ag-In-Cd control rods in
zircaloy guide tubes. The rods were arranged in a 6 x 6 array without the
four corner rods. Twenty-six of the fuel rods were previously irradiated,
and two were instrumented fresh fuel rods. Except for their shorter length
(lm), their dimensions were similar to PWR fuel rods. The fuel bundle was
surrounded by an insulated shroud to minimize heat losses and provide
structural integrity. The shroud insulation consisted of a 7.6-mm layer of
high-density ZrO2 fib?rboard material sandwiched between inner and outer
zircaloy walls. Zircaloy saddles were placed around the insulation to
provide support. The insulating region was pressurized with argon gas.
Another zircaloy tube (inside shroud wall) surrounded the saddles and was
welded into position at both ends. An outside shroud wall served as the
primary structural member and pressure boundary. The space between thn
shroud walls was pressurized with helium gas to 0.49 MPa.
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Cross-sectional diagram of the SFD 1-4 test train and fuel bundle

The test consisted of a 1.3-hour-long nuclear transient at a coolant!
_pressure of 6.95 MPa, which simulated a small-break, loss-of-coolant!
.accident without emergency core coolant (S20) in a commercial PWR. The test)
was designed to achieve conditions that represent accidents similar to the!

_ one that occurred at THI-2. Decay heat in the bundle was simulated by
fission heat produced by coupling of the test fuel to the neutron flux in

_ the PBF reactor. The water coolant in the test was allowed to boil down to
_the lower regions of the fuel rods. The inlet coolant flow to the bundle
was reduced to 0.6 g/s, while the bundle fission power was gradually
increased until dryout, heatup, cladding rupture, and oxidation occurred.

. With sustained fission power and heat from oxidation, temperatures continued
_to rise rapidly, resulting in zircaloy and control rod absorber alloy
melting, fuel liquefaction, material relocation, and the release of
hydrogen, aerosols, and fission products. The transient was terminated over
a 2100-s time space by slowly reducing the reactor power and cooling the
damaged bundle with argon gas.

HELCOR MODEL

The fuel bundle, shroud, and other components were nodalized for HELCOR
simulation as shown in Figure 2. There are four control volumes—namely,
lower plenum, fuel bundle region, upper plenum region, and environment—with



three flow paths interconnecting them. The environmental volume is a
contrived volume and is selected very large, thereby allowing the system
pressure to stay nominally constant, as in the experiment. The fuel bundle
is nodalized into ten axial segments and one radial ring. The choice of one
radial ring was influenced by SCDAP calculations which showed little radial
variation in fuel temperature. The shroud is modeled as thirteen heat
structures and five radial rings and is thermally linked via
convection/radiation to the core and bypass flow.

Input data for the simulation were obtained from the Test Results
Report [7]. These included geometric details; mass inventories and
distribution of fuel, zircaloy, stainless steel, and control poison;
histories of total fission power and power profile; thermal-hydraulic data;
material properties; etc. Certain experimental conditions, such as change
in bundle power due to control rod failure and degradation of zirconia
insulation due to shroud liner failure, have been incorporated into the
MELCOR model. The transient bundle power used in the MELCOR calculation is
shown in Figure 3. The axial power profile in the bundle was represented as
in SCDAP/RELAP5 [7] using three distinct curves. The calculation was
started with the curve for partially water-filled conditions in the bundle,
then shifted to the steam-filled curve at 1200 s, and then to the after-
control -rod failure curve at 2050 s.
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FIG. 2. MELCOR nodalization for PBF FIG. 3. Bundle nuclear power used in
SFD 1-4 Test. MELCOR analysis of Test SFD 1-4.

RESULTS AND DISCUSSION

Liauid Level

Figure 4 shows comparisons between measured and calculated values for
the transient two-phase interface level in the bundle. MELCOR is seen to
underpredict the measured level for the first 1500 seconds and then
overpredict it, until, at 2000 seconds, the calculations approach the
measured data. SCDAP/RELAP5 predicts a higher level than measured up to
about 1800 seconds and underpredicts it thereafter. The initial level
behavior in MELCOR is caused by rapid boil-off due to a sharp temperature
gradient across the two-phase interface. All elevations in this and
subsequent figures are relative to the bottom of the active fuel.



Heat Transfer to Bypass

Heat transfer to the bypass was calculated in MELCOR as combined
radiation-convection from the bundle to the shroud inner liner, conduction
through the various shroud layers, and then convection from the outer wall
to the bypass flow. The largest resistance is in the zirconia layer.
During the test, the shroud inner liner failed at approximately 1946 s,
allowing steam to enter the insulation. This was modeled in both
SCDAP/RELAP5 and MELCOR by increasing the insulation thermal conductivity
after shroud failure by a factor of 1.5. MELCOR-calculated heat loss rate
to the bypass (see Figure 5) exhibits approximately the same trend and
maximum value as the experiment, but the calculated peak occurs about 300 s
earlier.
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FIG. 4. Comparison of measured and FIG. 5. Comparison of measured and i
calculated liquid level in bundle. calculated power transferred to the

bypass coolant.

