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As a result of the Three Mile Island Unit-2 (TMI-2) accident, the

Nuclear Regulatory Commission has initiated a severe fuel damage test

program to evaluate fuel rod and core response during severe accidents

similar to TMI-2. The first test of Phase I of this series has been

successfully completed in the Power Burst Facility at the Idaho National

Engineering Laboratory. Following the first test, calculations were

performed using the TRAC-BD1 computer code with actual experimental

boundary conditions. This paper discusses the test conduct and performance

and presents the calculated and measured test bundle results. The test

resulted in a slow heatup to 2000 K over about 4 h, with an accelerated

reaction of the zirconium cladding at temperatures above 1600 K in the

lower part or the bundle and 2000 K in the upper portion of the bundle.
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A severe fuel damage (SFD) test program
has been initiated by EG&G Idaho, Inc., for
the Nuclear Regulatory Commission at the Idaho
National Engineering Laboratory (INEL). This
test program, which is being performed in the
Power Burst Facility (PBF), is designed to
evaluate fuel rod and core response during
accidents more severe than design basis acci-
dents. The first test, a scoping test, was
performed in October 1S82. This paper
describes the test train design, the test
conduct, the test bundle response, and the
posttest analysis, which includes a descrip-
tion of the TRAC-BD1 computer code, the mod-
eling considerations and a comparison of the
calculated and measured results. The pretest
analysis was reported at the 1982 American
Nuclear Society International Meeting on
Thermal Nuclear Reactor Safety (J_).

The fuel bundle for the SFD Scoping Test
consisted of 32 zircaloy-clad UO2 fuel rods
arranged in a 6 x 6 array without the four
corner rods. The active fuel length in the
bundle was 0.91 m, and the fuel rods were of
typical 17 x 17 PWR design. The test bundle
was contained in an insulating shroud con-
sisting of low density zirconia insulation

a. Work supported by the U.S. Nuclear
Regulatory Commission, Office of Nuclear
Regulatory Research, ivjer DOE Contract
No. DE-ACO7-76ID01570.

sandwiched between inner and outer zircaloy
walls. The low density zirconia insulation
reduced the radial heat loss through the
shroud wall, which in turn reduced the power
required for the test rods to reach the
desired surface temperatures of 2400 K, and
also minimized radial temperature variations
in the bundle.

The test bundle was installed in the PBF
in-pile tube, a thick-walled Inconel cylinder
designed for a wide range of test coolant
conditions. Figure 1 shows a cross-sectional
view of the test train in the in-pile tube.

During operation of the PBF loop, coolant
enters the inlet to the in-pile tube, flows

Pressure regulator

Bypiss (low jp

Inlet lints

Pressure lube

ZrO2
'isuiitor

Zr uddle

Double
outer will

Figure 1. SFD test train in core region.



downward to the lower plenum, reverses direc-
tion, and flows up through the region between
the flow tube and the outer wall of the insu-
lating shroud. The flow then proceeds out of
the in-pile tube. This flow was maintained
throughout the test to provide continuous
cooling to the outer wall of the insulating
shroud. The coolant flow in the interior
bundle region of the test train was supplied
separately by four inlet lines.

The primary oDjectives of Phase I of the
PBF Severe Fuel Damage Test Program are to
(a) characterize fuel rod damage resulting
from severe cladding oxidation and melting,
UO2 dissolution and relocation, and fuel
rod fragmentation; (b) measure the release
rates, transport, and deposition of the fis-
sion products; (c) measure the magnitude and
timing of the hydrogen generation; (d) meas-
ure the coolability characteristics of test
bundles with various types and degrees of
damage; and (e) determine the effects of
irradiated fuel rods and control rods.

TEST CONDUCT

The test conduct included a high power
preconditioning followed by a 10-day shutdown,
then a low power hold to build up the short-
lived fission product inventory and, finally,
the high temperature transient.

