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ABSTRACT

This report presents a comprehensive evaluation of the Severe Fuel Damage
Scoping Test (SFD-ST) performed in the Power Burst Facility (PBF) at the Idaho
National Engineering Laboratory. The test is part of an internationally sponsored
light water reactor severe accident research program, initiated by the U.S. Nuclear
Regulatory Commission. The experiment was the first of four, in-pile, multifuel rod
tests performed in the PBF. The SFD-ST fuel bundle comprised 32, 0.9-m long,
trace-irradiated (91 MWd/T) fuel rods. The bundle was surrounded by an insulating
shroud, with the region maintained at a pressure of 7 MPa. The experiment consisted
of a transient in which the inlet coolant flow to the test bundle was reduced to 16 g/s,
and the nuclear power increased, until the peak temperature approached fuel melting.
The ~.3 h transient was terminated by scram of the reactor, with the inlet coolant
reflooding and cooling the bundle to saturation temperature within 8 min. The overall
technical objective of the test was to contribute to the understanding of fuel bundle
dynamics, and the related hydrogen and fission product behavior, during a high
temperature transient. The report provides a description of the major observed
phenomena. Interpretation of the test was based upon the response of on-line
instruments, posttest fission product sample analysis, nondestructive and destructive
postirradiation examination of the fuel bundle, and a calculational study using the
Severe Core Damage Analysis Package (SCDAP).
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EXECUTIVE SUMMARY

The Severe Fuel Damage Scoping Test (SFD-ST) was conducted in the Power Burst Facility (PBF) at the
Idaho National Engineering Laboratory on 28 October 1982, It was the first of four in-pile tests performed
in the PBF as part of an internationally sponsored? light water reactor severe fuel damage research program,
initiated by the U.S. Nuclear Regulatory Commission. The objective of th: program is to develop a data base
and models for the range of conditions covered in severe accidents to enable prediction of (a) the overall
response of the core and associated structures, (b) the rate of hydrogen generation from the interaction of
coolant with the fuel, cladding and reactor structure, (c) the rate of release of fission products and their
chemical forms, and (d) the coolability of the damaged fue. under reflood.

The SFD-ST was the first light water reactor multifuel rod experiment of its kind. A prime aim was (o gain
experience in performing such tests in preparation for the subsequert series of experiments. To that end the
test proved invaluable and influenced test procedures and instrumentation requirements, both in PBF and
other facilities, and provided guidance to the posttest examinations and analyses of these tests. The overall
technical objective of the SFD-ST was to contribute to the understanding of fuel bundle dynamics, and the
related hydrogen generation and fission product behavior, during a high temperature transient.

The fuel bundle consisted of 32, 0.9 m-long, fresh fuel rods, and was surrounded by an insulating shroud.
Prior to the high temperature transient the fuel was trace-irradiated (91 MWd/T)to achieve a suitable fission
product inventory.

The transient phase commenced with boildown of the bundle coolant. The experiment was performed at a
system pressure of 7 MPa and a nominal inlet flow rate of 16 g/s. The power was ramped over a 151 min
period to provide nuclear heating rates of 0.10to 0. 15 K/s. The coolant level reduced from 0.42 m above the
base of the fuel to 0.17 m during the initial 145 min, with fuel temperatures increasing to about 2100 K.
During the final 6 min of the transient, zircaloy oxidation energy increased the heating rate to at least
10 K/s, with peak fuel temperatures rising from 2100 K to fuel melting (~~3000 K). During this final phase
there were redistributions of (U,Zr,0) melts, a large increase in the hydrogen production rate, significant
changes in pressure, a coolant level decrease to about 0.1 m and an indicated reduction in the bundle inlet
flow rate of about 25%. The inlet flow reduction, decline in the coolant level, and the rapid increase in
zircaloy oxidation and temperature during the final minutes of the transient were all strongly interrelated,
with positive feedback effects. The exact sequence of events could not be positively established, but it is
probable that the high temperatures and melt relocation achieved during the Scoping Test were a direct
consequence of the unplanned reduction in the bundle inlet flow rate.

The transient was terminated by scram of the reactor, and the inlet flow reflooded and cooled the bundle to
saturation temperature (556 K) within 8 min, after which time it was continually flushed. All effluent from
the bundle during the transient, reflood and flushing phases was routed to a fission product sampling and
monitoring system.

Interpretation of the test was based upon the response of on-line instruments (e.g., thermocouples,
pressure transducers, flowmeters, fission chambers, spectrometers), posttest fission product sample
analysis, nondestructive and destructive postirradiation examination of the test bundle, and a calculational
study using the Severe Core Damage Analysis Package (SCDAP).

As the first light water reactor fuel bundle high temperature experiment, the test provided valuable data for
evaluation of SCDAP. Despite uncertainties in some of the measured parameters, particularly those related
to input boundary conditions, the analysis provided a general confirmation of thermal-hvdraulic models in
the code. The principal uncertainties in the input data were related to the bundle nuclear power distribution,
inlet flow rate and heat loss through the insulator.

a. Sponsors of the program include Belgium, Canada, Federal Republic of Germany, ltaly, Japan, Netherlands, Republic of China
(Taiwan), Republic of Korea, Spain, Sweden, United Kingdom, and United States



A reliable measurement of the two-phase/steam interface elevation throughout the transient was
overpredicted by SCDAP by about 0.1 m during the initial phase, reducing during the boildown to about
0.05 m.

The fuel rods were well instrumented with thermocouples, and provided accurate spatial and time
dependent temperature data, up to values of about 2000 K. The maximum deviation of individual
measurements from the radially averaged temperature profile at a given elevation was about + 50 K, with no
evidence of any general radial temperature gradient. SCDAP generally underpredicted (~100 K) both
cladding and fuel centerline thermocouple measurements.

The steam thermocouple measurements generally showed larger radial variations than those within the
fuel rods, but again indicated no specific trends. Radiation heat transfer from the fuel rod surfaces to the
thermocouple shields, and from the shields to the thermocouples, may have resulted in higher apparent
steam temperatures as these were not well predicted by SCDAP.

Fuel rod rupture and the associated release of fission products occurred over a 20 min period, 2t maximum
cladding temperatures of about 1100 to 1200 K. The ballooning and rupture model in SCDAP predicted
cladding failure outside this temperature range. In the final calculation, rupture of one component
representing the central four rods occurred at a temperature of 1000 K, with the remaining components
failing about 37 min later at 1240 K.

Fuel rod and steam thermocouples failed at temperatures below about 2000 K and 1400 K, respectively.
Peak temperatures within the fuel bundle were estimated from posttest examination on the basis of
metallurgical phase distributions and elemental composition differences. Thermocouples outside the test
bundle provided additional information, and indicated when the bundle was cooled to saturation
temperature. The final high temperature and cooldown phases, where peak temperatures of about 2100 K
increased to fuel melting by the end of the transient before being cooled to saturation temperature, were not
well represented by the SCDAP calculations. This was due to uncertainties in the steam generation rate and
shroud behavior, and phenomena outside the scope of SCDAP models.

The widespread presence of Inconel constituents, in both U-rich and Zr-rich solidified melts, suggested
that cladding interactions with middle or upper spacer grids may have been important in initiating fuel
liquefaction and melt relocation processes.

Porous pellet regions, indicating peak temperatures near fuel melting, were found to contain substantial Zr
cladding and Inconel grid constituents. Therefore, pellet liquefaction was chemically assisted and the
porosity was probably associated with melt shrinkage. Melting of stoichiometric UO3 (3120 K) could have
occurred at many bundle elevations without leaving definite traces, due to subsequent melt interactions.
However, at least one conspicuous densification zone survived that indicated incipient fuel melting without
chemical alterations. The highest fuel temperatures almost certainly occurred adjacent to melts, with pellet
interiors remaining considerably cooler from the strong temperature gradients across melt-fuel interfaces.

Molten cladding typically attacked UO3 and ZrO, by reduction, often dynamically while slumping or
while penetrating cracks. Some oxygen uptake also occurred by direct reactions with steam. Bulk oxidized
melt generally arrived at the lower bundle region in a partially oxidized condition, and continued to react
with fuel rods until solidification occurred or complete oxidation was achieved. High liquefied fuel
concentrations measured in oxidized melt samples indicated temperatures greater than 2673 K.

A metallic melt formed late in the slumping sequence and relocated downward without dissolving
significant quantities of fuel. The metallic melt reacted with the previously solidified bulk oxidized melt at
approximately the time of reactor scram. The dominant mechanism for altering the bundle geometry was the
formation and slumping of high temperature Zr-rich melts, accompanied by liquefaction of ~15% of the
original fuel volume. Bundle geometry was extensively disrupted due to steam embrittlement over the central
bundle region.



The signals from an array of fission chambers were used to provide a qualitative assessment of material
motion. Slowly varying deviations during the minute prior to reactor scram were interpreted as movement of
fuel-bearing melt. The most significant melt depletion occurred at the 0.50-m elevation, with smaller
depletions being detected at the 0.70-m elevation. The majority of melt accumulated at the bottom elevation
(0.17 m), with smaller accumulations indicated by the fission chambers at the 0.30-m and 0.35-m locations.

A qualitative assessment of the posttest bundle geometry was provided by tomographic reconstruction
from multiangle radiographs. An upward fuel stack displacement of over 0.11 m, creating several axial gaps
in the bundle, was observed in the neutron radiographs. The approximate area fractions of UO», Zr-rich
metallic melt and U-rich oxidized melt (mostly liquefied fuel) were derived by planimetry from
macrophotographs of seven metallographic cross sections. The intact geometry flow area of 43% (which
includes shroud insulation) was estimated to have reduced to between 32% an. 37% from the lower six
metallographic cross sections (0.055 m to 0.495 m). The flow area at the upper cross section location of
0.915 m was found to be about double the intact value.