"Temperature Comparisons

The transient temperature behavior of the SFD 1-4 bundle is governed
by the fission and oxidation heating of the fuel rods and clad, heat removal
by coolant, and heat losses through the shroud to the bypass flow.
Comparisons between measured clad temperatures and those calculated with;
MELCOR and SCDAP/RELAP5 at 0.54m elevation is shown in Figure 6. MELCOR
.predictions, while exhibiting the same trend, are higher than measured data
. and not as good as SCDAP/RELAP5 calculations. MELCOR predicts clad and fuel
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FIG. 6. Comparison of measured (rod 3B) and calculated cladding
temperatures.



V

relocation to occur following the temperature peak, hence no calculated
temperatures could be plotted thereafter. Figure 7 shows comparisons
between measured and calculated shroud inner liner temperatures.

_ Changes in Bundle Geometry

SCDAP calculates clad ballooning to start at 1050s, corresponding toi
a temperature of 910K. There is no explicit model for clad ballooning in
HELCOR. Based on a default temperature of 1173K, clad rupture occurs at
1166.5 s. MELCOR predicts the first continuous release of fission products
from the fuel to occur at 1750 s, which agrees with measured data and

_ SCDAP/RELAP5 calculations. HELCOR calculates initial control rod failure at
_ 1820s compared to 1950s for SCDAP/RELAP5 and measured values of 1928-1978s,
_all at 1700K. The earlier timing for MELCOR is due to the higherl
_ temperatures calculated by the code. MELCOR does not model eutectic!
_ (U-Zr-0) formation. However, it calculates initial relocation of both
_ zircaloy and UO, at approximately 2460 s, corresponding to temperatures of
_2600K (clad) and 2650K (fuel). This compares with SCDAP/RELAP5 calculated
_ eutectic relocation at 2325 s, at a temperature of 2250-2680K and ceramic
_melt relocation at 2680 s, corresponding to 2990K. Measured relocation of
_ eutectic and ceramic melts occurs between 2300-2600 s. MELCOR calculates 40i
_ percent of fuel relocated. This is a strong function of the assumed holdup!
_ temperature for the oxide shell in MELCOR (2600K in this case). An assumed1
_ holdup temperature of 2650K resulted in almost no relocation. The value of
_ 2600K was selected based on observations by Osetek [9].
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_ FIG. 7. Comparison of measured and calculated shroud inner liner
_ temperatures.

_ Hydrogen Generation

MELCOR predicts zircaloy clad oxidation using standard parabolic
_ kinetics with appropriate rate constant expressions and limited by steam
- availability. There is considerable difference between the calculated (both
_ SCDAP/RELAP5 and MELCOR) and measured hydrogen generation rates. However,

the total hydrogen produced (86g calculated by MELCOR and 87g by
_ SCDAP/RELAP5) agrees well with the measured value from the collection tank

(86+12g) [7]. MELCOR predicts approximately 28 percent of zircaloy clad in
the bundle to be oxidized compared with 32 percent for the experiment.

Fission Product Release

The release of fission products from fuel is modeled in MELCOR using
either the original CORSOR or CORSOR-M formulation [10]. The calculations



-- reported here have used the CORSOR model and are compared with test data in
Table I. Also shown is the noble gas release calculated by the mechanistic
code FAST6RASS [7].

In SCDAP/RELAP5 reference calculations, the total predicted release was 11
.. percent. Introduction of a new fuel dissolution model improved the
_ predictions, increasing total release to 44 - 48 percent [7].

_ TABLE I. Comparison of Calculated Fission Product Release and Test Data.

Element

Noble Gas

Cesium

Iodine

Tellurium

SFD

0.23

0.51

0.24

0.03

1-4

-

±

±

Test

0.52

15%
19%

MELCOR (CORSOR)

0.57

0.57

0.57

0.03

FASTGRASS

0.63

- CONCLUSIONS

There were many sources of uncertainties in the performance of the
- test, such as failure of shroud inner liner, thermocouple failures, as well
— as measurement uncertainties in hydrogen generation, liquid level in the
- bundle, fission product release, inlet water flow rate, and power
-transferred to the bypass flow. There are also several model uncertainties
-and simplifications in MELCOR. Despite this, in general, MELCOR Version 1.8
- calculations have represented the bundle behavior during the test reasonably
-well, showing the same trends as SCDAP/RELAP5 calculations and the measured
— data. This benchmarking exercise lends credibility to the code as well as
- pointing to its limitations in predicting events and conditions associated!
- with the early phase of severe core damage.
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