The high power preconditioning phase
included a power calibration of the test bun-
dle and fuel rod preconditioning at an average
rod power of 11 kw/m. It consisted of three
ramps to a maximum bundle power of 360 kid,
followeo by 66 n at 340 kw steady state oper-
ation. The purpose of the steady state oper-
ation was to build up an intermediate and
long-lived fission product inventory in the
fuel. The 66-h fission product buildup oper-
ation was followed by a 10-day shutdown
period, which allowed the fission product
inventory to decay so that the cesium-to-
ioaine ratio would be approximately typical
of commercial power reactor levels.

To build up an inventory of short-lived
fission products, the bundle was run at a
nominal 85 kW for 4 h just prior to the high
temperature transient. At the end of the 4-h
run, the bundle power was reduced to approxi-
mately 1 kW, and preparations were made for
the high temperature transient.

The high temperature transient consisted
of a slow ramp of the bundle fission power
from 28 kW to about 100 kW, with a nominal
inlet flow of 0.02 L/s. A flow reduction

occurred during the final stage of the tran-
sient, accompanied by a fast heatup due to
rapid oxidation of the cladding. The test
was terminated by a manual scram of the reac-
tor and an increase in bundle flow to
0.035 L/s.

The dominant heat source during the ini-
tial phase of the test was the fission power
in the bundle, and the bundle temperature
simply increased with increasing reactor
power. Near the end of the test, once high
temperatures had been reached in the bundle
region, the metal-water reaction provided a
substantial fraction of the total bundle
power. The heatup rate increased dramat-
ically at this point and the peak temperature
in the bundle rapidly reached 2400 K.

POSTTEST ANALYSIS

The bundle and shroud temperatures during
the high-temperature transient were calcu-
lated with the TRAC-BD1 computer model (2).
Although TP.AC-BD1 is designed primarily for
analysis of large-break LQCAs for boiling
water reactors, it can also be applied to
many other configurations, including the SFD
test train. Among the specific features pro-
vided in TRAC-BD1 is a BWR fuel bundle model,
CHAN, which includes

• One-dimensional, two-fluid
hydrodynamics

• Multiple fuel rod capability

t Rod-to-roo, rod-to-coolant, and rod-
to-channel -wal 1 radiation heat
transfer model

• Channel wall heat transfer model

• BWR departure from nucleate boiling
and rewet correlations.

with these modeling capabilities, the
TRAC-B01 fuel bundle model can simulate the
thermal-hydraulic conditions that would occur
during a small-oreak BWR LOCA. Since the SFD
test train geometry is similar to a BWR con-
figuration of a fuel bundle in a channel box,
the application of TRAC was straightforward.
Of particular importance is radiation heat
transfer, which can be a significant mode of
heat transfer during the SFD tests in which
the bundle is being steam cooled and the
channel wall is being cooled on the outside.

The input model developed for use with
the TRAC-B01 computer code included the eight,



equal, axial levels and three radial rod
groups within the bundle, as shown in Fig-
ure 2. The insulating shroud was also mod-
eled with three regions representing the
internal zircaloy wall, the low density zir-
conia insulation, and the outer zircaloy
saddle and wall.
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Figure 2. TRAC-BD1 input model.

Several modifications to TRAC-B01 were
required for this analysis and material prop-
erties applicable to severe core damage anal-
ysis were added. The heats of fusion of
zircaloy, ZrQ^, and (JOg were simulated by
increasing the specific heat of each material
over a temperature interval about its melting
point (2). The oxidation of zircaloy is
accompanied by a change in its thermal prop-
erties and an increase in its thickness.
These properties changes were also included
in the calculation as the bundle and zircaloy
liner oxidize. Cathcart-Pawel (£) oxidation
kinetics were used to calculate the zircaloy

metal-water reaction at temperatures below
1850 K, and the Urbanic-Heidrick (j>) correla-
tion was used to predict the metal~water
reaction rate at temperatures above 1850 K.
A further modification was made to limit the
metal-water reaction rate to the available
oxygen.