An on-line thermal conductivity analyzer provided a time-dependent measuremen: of hydrogen release
from the test train. Integration of the data prior to the final rapid oxidation provided a reliable hydrogen
generation value of 113 + 10 g. After this time the experimental uncertainties, both in the absolute value
and timing of hydrogen release (i.e., transit time corrections), resulted in limited correlation of oxidation and
bundle behavior in the temperature range of 2000 to 3000 K.

Postirradiation examination of the test bundle and shroud zirconium oxide thicknesses resulted in a total
hydrogen generation estimate of 172 + 40 g. The examination also indicated the presence
hyperstoichiometric uranium oxides both inside fuel pellets and within adjacent uranium bearing melts. An
upper limit estimate, based on two-thirds of the fuel oxidized to UOj g, provided an additional 48 g of
hydrogen.

Hydrogen generation was reasonably simulated by SCDAP prior to the final rapid oxidation. Up to that
time the code predicted a total hydrogen production of 74 g, in agreement with the measured hydrogen
release of 113 g when corrected for zirconium regions not modelled in SCDAP.

Fission product release from the bundle during the SFD-ST could be approximately characterized in six
phases. Transport effects not accounted for in the analysis complicated attempts to relate the experimental
data to fuel release. The gap release and low temperature (peak fuel temperature < 1700 K) diifusion phases
amounted to only 0.15% of the integral activity measured up to about one hour after reactor scram. High
temperature diffusion, between peak fuel temperatures of 1700 and 2100 K, accounted for about 4%. Fuel
liquefaction before reactor scram increased the release to 10", with an additional unquantified contribution
from liquefaction during the cooldown phase. The total amount of fuel liquefied was estimated to be 15%,
resulting in an upper limit of 20% fission product release from this mechanism.

During the ~8 min cooldown and reflood period, major release occurred due to a combination of the
continued liguefaction, fuel oxidation, grain growth/separation and formation of shrinkage cracks within
porous prior-molten regions. By the time the bundle had been reflooded and cooled to saturation
temperature, 54% of the total activity had been recorded. However, due to transit time uncertainties, it is
probable that a fraction of the cooldown contribution was released from the fuel during the high temperature
liquefaction phase. The flushing process continued to extract further fission products from the bundle, in
addition to resuspending species deposited within the system.

Effective release rate coefficients measured for the noble gas isotopes may have been influenced by holdup
in the fuel-clading gap or stagnation in the transport system, but they were not complicated by deposition
processes. The measured noble gas release rate as a function of time was over three orders of magnitude
below that predicted using NUREG-0772 constants (correctly applied to account tor local variations in
bundle temperature and fission product inventory) at low temperatures, and about one order of magnitude
when peak and average bundle temperatures were about 2100 K and 1500 K, respectively. The low burnup of



the SFD-ST fuel, where open porosity and release paths had not developed, was the probable major reason
for the lower release rates. Due to uncertainties in the transit time from the test bundle to the spectrometers,
effective release rate coefficients were not correlated to peak temperatures above 2100 K.

The measured iodine release fraction was 0.51 + 0.08, the cesium and tellurium release fractions were
0.32 + 0.05 and 0.40 + 0.07 respectively, the barium release was about 0.01, and very small release
fractions (1074 - 10°6) of low volatile fission products Ru, Sr, Nb, and Ce were detected downstream of the
bundle. The integral noble gas release was not measured directly, but integration of the spectrometer
measurements of noble gas isotopes yielded an approximate average value of 0.5. All volatile fission products
released, except tellurium, were transported efficiently in the high velocity, steam rich effluent stream. One
fourth of the released telluritm was found irreversibly deposited on steamline walls, one half in the liquidline
particle filler, and the remaining one fourth in the collection tank liquid.

Retained fission product estimates indicated appreciable release of gy, 957y, 106Ry, 1255, 137Cs, and
144¢¢ from fuel pellets that remained solid. Ostensibly nonvolatile fission products (Wsy, 106Ry,, 144¢e,
etc.) that were released evidently migrated only short distances before irreversibly depositing, as they were not
det»~*ed downstream of the bundle in significant quantities.

SCDAP spatial and time dependent temperature his.ories were input to the fission product release code
FASTGRASS. Release rates were underpredicted by several orders of magnitude during the early low
temperature phase (peak temperatures < 170G K) of the transient, but this accounted for < < 1% of the total
fractional release. Following this period, and prior to when temperatures became ill-defined, the release rates
were reasonably predicted. On the basis of liquefaction occurring in 15% of the fuel bundle, which increased
predicted release rates by about an order of magnitude above 2400 K, and the assumption that all grain
boundaries eventually became connected to free surfaces, fractional releases were in general agreement with
the measurements. The mechanism for separating fuel grains has not been positively identified, although
there was evidence of microcrack networks associated with fuel oxidation.

The data from this analysis of the Scoping Test are being combined with those from the subsequent three
tests performed in PBF, other integral and separate-effects experiments, and the TMI-2 core examination. A
substantial data base related to severe fuel damage, melt progression, hydrogen generation and fission
product behavior is becoming established. The identification of key phenomena and processes, and a
consistent interpretation of the data from all the available sources, will greatly assist the development and
validation of accident analysis models. This will permit more reliable, plant-specific, probabilistic risk
assessment and will be instrumental in the development of regulatory policy on severe accidents.
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PBF SEVERE FUEL DAMAGE SCOPING TEST—
TEST RESULTS REPORT

1. INTRODUCTION

The light water reactor (LWR) accident at the Three Mile Island Nuclear Station-Unit 2 (TMI-2)! in 1979,
demonstrated the risk significance of severe core damage accidents. The multiple-failure accident sequence
resuited in core damage beyond the limits associated with design-basis loss-of-coolant accidents. At the time
of the TMI-2 accident the severe fuel damage and melt progression data base for the assessment of risk and
consequences was very limited. The United States Nuclear Regulatory Commission (USNRC) therefore
initiated an internationally sponsored?® Severe Fusl Damage (SFD) research program.2 The objective of the
program is to develop a data base and models for the range of conditions covered in severe accidents to enable
prediction of: (a) the overall response of the core and associated structures, (b) the rate of hydrogen
generation from the interaction of coolant with the fuel, cladding and reactor structure, (¢) the rate of release
of fission products and their chemical forms, and (d) the coolability of the damaged fuel under reflood. A
significant portion of the program, encompassing both experimental and model development aspects, was
undertaken at the Department of Energy’s Idaho National Engineering Laboratory (INEL).

The major test program at the INEL consisted of a series of four, in-pile, multifuel rod experiments
performeu in the Power Burst Facility (PBF). Each experiment consisted of a transient in which the test fuel
bundle inlet coolant flow was reduced, and the nuclear power increased, until high temperatures in the
bundle were achieved. Peak temperatures are known to have approached fuel melting in the first two tests,
and similar values are anticipated to be established by postirradiation examination for the final tests.
Parameters that were varied during the four experiments were the heat-up rate, coolant inlet flow rate,
cooldown procedure, fuel rod burnup, and the presence of control rod material. The influence of these
parameters on the experimental data collected during each test relates to the understanding of LWR fuel
bundle behavior, hydrogen generation, and the release, transport and deposition of fission products. The
principal test conditions are summarized in Table 1, and preliminary overviews of each test were provided in
References 3 to 6. The data from the PBF tests are being combined with that from other integral and
separate-effects tests, and the TMI-2 core examination, to facilitate the identification of key phenomena and
processes, the development of deterministic models, the performance of appropriate sequence analyses, and
the definition of fission product source terms. This will allow more reliable, plant-specific, probabilistic risk
assessment and will be instrumental in the development of regulatory policies on severe accidents.

The SFD Scoping Test (SFD-ST) was the first large scale severe fuel damage experiment performed in PBF.
A major objective was to gain experience in performing such tests in preparation for the subsequent series of
experiments. To that end the test proved invaluable and influenced future procedures and instrumentation
requirements. In addition, however, the test provided a wide range of useful severe fuei damage research data
in its own right that have been brought together in this report. The overall technical objective of the SFD-ST
was to contribute to the understanding of fuel bundle dynamics, and the related hydrogen generation and
fission product behavior, during a high temperature transient. Furthermore, it was the only test of the series
to simulate rapid steam/water cooling of degraded core materials and therefore of special interest to the
TMI-2 core examination.

Fcllowing the initial interpretation of the Scoping Test data, five reports have been prepared covering
analysis of the neutron detector signals.7 results from the effluent system sample analysc:s.8 preliminary
examination of the test bundle,? metallographic examination of bundle cross sections, 10 and fission product
behavior.!! This document provides a comprehensive report of the SFD-ST and subsequent analyses,

a. Sponsors of the program inc ude Belgium, Canada, Federal Republic of Germany, ltaly, Japan, Netherlands, Republic of China
(Taiwan), Republic of Korea, Spain, Sweden, United Kingdom, and United States



Table 1. The SFD test series

Nominal Inlet
Flowrate

_Test _  Bundle Description _ (g/S;

SFD-ST 32 fresh rods 16
(28 Oct 1982)

SFD 11 312 fresh rods 0.6
(8 Sept 1983)

SFD 13 26 irradiated rods 0.6
(3 Aug 1984) 2 fresh rods
4 guide tubes

SFD 14 26 irradiated rods 0.6
(7 Feb 1985) 2 fresh rods
4 Ag-In-Cd control

Approximate
Heating
Approximate Steam  Rate Prior to Rapid
Production Rate Oxidation?
2's) (K/'s) Cooldown Procedure
16 0.100.15 Reactor scram, 16 g/s reflood
increasing to ~30 g/s after
4 min. Whole bundle at T,
after ~8 min.
0.7101.0 0.3 below 1300 K Power reduction and associated
0.9 above 1300 K cooldown over 20 min prior to
17 g/s reflood.
06024 0.5 below 1200 K Power reduction and argon
1.9 above 1200K associated cooldown over at
least SO min.
0.6t01.5° 0.4 below 1200 Kb Power reduction and argon

1.4 above 1200 K

associated cooldown over at
least 50 min,

rods in guide tubes

a. Above ~1500 K to 2000 K (depending on axial location) in SFD ST, and about 1600 K in other three tests, the heating rate was
extremely rapid and driven by the metal-water reaction ¢

b, Preliminary data

including a reevaluation of the on-line test data, the results of the recent bundle composition and retained
fission product analyses and best-estimate computer code predictions of the major phenomena.
Assimilation of all the available information for the first time in the present report has resulted in several
deviations from previous interpretations.