The axial power distribution used in the
calculations is shown in Figure 3. The pro-
file is biased toward the bottom because only
about the bottom 20% of the rod bundle was in
water-during the test. The radial power fac-
tors are 0.829, 0.936, and 1.091, proceeding
from the inner to the outer ring of roas-
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Figure 3. Axial fission rate distribution.

The analysis was performed using the
actual thermal-nydraulie conaitions that
occurred during the test. These included the
bundle inlet flow history and the bundle fis-
sion power history. The effective conductiv-
ity of the shroud was also revised using the
thermal gradient and shroud heat loss data
obtained during the test.

RESULTS

Figure 4 shows trse measured and calcu-
lated temperature distributions in the bundle
at 154 min into the transient. The peak
temperatures in the bundle and shroud were
calculated to occur at the 0.7-m level. The
peak steam temperatures were calculated to
occur at the top of the bundle, and the test
data show that this was the case.

Figure 5 shows a comparison of the steam
temperatures calculated by TRAC with those
measured by the steam probes at the 0.50-m
elevation. The steam temperatures calculated
by TRAC were below those measured at this
location from 1000 to 1250 K. The largest
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Figure 4. Bundle temperature prof i les at
154 min.
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Figure 6. Steam temperatures at the 0.9-m
elevation.

are shown in Figures 7, 8, and 9 for the ele-
vations of 0.35, 0.5, and 0.7 m, respectively.
The cladding temperatures calculated by TRAC
are about 100 to 200 K higher than measured.
The difference is fairly constant up to the
end of the heatup, which indicates that the
cladding-to-steam heat transfer coefficient
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Figure 5. Steam temperatures at the 0.5-m
elevation.
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Figure 7. Cladding surface temperatures at
0.35 m.

difference between the measured ana calcu-
lated values was about 100 K. (The measured
steam temperature starts to decrease at
1300 K due to thermocouple failure, thus pre-
cluding quantitative comparisons after that
time.) Figure 6 shows the calculated and
measured steam temperatures at the top of the
bundle (0.9 m ) . At this elevation the TRAC
results tend to be only slightly lower than
the measured temperatures, and at 1400 K the
difference is only about 25 K, which indi-
cates that the overall heat balance is close.

Comparisons of the measured cladding
surface temperatures with the TRAC results

2000 -

3

•1500 r

600
0 2600 5000 7500 '0000 12600

Tint is)

Figure 8. Cladding surface temperatures at
0.5 m.
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Figure 9. Cladding surface temperatures at
0.7 m.

used in TRAC is low. At the end of the tran-
sient, a severe temperature increase occurred
at all three locations, which is also found
in the TRAC results. This increase was caused
by a runaway metal-water reaction at the end
of tne test.

The TRAC-calculated and measured shroud
inner liner temperatures at the 0.35- and
0.7-m elevations are shown in Figures 10
and 11. The calculated temperatures at the
lower elevation are substantially higher than
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Figure 10. Shroud inner liner temperatures
at 0.35 m.

the measured temperatures. The reason for
this is not clear, but this elevation is in
the region of two-phase flow where the calcu-
lational techniques are the least certain.
At the 0.7-m elevation, the TRAC results are
only about 100 K above the measured inner
liner temperatures.

The comparison of TRAC results with the
data at this stage appears to be reasonable,
with the overall"trends predicted, as well as
the occurrence of a temperature excursion at
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Figure 11. Shroud inner liner temperatures
at 0.7 m.

the end of the test. The TRAC prediction of
the outlet steam temperature was quite accu-
rate for this type of test, indicating that a
good thermal heat balance was obtained. The
TRAC analysis did produce a systematic over-
estimate of the cladding surface temperatures,
suggesting that the heat transfer coefficient
from the fuel rods to the steam is too low.
Additionally, the overestimate of the shroud
inner liner temperatures suggests tnat the
radiation heat transfer coefficient from the
rods to the shroud was too high.

NOTICE

This paper was prepared as an account of
work sponsored by an agency of the United
States Government. Neither the United States
Government nor any agency thereof, or any of
their employees, makes any warranty, expressed
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responsibility for any third party's use, or
the results of such use, of any information,
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