Descriptions of the PBF, the test train and fuel bundle configuration, the fission product and hydrogen
sampling and monitoring system, and the on-line instrumentation are given in Section 2. A summary of the
test conduct, including the fuel conditioning, power calibration, and fission product inventory build-up
phases, is provided in Section 3. Section 4 is a detailed description of thermal, hydraulic, and mechanical
behavior during the high temperature transient. An overview of the fission product behavior is given in
Section §, including a summary of previously reported results and the new retained fission product data.
Analysis of the SFD-ST was performed with the Severe Core Damage Analysis Package (SCDAP) in an
attempt to simulate major phenomena such as the fuel rod temperature response, cladding ballooning,
oxidation, and meltdown. Fission product release was predicted with the mechanistic based code
FASTGRASS. The calculational analyses are reported in Section 6. Section 7 provides an assessment of the
SFD-ST in terms of the information that the experiment provided, and where it will assist severe accident
regulatory policy decisions through confirmation or development of calculational models and by providing
an indication of limitations *~ the current data base.

The report contains ten appendices. Appendix A specifies the test fuel rod characteristics and Appendix B
provides a detailed description of instrument location, testing, and performance. The major individual
contributions to the energy deposition within the test train, and an outline of the power balance resulting
from the overall heat transfer process, is given in Appendix C. On-line hydrogen data measured with a
thermal conductivity analyzer is discussed in App2ndix D. Two appendices provide detailed accounts of the
posttest examinations that characterized the fuel bundle (Appendix E) and obtained retained fission product



data (Appendix F). A procedure to assess the transit time for fission products released from the fuel to reach
the various detectors using spectral data is presented in Appendix G. The SCDAP ' ilculational model used
for the analysis of the test is described in Appendix H. Appendix | provides instructions for retrieving
information related to the SFD-ST and Appendix J includes a set of the on-line test data.




2. SYSTEM DESCRIPTION

2.1 Overview

This section contains a description of the Power Burst Facility (PBF), test train and fuel bundle, test train
instrumentation, anc effluent sampling and monitoring system. The nominal design characteristics of the
fuel rods and bundle are provided in Appendix A. The experimental instrumentation is itemized, and the
performance of each instrument discussed, in Appendix B.

2.2 The Facility

The PBF reactor, shown in Figure 1, consists of a driver core and a central flux trap contained in an open
tank reactor vessel. An independent pressurized water coolant loop can provide a wide range of
thermal-hydraulic conditions within the flux trap test space.

The PBF core is a right-circular annulus, 1.3 m in diameter and 0.91 m in length, enclosing the vertical
flux trap that is 0.21 m in diameter. The core was designed for steady state and power burst operation,
containing eight control rods for reactivity control during steady state operation and four transient rods for
dynamic control during rapid reactivity transients. Each of the control and transient rods consists of a
stainless steel canister containing a cylindrical annuius of boron carkide and is operated within an air-filled
shroud.

An in-pile tube fits in the central flux trap region and houses the test train assembly. A nitrogen gas annulus
is provided between the in-pile tube wall and an aluminum core filler piece because of the temperature
gradient between the two components. The in-pile tube is a thick-walled (0.20 m outside diameter, 0.15 m
inside diameter), Inconel 718, high strength tube designed to contain the steady state operating pressure and
feasible pressure surges.

2.3 Test Train and Fuel Bundle

The test train for the SFD-ST was designed and built by the Pacific Northwest Laboratory (PNL) and
assembled at the INEL. An clevation view of the test train within the in-pile tube is shown in Figure 2. The
major components are the closure head assembly, the flow tube assembly, the outlet assembly, the insulated
shroud assembly, the bundle assembly, and the inlet assembly.

The fuel bundle consisted of 32 fuel rods arranged in a 6 x 6 array with the four corner rods removed as
shown in Figure 3. The figure also shows the identification system used for the rod positions. The active fuel
length in the bundle was 0.9144 m and the fuel rods were of typical pressurized water reactor (PWR) design.
The fuel bundle was assembled using three Inconel grid spacers to maintain a typical 17 x 17 FWR fuel rod
pitch of 12.75 + 0.25 mm. The rods were fixed to a lower support plate but were free to expand upwards.

The fuel bundle was contained within an insulating shroud constructed from a zirconia insulator
sandwiched between zircaloy structural components. The insulation was fabricated from low density ZrO;
fiberboard, with cylindrical ZrOj strengthening tubes to provide compressive strength, as illustrated in
Figure 3. The insulation was provided to reduce the radial heat loss through the shroud wall and hence the
power required to raise the test rods to the high target temperature. Use of the insulation also minimized
radial temperature variations in the fuel bundle. The insulating shroud extended above and below the active
fuel length. A high temperature ceramic insulator positioned within the shroud near the lower end inhibited
the ‘oss of possible molten material out of the test train. The insulator region was pressurized to protect the
insulator, but was maintained at a constant negative pressure differential relative to the bundle region in
order to prevent the liner from being forced into the fuel. The region was pressurized using argon gas from a
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Figure 3.  Cross-sectional view of SFD-ST shroud and bundle.

line that passed through the closure head assembly into the bottom of the insulating shroud, as shown
schematically in Figure 4. Shroud pressure was measured through a similar line connected to the top of the
shroud. During most of the high temperature transient the pressure in the bundle region oi the test train was
maintained at a slightly lower pressure than the bypass region (< 15 kPa). The piessure difference between
these two regions (Figure 4) was used to close the check valve in the outlet assembly and control the
backpressure for the fission product and hydrogen sampling and monitoring system. This is discussed
further in Subsection 2.4,

T'he bundle, shroud, inlet, and outlet assemblies were all contained within a flow tube assembly that
directed the flow of the PBF loop coolant system within the in-pile tube, as shown in Figure 2. The flow tube
comprised an upper stainless steel section, a center zircaloy-2 section for neutron economy in the test fuel,
and a lower catch basket section to act as a heat sink and container for fuel fragments. The coolant entered
the top of the in-pile tube above the reactor core and circulated down the annulus between the in-pile tube
wall and the flow tube, a region that is termed the bypass. The fiow reversed at the bottom where it passed
through a flow straightener and flowmeter. The coolant was then directed up along the outside surface of the
shroud and the outlet assembly, providing cooling for the superheated steam exitiny; the bundle through the
outlet steamline.

The loop coolant system provided cooling water to the in-pile tube at controllable pressure, temperature,
and flow rate in order to simulate accident conditions. The system is shown schematically in Figure 4 and
includes a pressurizer, a pump. electrical heaters to control inlet temperature, a flow control valve, acoustic
filters, and heat exchangers for removing the energy transfeired to the coolant by the test fuel.
Instrumentation in the inlet line provided measurements of initial conditions.
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A separate coolant line provided inlet flow to the test bundle region. At operating temperature and
pressure this coolant line provided an inlet flow up to 2.2 L/s using a high range control valve and up to
0.2 L/s using a low range control valve (Figure 4). The line included inlet flow transducers to monitor the
flow into the bundle region. The inlet flow line entered the test train through the closure head assembly as
shown in Figure 2. The flow was divided into four small lines (two shown in diagram) that lead into the
interior of the bundle inlet region. This flow passed through the bundle and up into the outlet assembly. The
outlet assembly included both an exit steamline and a check valve. At high bundle flow rates during the
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spectrometer and into the collection vessel. A continuous sample of this gas was passed through a thermal
conductivity type hydrogen monitor (Appendix D).

The liquid drained from the separation vessel flowed past two on-line gamma spectrometers separated by a
filter that was used to catch small particulate matter. The first spectrometer monitored the total activity in the
liquid coolant. The second spectrometer monitored activity after filtration of the coolant. A bypass system
was also provided to maintain flow in the event that the filter became clogged. Downstream of the on-line
fission product monitors was a manifold with six flow-through sample containers to take grab samples of the
condensed coolant. The coolant finally passed through a level control valve before entering into the
collection vessel. Flow control of coolant into the collection vessel was provided by a flow control valve
operated by a level control signal from the separator vessel.

2.5 Instrumentation

The test bundle was instrumented with six fuel rod centerline thermocouples, 25 fuel rod cladding
thermocouples, 10 steam temperature probes and eight fuel rod pressure sensors. The shroud contained an
additional 28 thermocouples and a penetration detector. Test conditions were monitored with
thermocouples, pressure transducers, flowmeters, flux wires, and fission chambers associated with the test
train. This section provides a brief description of the location of all these devices and the additional
instrumentation related to the plant and the Fission Product Detection System (FPDS). Detailed tables and
diagrams, identifying each instrument, and categorizing performance, are given in Appendix B.
Performance categories were assigned by thorough measurement-by-measurement examination of the test
data. As a result of examination, one or more categories (defined in Appendix B) were assigned to each
measurement as a function of time. Data referred to as Qualified are absolute values and have been assigned
uncertainty limits. The pretransient checks and the posttest data qualification procedures are also described
in Appendix B. Throughout this report elevations are referenced to the bottom of the active fuel in the fuel
rods.

2.5.1 Fuel Rod Instrumentation. The instrumentation for measurement of fuel rod parameters consisted
of the following:

1. Twenty-five interior cladding surface thermocouples with their hot junctions spot welded at one of
three elevations: 0.35, 0.50, or 0.70 m. There were seven junctions at both the 0.35- and 0.70-m
levels and 11 junctions at the 0.50-m level. A total of nine fuel rods had cladding thermocouples.

ro

There were six thermocouples located along fuel rod centerlines, with their hot junctions at the
0.70-m level.

3. Three gas pressure t-ansducers, to indicate rod pressure up until cladding rupture, were connected to
the bottom of fuel Rods 3A, 3D, and SE (-0.27-m level). Two additional transducers, mounted on
Rods 4B and 1E, failed prior to instailation of the test train.

4. Five gas pressure switches to indicate cladding rupture were installed on the bottom of
Rods 2B, 6B, 4C, 6D, and 3E at the -0.27-m level.

25.2 Shroud Instrumentation. The thermocouples for measuring shroud temperatures, and additional
instrumentation mounted on the shroud, were as follows:

1. Six thermocouples were located on the outside of the shroud inner liner (the dry side) with two
measurement junctions at each of the elevations 0.35, 0.50, and 0.70 m. These are referred to as the
inside thermocouples.

L]

There were ten thermocouples located within the shroud at the outer surface of the insulation; four
each at 0.50 and 0.70 m, and two at 0.91 m. These are referred to as the middle thermocouples.
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3. Twelve thermocouples were used to measure the temperature on the outer surface of the shroud outer
wall (i.e., inner surface of the bypass coolant channel). Four were locited at 90-degree intervals
around the shroud at elevations of 0.35. 0.50, and 0.70 m. These are referred to as the outside
thermocouples.

4. Four sheathed and insulated wires were wound tightly around the inner po:tion of the shroud double
outer wall and constituted the shroud melt-through detector. Indications of the shroud outer wall
temperature were derived from the change in the insulation resistance between the wire and sheath of
the detector.

5. Two aluminum-cobalt alloy flux wiies were locaied on the outer shroud wall, one at 0- and one at
180-degrees to provide an indication of the integral axial power profile.

25.3 Test Train Fission Chambers. Twelve fission chambers were installed external to the fuel bundle
assembly in the bypass flow region between the flow tube assembly and the in-pile tube. The primary
objectives of using these detectors were to measure the axial power distribution within the test bundle and to
aonintrusively determine the temporal position of the boiling liquid boundary (two-phase coolant/steam).
Other objectives included two-phase coolant velocity measurements and investigation of the potential for
cladding and fuel motion detection and analysis.

The fission chambers were located in two strings on opposite sides of the test bundle. At the 270-degree
orientation (see Figure 3) five detectors were mounted at axial elevations of 0.81, 0.70, 0.50, 0.35, and
0.17 m. The 90-degree orientation had five detectors at the same elevations, plus two additional ones located
at 0.76 and 0.30 m. These extra detectors were added for coolant velocity determination measurements.

The fission chamber signal conditioning and control system consisted of 12 ac (noise) data channels, 12 dc
data channels, a microcomputer controller, and a remote terminal.

254 Water and Steam Parameters Instrumentation. Instruments to measure the water and steam
parameters within the in-pile tube were as follows:

1. Two thermocouples were used to measure the bundle water inlet temperature, both located at an
elevation of -0.305 m.

ro

Two thermocouples were used to measure the bypass water inlet temperature at an elevation of
-0.31 m as it flowed up around the shroud.

3. Four differential thermocouples were used to measure the temperature rise of the water flowing
upward through the bypass region on the outside of the shroud. The lower legs were located at
-0.31 m at 90-degree intervals around the shroud. The upper legs were located at the 0.91-m level.

4. There were 14 steam probes that measured the temperature within and above the fuel bundle; five at
the 0.50-m elevation, five at 0.91 m, two at 1.1l m, and two at 1.19 m.

5. The temperature on the outer wall of the steamline was monitored with two thermocouples at
1.5and 1.8 m.

6. Two turbine flowmeters were usad to measure water flow within the in-pile tube. One flowmeter was
located at the bottom of the shroud and measured the volumetric flow rate through the bypass
region. The other flowmeter, located above the bundle, measured the water flow through the bundle
during preconditioning.

7. There were two temperature profile detectors intended to determine the location of a particular
temperature in a vertical direction. The detectors were located in opposite corners of the bundle at
135- and 315-degrees.
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Three differential pressure transducers located outside the in-pile tube measured pressure through
sensing tubes. One transducer measured the pressure difference between the bypass region and the
bundle region with sense tube elevations of 0.50 and -0.30 m, respectively. Another transducer
measured the coolant pressure difference across the bundle region from inlet (-0.30 m) to outlet
(1.77 m). The remaining transducer measured the pressure difference between the top of the shroud
insulation and the bundle region at the -0.30-m level.

Two pressure transducers of different maximum ranges were used to monitor normal test train
system operating pressures and to monitor any high pressure pulses. A 10.3 MPa transducer
physically located outside the reactor was connected by a sense tube to the bypass region at the
0.50-m level. A high pressure (69 MPa) transducer was located at the -0.30-m level in the bundle
coolant flow region.

. Two flowmeters were used to measure the bundle inlet coolant flow. These devices were located in the

coolant monitoring and control system. One was used for preconditioning and the other for the low
flow transient.

255 Fission Product Detection System Instrumentation. The instruments used in the FPDS were as

follows:

Four gamma detectors wer» used to measure gross gamma activity and three additional gamma
detectors were used to measure the gamma spectral activity. Three Nal (gross gamma) and three
germanium detectors (gamma spectral) were used, one each on the gasline leaving the separator and
one each on either side of the filter on the liquidline leaving the separator. The fourth gross gamma
detector was an ion chamber located at the condenser.

A delayed neutron monitor (moderated-BF 3 tube-type) was used to measure the delayed neutron
flux on the liquidline downstream of the condenser.

A thermal conductivity-type hydrogen analyzer was used to me2sure the concentration of hydrogen
gas leaving the separator.

There were two pressure transducers in the system, one on the separation vessel, and one on the
collection vessel (blowdown tank).

Temperature measurements were made with a thermocouple located on the inlet steamline and a
second thermocouple located on the fluid line leaving the condenser.

A flowmeter was used to measure liquid flow out of the separator.

A pressure switch was located across the filter bypass on the liquid outlet of the separation vessel to
indicate when the filter was being bypassed.

There was a level indicator on the collection vessel (blowdown tank) to moenitor liquid level.

2.5.6 Plant Instrumentation. Plant instrumentation used in this test is listed below.

2

4

Five ion chambers were used to measure reactor power; PPS01, PPS02, NMS03, NMS04, and TR1.

The loop pressure was measured by the Model 7788 Ashcroft pressure gauge commonly referred to
as the Heise gauge.

The loop flow rate was measured with a Venturi flowmeter.



A Radiation Area Monitor was used to indicate radiation levels in the vicinity of the sample system

1o

S There were three instruments on the inlet spool piece; a pressure transducer, a temperature
transducer, and a turbine flowmeter

6. The reactor primary coolant flow rate was measured

I'he reactor primary coolant heat exchanger differential temperatures were measured
Interpretation of the test was to a large extent based upon detailed examination of the on-line data from the
bundle, shroud, test train, FPDS, and plant instrumentation. Subsequent sections discuss the measured

responses for the majority of instruments. The complete qualified test data recorded during the SFD-ST are
provided in Appendix J



3. TEST CONDUCT

3.1 Overview

The Severe Fuel Damage Scoping Test consisted of a hydrostatic loop test and loop heat-up, three power
ramps, and a constant high power (350 kW) irradiation period of 66 h, a 10 day shutdown, two crnstant low
power (85 kW) irradiation periods of 4 h that were separated by a 14 h shutdown, and finally the high
temperature transient.

The following subsections provide an outline of the sequence of events during the test, details of the high
temperature transient and cooldown being provided in later sections. A chronological summary of the test is
provided in Table 2 and, for convenience, the high temperature transient data are referred to a zero time of
23:00 on October 28, 1982.

3.2 Test Loop Heat-Up

Following hydrostatic testing of the loop, the required coolant conditions were established to perform the
nuclear phase of the test. These conditions were 518 K inlet coolant temperature, 6.9 MPa system pressure,
2.2 L/s bundle coolant flow and 2.5 L/s bypass coolant flow. Instrument checks were made during both the
hydrostatic testing and the loop heat-up.

3.3 Fuel Conditioning, Power Calibration, and Fission Product Inventory
Build-Up

Fuel conditioning and power calibration consisted of three nower ramps to the peak permissible reactor
power of 26 MW at a maximum rate of 3.7 MW/min. The peak bundle nuclear power of ~.370 kW was held
constant for about 2 h and then reduced to 1 kW. Following the third reduction, the power ~as again raised
and constant reactor operation was maintained for 66 h with an average bundle power of ~.350 kW. The
purpose of this long steady state irradiation period was to build up a sufficient inventory of intermediate- and
long-lived fission products to ensure suitable yields for the FPDS.

During the initial power ramp phase, the PBF reactor thermal power and the bundle nuclear power were
intercalibrated under single-phase liquid coolant conditions. The procedure, and comparison with pretest
predictions, are discussed in Subsection 4.3.

3.4 Shutdown Phase

The 66 h fission product build-up phase was followed by a 10-day shut down period, with test train and
loop depressurized and cooled to ambient conditions. The shutdown period allowed the fission product
inventory to decay such that the cesium-to-iodine mass ratio was approximately eight during the transient,
which is close to the nominal value for LWR fuel.

3.5 Short-Lived Fission Product Build-Up

The in-pile coolant loop was again pressurized to 6.9 MPa and heated to 518 K for this phase of the test.
The reactor power was increased to provide a bundie power of ~.90 kW, held constant for 4 h to generate
short-lived fission products, and finally reduced to 1 kW. Following a 2 h preparation period the power was
raised to 24 kW for the high temperature transient (Transient-1 in Table 2). There were, however, problems in
pressurizing the FPDS and after about 3 h the reactor was shut down. A 14 h delay was incurred while the
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Table 2. SFD-ST event sequence

Event

Fuel Conditioning, Power Calibration, Fission Product Inveniory Build-up

Nuclear operation initiated

Heat exchanger alarm failed; reactor shutdown
Reactor restarted

Bundle inlet flowmeter failed; reactor shutdown

Reactor restarted; low flow alarm changed to outlet flowmeter
First power ramp to 370 kW completed; core and bundle thermal power measured

Second power ramp to 370 kW completed
Thi-d power ramp to 370 kW completed
Average 350 kW steady-state operation started
66-h run completed; reactor shutdown

Ten-Day Fission Product Cooling Period Completed

Short-Lived Fission Product Generation-|
Average 90 kW steady state operation started
4-h run completed; power reduced to | kW

High Temperature Transient-|
Flow reduction started
Power ramp to 24 kW started

Collection system problem noted; could not obtain 6.9 MPa; reactor shutdown

Short-Lived Fission Product Generation-2

Collection system problem fixed; reactor critical; power ramp to 75 kW

Commercial power failed; reactor scrammed
Reactor critical
4-h run at 90 kW completed; power reduced to |

High Temperature Transient-2
Flow reduction started
Power ramp to 25 kW started
Collection system turned on; power at 25 kW
Power at 32 kW
Flow rate problem being worked
Zero time for high temperature transient
Flow adjusted to 0.02 L/s; check valve closed
Instrument checks performed
Power at 39 kW, power ramp started

Fission product system indicated rod failure, clad temperatures 1050 K tc 1200 K

Rod pressure switches indicated rod failure
Temperature ramp rate 0.13 10 0.15 K/s
Shroud inner liner failed

Temperature ramp rate 0.16100.18 K’/s

Bundle inlet flow started to decrease, separator pressure started to increase

Temperature ramp rate ~10 K/s

Bundle inlet flow started to increase, separator pressure peaked at 6.84 MPa

Reactor manually scrammed at 8.10 MW
Bundle flow rate increased 10 0.035 L/s
Entire bundle at saturation temperature

Bundle pressure drop measurements completed

kW

Time
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problem was overcome, necessitating a repeat of the 4 h fission product build-up period. During the power
increase to 90 kW there was a momentary failure of the commercial power supply and the reactor scrammed.
A further start-up was required to complete the fission product inventory phase.

3.6 High Temperature Transient

Duv 2 nuclear phase of the Scoping Test prior to the high temperature transient, a pressure differential
of about ,40 kPa was maintained between the bundle coolant and the bypass region, which allowed the
bundle coolant to flow out the check valve (Figures 2 and 4). For the transient it was planned to lower the
bundle pressure slightly below the bypass pressure, thereby forcing the check valve to close and routing the
effluent from the bundle through the outlet steamline to the sampling and monitoring system. It was
proposed to control the bundle pressure by the backpressure from the separator. Prior to initiation of the
transient, with the reactor power at 100 kW, the flow rate through the bundle was set at 0.016 L/s. The
collection system was activated after the reactor power was increased and the bundle coolant boildown had
started. When the backpressure to the bundle was reduced below the bypass pressure in order to close the
check valve, the flow rate increased to about 0.034 1./s. The flow rate was reduced to 0.016 L/s by increasing
the backpressure from the collection system to the bundle. However, at this flow rate, the bundle-to-bypass
pressure differential did not appear sufficient to keep the check valve closed. The lowest bundle flow rate that
could be achieved with the check valve closed was about 0.020 L /s, which resulted in a small positive pressure
difference between the bypass and the bundle.

T'he final power ramp, from a bundle nuclear power of 39 kW to a maximum value of about 93 kW, was
initiated 55 min after the zero time of 23:00 h on 28 October 1982. The coolant level at the start of the power
ramp was about 9.42 m above the base of the fuel. At ~.84 min the first indication of fuel rod failure was
obtained from the FPDS ion chamber. The functional rod pressure indicators showed rod failures between
~97 and 104 min. Over the 20 min failure period, the maximum measured c¢..«dding temperatures increased
from approximately ~.1100 to 1200 K.

Once the two-phase/steam interface was below the lowest bundle thermocouples, at ~90 min into the
transient, the temperature rise-rates at all elevations were very similar, ranging from 0.10 to 0.15 K/s.

At 184 min, when the bundle nuclear power was ~.86 kW, the shroud inner zircaloy liner failed, as
expected, and the inside shroud pressurization system was shut off. Coincident with the shroud inner liner
failure, the heat transfer across the shroud to the bypass coolant increased considerably.

At about 200 min into the transient, when the peak cladding temperature was ~2000 K and the coolant
level was at 0.17 m, the bundle thermocouples indicated large increases in the temperature rise rate
(~10 K/s). All remaining fuel rod thermocouples failed during the rapid rise, so that maximum temperatures
could not be measured on-line. Posttest analysis, using metallographic indicators, showed temperatures in a
small fraction of the bundle reached fuel melting temperatures of up to ~3100 K. The posttest examination
also revealed extensive redistribution of (U,Zr,0) meits. During the final high temperature phase, a large
increase in the hydrogen production rate was observed along with a significant increase (260 kPa) in the
separator pressure, an indicated reduction in the bundle inlet flow rate from 0.020 to ~0.015 L/s and a
reduction in the coolant level to about 0.10 m. The maximum bundle nuclear power was calculated to be
93 kW, with the energy from oxidation significantly increasing the overall bundle power.

Throughout the high temperature transient the coolant level in the bundle, as a function of t:me, was
determined from the 12 test train fission chambers as discussed in Subsection 4.4. At selected times during
the transient the gas and liquid grab samples were collected as outlined in Subsection 2.4,
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4. TEST BUNDLE THERMAL, HYDRAULIC, AND MECHANITAL
BEHAVIOR

4.1 Overview

This section describes the bundle behavior during the high temperature transient in ierms of the various
control parameters, referred to as the test boundary conditions, and the resultant two-phase/steam interface
level, temperature distribution, changes in bundle geometry and hydrogen production.

The qualified test data recorded during the SFD-ST are provided in Appendix J. Due to the large number
of thermocouple measurements, average values have been used to describe the thermal response of the
bundle where possible

4.2 Boundary Conditions

Figures 6 and 7 provide data plots of the major time dependent boundary conditions for the SFD Scoping
Test: namely the bundle inlet and bypass flow rates, the bundie inlet temperature (single qualified
thermocouple at -0.305 m), bypass temperature (mean value of four thermocouples at -0.31 m), and the
bundle pressure. The significances of variations from the specified va'ues are discussed in later subsections.
T'he transient bundle nuclear power, and its derivation, is described in Subsection 4.3.

The flowmeter in the separator liquidline also provided data throughout the high temperature transient
but, due to the separator level control system, exhibited rapid wide range fluctuations. The mean fiow rate,
integrated over 1 min intervals, was derived from this data and a posttest calibration applied. The average
high temperature transient bundle outlet flow rate based on the separator flowmeter output was determined
to be ~.10 g/s, compared with the inlet flowmeter value of 16 g/s + 13% (20). Evidence from the FPDS and
hydrogen thermal conductivity analyzer measurements indicate that the quantity of liquid routed through
the separator gas exit line was small, and therefore the difference of ~6 g/s required investigation. An
independent evaluation of the bundle flow rate using the loop pressurizer level provided an estimate of
12.6 g/s, with an uncertainty range of + 1.5 g/s on the basis of three measurements.

The possibility of coolant leakage between the inlet flowmeter and the separator flowmeter was examined.
The absence of water and high fission product activities exterior to the FPD% and associated pipework ruled
out the escape of coolant downsiream of the test train. Similarly, on the basis of limited contamination of the
loop, the transfer of coolant from the bundle and upper regions to the bypass coolant did not occur.
However, leakage from the inlet region below the fuel bundle would not necessarily have resulted in
significant contamination of the loop. Following the test, damage to the bundle inlet region was observed
and, during disassembly, the braze joints on three of the four inlet coolant lines were discovered to be loose.
Although leakage of a few g/s from the bundle inlet to the bypass appears credible, it is no* consistent with
the small positive bypass-minus-bundle differential pressure measured throughout most of the transient.
However, as described in Subsection 4.10, a leak may have developed during the final minutes of the test

The uncertainty in the bundle flow rate during the Scoping Test had considerable impact on the
thermal-hvdraulic analysis and the estimated transport times for fission products from the bundle to the
various detectors. However, the most reliable measurement was provided by the inlet turbine flowmeter
(Figure 6) and, in the absence of positive evidence of a leak, was used for the analysis presented in this report

The thermal conductivity of the shroud, as a function of temperature, was determined pretest using
bench-measured values and a theoretical interpretation for the composite ZrOs fiberboard and
strengthening tubes. In the posttest analysis, the effective thermal conductivity was calculated using the
measured temperature drop across the shroud assembly and the heat flux through the shroud. The two sets of
values are near each other at low temperatures but, with increasing temperature, the measured effective
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shroud thermal conductivity was considerably larger than the pretest value. A partial explanation for the
apparent enhanced conductivity that was estimated to be about a factor of three higher at 1200 K, was
fiberboard compaction, which can be observed in the neutron radiographs (Subsection 4.8.2). The shroud
conductivity data used in the SCDAP analysis is discussed in Appendix H and Subsection 6.2.

4.3 Bundle Nuclear Power

The PBF reactor ion chambers provided a measurement of the neininal reactor power. Under steady state
conditions, with a water-filled bundle, the monitors were calibrated to allow derivation of the reactor
thermal power. Reactor physics calculations 12 were perforried to establish a pretest relationship between the
reactor thermal power and the bundle nuclear power. = e major contributions to the nuclear energy
deposition within the test train components, and the rel: - “nship to the reactor power, are summarized in
Appendix C.

The posttest analysis utilized thermal-hydraulic measurements to derive the bundle nuclear power. The
method was based upon the premise that, under equilibrium conditions, the power generated by the fuel
bundle was equal to the rate at which heat was transferred to the coolant flowing through the bundle plus any
losses through the shroud. The heat loss was calculated with the use of the Dittus-Boelter ! 3 correlation. The
bundle coolant heat gain rate was determined from the average inlet and outlet temperature measurements
and from the inlet coolant flow rate and pressure. The computed bundle power history for the SFD-ST from
the start of nuclear operation, is shown in Figures 8 and 9 (note zero times). This analysis, however, is not
valid during bundle coolant boiidown because of nonequilibrium conditions (see Appendix C).

The bundle nuclear power history throughout the high temperature transient was established using the
following approach. A constant power hold (between 31.5 min and 54.7 min), prior to the start of the final
power ramp, provided equilibrium conditions for the calculation of the bundle nuclear power. Towards the
end of this period, when steady state was achieve./, the rate of heat gain by the bundle coolant was measured
to be 38.1 kW. The rate of heat gain by the bypass coolant throughout the high temperature transient,
derived from the means of the four differential temperature measurements, is shown in Figure 10. The
gamma-ray and neutron energy deposition in the shroud and bypass coolant, discussed in Appendix C, were
obtained from the reactor physics calculations. The net power derived from these nuclear sources that were
additional to those in the bundle, and the rate of heat gain by the bypass coolant, amounted to 0.9 kW. The
total bundie nuclear power at this time was therefore calculated to be 39.0 kW,

To a good approximation, the test train fission chambers provided a measure of the relative power
throughout the transient. The time dependent count rates from each chamber were scaled by the appropriate
chamber sensitivity, obtained from calibrations performed in the Battelle NW Reactor, 140 provide relative
fission rates. At defined time steps a simple fit was made to the seven axial fission rate data points, a mean
value being used where a pair of chambers occupied the same axial position. An extrapolation of the fit to the
ends of the bundle was estimated on the basis of the reactor physics calculations. Integration of each axial
power shape provided the relative bundle power as a function of time. The relative power profile established
from the fission chamber data was normalized at the end of the power hold to the calibration point of
39.0 kW. It was confirmed that the above calibration was valid over the power range encountered during the
transient phase by comparison of the normalization factor with values derived from the nominal 24 kW
steady state period and the two 90 kW periods. The bundle nuclear power throughout the high temperature
transient is presented in Figure 11 and can be seen to rise from the 39.0 kW calibration noint to a maximum
power of 93 kW,

The fundamental premise with the above approach to defining the bundie nuclear power history is that the
integrated fission rate, measured by the chambers located outside the shroud, bears a direct constant
relationship throughout the transient to the energy released as a result of nuclear processes within the bundle
and coolant. It was assumed that the sensitivity of the fission chambers remained unchanged during the
boildown. The measured axial fission distribution responded to variations in the coolant level, and to a much
lesser extent to fuel rod relocation, but was strongly influenced by the approximately cosine power shape

20
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imposed by the reactor. The uncertainties associated with the derivation of the bundle nuclear power are
assessed in Appendix C and it is concluded that an overall uncertainty level of + 10% is appropriate during
the 39.0 kW steady state power hold, increasing to abcut + 15% at the maximum power.

4.4 Coolant Level

A knowledge of the two-phase/steam boundary is important for comparison with code predictions under
transient conditions (see Subsection 6.2). Due to the relatively low inlet coolant flow rate a comparatively
distinct bourdary was formed between the lower liquid phase, which was primarily water but with some
two-phase coolant near the interface, and the upper steam phase. The rate of change of the boundary
elevation within the test bundle resulted from the evaporation rate at the boundary and the iniet coolant flow
rate. It should be noted that a second boiling-boundary existed between the liquid phase, which may have had
nucleate boiling, and the two-phase region with large heterogeneities of liquid and gaseous phases. However,
this interface proved difficult to define and measure with any degree of accuracy. Analysis of the data from
the test train fission chambers (Subsection 2.5.3) to establish the elevation of the two-phase/steam
“oundary, and an approximate location of the boiling boundary, is described in Reference 7 and has not been
repeated in this report.

Figure 12 provides an overlay of the deduced two-phase/steam boundary elevation, the bundle nuclear
power and the inlet flow rate as a function of time. At time zero the boundary was passing an elevation
0.50 m above the bottom of the fuel. The modulation in the steam interface level prior to the 39 kW steady
state power hold was a consequence of the variations in the power and flow rate. With a steady state power of
39 kW and inlet flow rate of 0.020 L/s the two-phase/steam boundary stabilized at an elevation of 0.42 m.
The level decrease that commenced about 55 min into the transient corresponds to the steady rise in bundle
power. The fluctuation in level at about 184 min results from failure of the shroud inner liner (discussed in
Subsection 4.7). The rapid decrease in level from about 200 min until reactor scram can be seen to coincide
with a decrease in flow rate.
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The uncertainties associated with the level profile derived from the fission chamber data are estimated to
amount to about +0.02 m. Confidence in the measurements is provided by the temperature rise on
thermocouple dry-out, as discussed in the following sections.

4.5 Fuel Rod Temperatures

A radially averaged temperature profile for each of the 0.35-m, 0.50-m and 0.70-m elevations has been
computed from the qualified data measured by the thermocouples located on the cladding inside surface of
the instrumented fuel rods distributed throughout the bundle. These average temperature profiles are
presented in Figure 13, with the deviation from the mean for the individual rods shown in Figure 14.

The piots show that the cladding was at saturation temperature at the 0.35-m elevation for the first
100 min, and the 0.50-m elevation at time zero and for about 5 min prior to the steady state power hold. It is
of interest to note that the deviation from the mean during these periods when the thermocouple elevation is
below the two-phase/liquid coolant level is a maximum of + 10 K, whereas in the steam region prior to the
commencement of the rapid temperature rise, the deviation at all elevations is about + 50 K. The dry-out
times for the ©.35-m and 0.50-m elevations indicate that the level profile derived from the fission chamber
data is possibly low by about 0.01 m but within the overall estimated uncertainty of +0.02 m.

The deviation plots show no evidence of any general radial temperature gradients within the +50 K
distribution. During the rapid temperature excursion, and prior to thermocouple failure, individual rod
temperature measurements deviate from the mean value by up to + 100 K.

Figure 15 compares the average cladding temperature and fuel centerline iemperature at the 0.70-m
elevation. The six instrumented fuel rods containing the centerline thermocouples again agreed to within
+ 50 K for most of the transient, the variation increasing during the rapid temperature rise prior to reactor
scram. It should be noted that the fuel centerline temperatures exceeded the cladding temperatures by about
50 K while the thermocouples were operational.

The temperature profile at the upper two elevations prior to the 39 kW hold resulted from the variations in
power and flow rate. During the steady state power hold the average cladding temperature at 0.50 m was
about 750 K, and 900 K at 0.70 m.

Table 3 summarizes the bundle nuclear power history and the associated estimated temperature
rates-of-change at the three cladding thermocouple elevations for the time period between the end of the
steady state power hold and shroud inner liner failure. The temperature increase rates were influenced by
three step changes in the reactor power ramp (see first footnote on Table 3) and the events noted in column
two of the table. The rise-rate at the 0.35 m elevation following coolant uncovery of the thermocouples was
about twice that of the upper thermocouples. However, after that initial period the rate of temperature
increase at all three elevations were very similar, ranging from 0.10to 0.15 K/s.

Failure of the shroud inner liner at 184 min into the transient resulted in a small depressurization of the
bundle and an associated cooling (discussed in Subsection 4.7). Following the brief temperature decrease,
the rate of rise increased significantly at all elevations, compared with that prior to shroud liner failure.

None of the cladding thermocouples are considered to have provided reliable data throughout the entire
high temperature transient, although four thermocouples at the 0.35 m elevation did not become
questionable until about 2 min prior to reactor scram (exact times listed in Table B-2, Appendix B). During
this final period the temperature rise-rate increased to about 6.5 K/s. In general, the 0.50-m elevation
thermocouples became unreliable before those at 0.35 m. A rapid temperature rise-rate commenced at the
0.50-m elevation ~.2.5 min before to the lower elevation. Four of the five 0.70-m elevation thermocouples
became unreliable about 23 to 44 min before shroud failure. However, a single thermocouple (Rod 3D)
provided data until 9.7 min before reactor scram, at which time the temperature rise-rate was about 0.4 K/s.
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Table 3. Bundle nuclear power and temperature rates of change

Time
(min)

54.7

1154

141.0
143.5

156.5

184.0

_Event
End of steady-state power hoid
$% flow reduction for 15 min

Power hold for DARS data transfer

5% flow reductior. ‘or 10 min

Shroud inner liner failure

Bundle Nuclear Power®

Power

(kW)

190

69.0

85.0

Increase Rate

IR

19

6.8

6.8

Temperature Increase
(K/s)

Rate

0.35 m Elevation 0.50 m Elevation

0.70 m Elevation

0.20°
0.12

0.10

0.13

0.08

0.12

0.11

0.15

0.10

a. Changes in reactor power ramp rate occurred at 128 min (20 kW/min to 40 kW/min), 161 min (40 kW/min to 50 kW /min) and
185 min (50 kW, min to 60 kW /min)

b.  Temperature ramp commenced at 100 min when coolant level reduced below 0.35 m elevation



In a high temperature steam environment such as the Scoping Test, there were several possible failure
mechanisms for the thermocouples (see Appendix B). The formation of secondary, or virtual junctions was
highly probable as the thermocouple leads were routed down the fuel rod through high temperature regions.
It was observed that the 0.50-m and 0.70-m elevation thermocouples produced the most virtual junctions.
The relocated junctions of the upper level thermocouples consistently indicated temperature rise-rates of
about 10 K/s in the final minutes prior to reactor scram.

An understanding of the thermal behavior of the fuel bundle in the period when reliable thermocouple
data was no longer available is important in assessing severe fuel damage computer model predictions and in
the interpretation of the fission product release data. As part of the postirradiation examination, estimates of
temperature were deduced for seven bundie cross sections from the observed fuel behavior. Peak fuel
temperatures are estimated to have increased by ~1000 K during the final 6 min of the test. The posttest
bundle studies are described in detail in Appendix E and summarized in later subsections.

4.6 Coolant Temperatures

The measured inlet coolant temperatures were presented in Subsection 4.2 as part of the boundary
conditions. Figure 16 shows the average steam temperature profile at the 0.50-m and 0.91-m elevations, and
within the fallback barrier. The deviation from the mean value of the individual thermocouples distributed
between the fuel rods throughout the bundle is provided in Figure 17. As with the cladding thermocouples,
the measured saturation temperature, and associated agreement between thermocouples, at the 0.50-m
elevation provides confidence in the two-phase/steam interface profile derived from the fission chamber
data. The steam thermocouple measurements gererally showed larger radial variations than those within the
fuel rods, but again indicated no specific trends. The average steam temperature within the bundle at the
9.50-m elevation was ~200 K less than the cladding temperature at the same elevation at the time when the
twy -phase/steam interface was at about 0.35 m. This difference decreased to about 100 K prior to shroud
failure and when the radial variation was less than 50 K. The maximum measured steam temperature was at
the 0.91 m elevation and for the first 60 min of the transient there appeared to be no temperature decrease
into the fa'lback barrier. It should be noted that the shroud insulation extended up to the elevation of the
steam exit lin> in order to reduce heat losses. Up until ~.140 min, when the 0.91-m elevation thermocouples
became unreliabic an apparent temperature drop developed between the top of the fuel bundle and the
fallback barrier that increa-»d to ~200 K. The 1.11-m elevation thermocouples were located at the base of
the fallback barrier, with the 1.19-m elevation thermocouples being within the fallback barrier near the steam
outlet line. The deviation from the mean plot shows that the 1.19 m thermocouples were generally recording
higher temperatures than the 1.11 m thermocouples. Although this may simply reflect the overall
uncertainty of the measurements, it is feasible that the effect results from flow conditions set up within the
fallback barrier or the oxidation discussed in Subsection 4.9.

Figure 18 shows the measured exit steamline temperatures (1.5 and 1.8 m). These were considered valid
throughout the transient. A significant period of time was required for these locations to achieve
temperatures above saturation. At about 90 min into the transient both temperature recordings show a
temporary decrease, amounting to about 60 K at 1.5 m and 30 K at 1.8 m. The thermocouples within the
fallback barrier showed a similar but much smaller reduction, while those at lower elevations in the test
bundle indicated no such response. The timing of the measured temperature reductions above the bundle is
coincident with the period of fuel rod rupture. Commencing at about 135 min is a more significant period of
cooling with rapid temperature drops up to 300 K. Figure 19 overlays the steamline temperatures and the
separator pressure during this period. The sensitivities of the test train pressure transducers were not
sufficient to establish the behavior of the control system. The two pressure drops in separator pressure of up
to 170 kPa are associated with 50 kPa increases in the bypass-minus-bundle differential pressure and there is
evidence of enhanced steam flow as a result of temporary increases in bundle-minus-separator differential
pressure. Such temperature decreases as indicated by the 1.5 m and 1.8 m steamline thermocouples would
generally be associated with suspension of flow or condensation. In the time between these temperature
fluctuations, and the temperature reductions at 90 min, it is of interest to note that the 1.5 m location was
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Figure 17 Deviation of thermocouple measurements from average steam temperatures
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Figure 21 Ihermocouple measurements of mid-shroud temperatures
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Figure 24, Mid-shroud thermocouple measurements at time of shroud failure
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Figure 25 Outer-shroud thermocouple measurements at time of shroud failure
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The two-phase/steam interface level at time of shroud failure
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Figure 30 Responses of fission chambers at time of shroud failure
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A further indication of fuel rod rupture was the increase in ion chamber signal resulting from the released
fission products being swept down the outlet steamline. An overlay of the ion chamber gross radiation
measurement, the internal pressure of Rod 3D, and the pressure switch signals is presented in Figure 32. No
correction has been made for the estimated few second transit time between the fuel bundle and the ion
chamber. Based on the large peak in the ion chamber signal, a failure period between 84 and 104 min was
estimated, with corresponding peak cladding temperatures of 1100 K and 1200 K, respectively. The four
internal rod pressure devices indicated failure in the latter part of the ion chamber response curve. This later
failure of the instrumented rods is probably a consequence of the gas fill volume additional to that in the
standard rods and located in the coolant region below the test bundle (see Appendix A). Of the 32 rods
within the bundle, 13 were instrumented and had gas fill volumes approximately double that of the standard
fuel cods.

Transient material behavior within the test bundle and shroud region was analyzed and interpretes’ using
four techniques; the test train fission chamber signals, axial gross gamma scanning, neutron radiceraphy and
destructive cross-sectional examinations (metallography and elemental composition determinations). An
attempt to determine the extent of material relocation was also made by measuring the pressure drop from
the bundle inlet to the bundle outlet before and after the transient. A summary of the techniques and the
conclusions of the analyses are provided in the following subsections. A complete description of
postirradiation examination sequence, and presentation of related results, is given in Appendix E.

481 Assessment of Material Motion From Fission Chamber Data. In addition to their primary
purpose of determining the coolant level in the bundle, the signals from the array of 12 fission chambers
mounted on the test train were used to provide an assessment of material motion. However, since the
sensitivity of individual chambers to material movement as a function of quantity and proximity has not
been addressed, interpretation regarding the onset of liquefaction and material relocation remain qualitative.
Reactor physics calculations, performed to aid the interpretation of the fission chamber signals,
demonstrated that the fission rate would decrease due to flux spectrum hardening with an increase in fuel
concentration, Thus, loss of material from a region resulted in an increase in the thermal neutron flux due to
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44



reduced absorption, and a decrease in the thermal flux in those regions where the material relo.ated. It
should be noted that the interpretation of the neutron detector signals prior to the reactor physics analyses
were based upon contrary assumptions. ’

I'he power-normalized upper elevation fission chamber signals, removed from the influence of the bulk
coolant, showed small variations commencing prior to 200 min. A lack of consistency between pairs of
chambers at the same elevation complicated the evaluation, with opposite trends apparently indicating radial
shifting of the fuel bundle. Significant fuel motion was not detected until the final minutes of the high
temperature transient. Figure 33 shows the data recorded from all 12 fission chambers during the final 100 s
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482 Material Relocation Based Lpon Gross Gamma Scanning and Neutron Radiography
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Approximately 2% of the fuel moved downward to the region between 0 and 0.31 m, 10% of the fuel moved
away from the region between 0.31 m and 0.76 m and 8% of the fuel moved upward to the region above
0.76 m.

Following the gross gamma scan the bundle was transferred horizontally to a hot cell facility for drying,
and then shipped the Argonne National Laboratory-West (ANL-W). Neutron radiography, a
nondestructive examination technique, was performed in a vertical position in the Hot Fuel Examination
Facility at ANL-W to determine the posttest gcometry. The bundle was positioned to allow radiography over
seven axial sections. The procedure is described fully in Reference 9. The full-length neutron radiographs for
180 and 270 degrees are shown in Figure 35(a-c).

The lower portion of the bundle contained instrumentation leads, the bottom fuel rod insulation pellets
and end caps, and the tie plate. The fuel rods remained intact in this region, with no observed molten material
or debris, below the bottom grid spacer (centered at 0.05 m above the base of the fuel stack). The rod stubs
extended up to an elevation of 0.198 m, with considerable molten material above the spacer grid. Above the
rod stubs a large cylindrical mass formed (0.07-m diameter), consisting of fuel pellets bound together with
previously liquid material. Above the cylindrical mass was a debris bed of fairly uniform consistency. The
debris consisted primarily of fuel at least one-fourth pellet size and large pieces of oxidized cladding. In
addition, fuel rod segments are visible at the upper end of the debris bed indicating less extensive
embrittlement and handling damage. The middle and upper grid spacers are not visible in the neutrographs,
evidently due to melting and intermixing. The tops of the fuel pellet columns vere 0.115 m above their
original location, with resultant prominent gaps between debris portions.

4.8.3 Material Relocation and ldentification Determined .y Metallography and Elemenial
Spectroscopy. After neutron radiography, the SFD-ST bundle was returned to the hot cell for epoxying,
slicing of cross sections, and optical metallography. (See Appendix E and Reference 10.) Sectioning
elevations were determined from the neutron radiographs and from closely spaced tomographic
reconstructions, as discussed in Reference 9. In addition, t wenty small diameter samples were core-drilled at
positions of key metallographic interest for elemental composition determinations by scanning electron
microscopy/energy-dispersive x-ray spectroscopy (SEM/EDS) and scanning Auger spectroscopy (SAS).
Appendix E describes metallurgical terms and evaluation techniques, and presents the previously nnreported
elemental composition data in detail. In conjunction, the investigations permitted estimates of peak
temperature ranges, phenomenological investigations of bundle material interactions, and approximate
determinations of relative test times at which various thermochemical processcs occurred.

Extensive metallography was performed on seven bundle cross sections, with supporting elemental
spectroscopic determinations at five elevations. Phenomenological findings and estimated peak temperature
ranges for each cross section are summarized below. A thorough description of the methodology and
interpretation is given in Appendix E. For the purpose of the following summary, sufficient background
information is provided by the temperature reference points listed in Figure 36 and the phase diagram
illustrating fuel liquefaction by molten cladding (Figure 37).

The relative area of discrete materials within each metallogra, hic cross section was measured. The
participation of the shroud inner liner and insulation in the bundle behavior necessitated area fraction
estimates relative to the area within the saddles. In the as-built geometry, the UO; fuel occupied 19.9% of the
intersaddle area, the cladding 6.3%, and the liner and insulation 31.2%, leaving a flow area of 42.6%. Inthe
following descriptions of the cross sections, references are made to photographs found in Appendix E.

0.056 m (Figure E-10). Since the bottom of the bundle was protected by coolant throughout the
transient. this elevation contained a full fuel rod array and intact insulation region, plus the bottom
spacer grid. Approximately 5% of the intersaddle area was filled by a multiphase, high oxygen (U,Zr,O}
melt that was initially metallic. Another 1% was metallic meit that was mostly oxygen-stabilized
alpha-zircaloy [a-Zr(O)] with some dissolved Inconel and uranium. These (U,Zr,0) melts did not
contact cladding and fuel at this elevaiion, and therefore no equiaxed /O3 grain growth was induced by
heat transfer from the melts.
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Figure 36 Metallurgical temperature reference points

Both (U,Zr,0) melts achieved peak temperatures above 2245 K, the a-Zr(O) melting point, at some stage
in their evolutions. The multiple phases in the oxidized melt suggested that it was a heterogeneous,
partially metallic melt upon arrival at 0,055 m. As shown by Figure 37, this melt was probably a slurry
of (U,Zr) O34 solids in L; [mostly molten «-Zr(O)] at a1 temperature of at least 2173 K before
solidifying and oxidizing. The L | liquid phase is typically high in zirconium and low in oxygen. The L
liquid phase has typically high uranium, high oxygen concentrations. The metallic melt was still well
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Figure 17 Quasi-binary a-Zr(0)-UO+ phase diagram

above 1650 K upon arrival, because localized grid regions were melted by contact rather than by forming
<

a low melting point Zr/Inconel mixture 15 (See Figure 36.) The metallic melt seems to have slumped

later than the oxidized melt, after the coolant level had apparently decreased farther, to account for the

much greater metallic melt/spacer grid interactions
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0.145 m (Figure E-11). This complex cross section contained four primary materials: melt-covered fuel
pellets (11.7%); intact fuel pellets (4.0%); multiphase oxidized melt (20.6%, including porosity and
cracks); and a Zr-rich metallic melt (10.4%). The damaged pellets were attacked on peripheral surfaces
and along a few major internal cracks. Significant inward migration of Zr occurred, implying
a-Zr(0)/UO; eutectic formation and local fuel temperatures above 2170 K. Minor UO3 grain growth
was observed, but with little consistency in final sizes. The intact pellets show no indications of equiaxed
grain growth, even along peripheral surfaces contacted by a metallic melt that seeped into pellet-cladding
gaps.

The oxidized melt contained more uranium than Zr (on an atomic basis) and was primarily liquefied
fuel. It slumped to 0.145 m as a partially metallic (U,Zr,0) material, after beginning as a high
temperature metallic melt (> >2245 K) and acquiring uranium and oxygen by pellet dissolution and
oxygen by steam oxidation on the way down. However, this melt was not completely oxidized upon
arrival, as it reduced both fuel and previously oxidized cladding before solidifying. The composition
upon arrival cannot be precisely deduced, but Figure 37 indicates that the temperature was above 2173 K
and could possibly have been above 2673 K. Because melt contact did not cause ZrOp melting, an upper
bound of 2960 K can be established here.

The bulk metallic melt is primarily a-Zr(O), so its temperature before solidifying at this elevation was at
least 2245 K. Appreciable dissolved Inconel and uranium were found within this material, though the
uranium concentration was much lower than inside the oxidized melt as a result of relatively little fuel
pellet dissolution. The metallic meit displayed very high neutron attenuation when radiographed, which
cannot be explained by the Ni and U content, and strongly suggests large amounts of dissolved hydrogen
acting as a moderator. ZrH» precipitates were not observed, evidently due to rapid cooling of the metallic
melt. The hydrogen absorption most likely occurred during a temporary steam flow reduction and is
discussed in Subsection 4. 10.

01720 m (Figure E-12). Only two unreacted fuel pellets are present in this cross section. Globules of (U,Zr)
alloy in the prior g-Zr cladding around these pellets indicate fuel-cladding reactions and local
temperatures of ~.1775 K. Multiphase oxidized melt occupies 38.4% of the intersaddle area, including
large pores. This melt is similar in metall- graphic appearance to the U-rich oxidized melt at 0.145 m, but
it was evidently hotter and lower in oxygen upon arrival, because pellet liquefaction and oxidized
cladding dissolution were further advanced at this elevation. Fuel pellets occupy 13.9% of the area and
oxidized cladding fills only 0.9%. No signs of ZrO5 melting were found, so the melt temperature was
below 2960 K. More equiaxed UO grain growth was observed adjacent to the oxidized melt at 0.170 m
than at 0.145 m, but final fuel grain dimensions ranged widely (10 to 50 um) at individual positions.

Metallic melt occupies 2.9% of the intersaddle area. It was found at widely separated positions on the
180-degree side of the bundle, and penetrated shrinkage porcs in the oxidized melt and gaps between
oxidized melt and fuel pellets. A significant amount solidified (~.2245 K) along the 225-degree side of
the oxidized melt mass. This spatial distribution suggests that this material was the same as the bulk
metallic melt at 0.145 m, and that much of it flowed around the oxidized melt mass before collecting
underneath with metallic rivulets that drained through open pores. The metallic melt distributions at
0.145 and 0.170 m jointly indicate that the U-rich oxidized melt had solidified in place by the time the
metallic melt slumped to this bundle region.

0.245 m (Figure E-13) About 36.8% of the area, including porosity, was oxidized melt (mostly liquefied
fuel), with very minor amounts of metallic melt trapped inside oxidized melt porosity. The solidified
U-rich melt contains two oxidized phases at room temperature, but was partially metallic upon arrival
because pellets were typically attacked by reduction (i.e. melt absorption of oxygen) and molten Zr
penetration. Previously oxidized cladding was probably dissolved by the same process, but ZrOj melting
cannot be excluded at 0.245 m since no cladding remnants survived. The oxidized melt pulled away from
fuel pellets during cooldown shrinkage in some cases, but remained firmly bonded to UO3 at other
locations, implying local differences in fuel wetting.



Melt composition samples (Appendix E) from the 0.245-m elevation show 2 to 3 times as many uranium
atoms as zirconium atoms. Figure 37 indicates that the melt was Ly (i.e. mainly melted fuel) at a
temperature above 2673 K during slumping. Subsequent cooling upon contacting the two-phase/steam
interface evidently converted the L; into a viscous two-phase slurry of (U,Zr)O;_y solids in Zr-rich L
(2173 K < T < 2673 K), with oxidation-resistant Ni trapped inside the minor L | phase. The slurry was
then oxidized by steam to form a two-phase mixture of (U,Zr)O7 and ZrO5, where the rounded Ni ingots
in the minor ZrO3 phase suggest that the oxidation was completed while the L | remained liquid above
2173 K. Had the Lj cooled below 2173 K before oxidizing, solid a-Zr(O) would probably have emerged
before the Ni segregated inte discrete inclusions.

Appendix E details one case where a local melt may have slumped to 0.245 m as a molten single-phase
ceramic ( >2810 K; see Figure E-23), melting much of a coated fuel pellet with some melting point
depression from substantial Fe penetration (~10 at.%), instead of inward Zr diffusion and conspicuous
fuel reduction. The melt temperature was likely near 3000 K, but no benchmarks exist for this apparent
Fe/U/O eutectic behavior at high temperatures. None of the fuel pellets at 0.245 m displayed
densification zones where sintering porosity disappeared by incipient fuel melting (as at the
0.915 m-elevation).

The UO; area fraction was estimated at 14.5%, but this value includes considerable melt that penetrated
virtually every pellet crack open at the time. Fuel pellets at 0.245 m also show greater average diameter
reductio.is than those at lower bundle elevations. Furthermore, significant UOj grain growth was
commonly observed. Sizes generally ranged from 10 to 20 um inside pellets, and from 15 to 50 um along
melts. A few pellets displayed 70 to 80 um grains isolated among as-fabricated 10-um grains across their
entire diameters. Equiaxed grain growth is meaningful as an overall indicator of high temperatures, but
the wide size ranges at individual positions preclude accurate comparisons to established correlations.

0.2720 m (Figure E-14). This cross section was cut near the top of the solidified melt region and appeared
very similar to 0.245 m. The two-phase oxidized melt occupied 40.7% of the area, including 7%
porosity. Rounded metallic inclusions, presumably high in Ni, were found throughout, indicating
minimum melt temperatures of 2673 K. Previously oxidized cladding was completely dissolved, as at
0.245 m. The 17.6% UOj area fraction again included many melt-filled cracks. No fuel densification
zones were observed, so the melt temperature did not exceed the fuel melting point after slumping to this
elevation.

The major difference from the sample at 0.245 m was that several pellets along the cross-sectional
periphery contained grains that exhibited a second phase during etched metallography. This
microstructure is displayed in Figure 38(a), whereas Figure 38(b) provides the fuel microstructure more
common at 0.245 m and within the cross-sectional interior at 0.270 m. The anomalous material was
tentatively identified during metallography as Ug4Og precipitates in a UO3 matrix. Since no SAS
measurements of oxygen concentration were made here, the phase make-up remains speculative.
Assuming that fuel oxidation is responsible for the two fuel phases, the oxygen uptake probably occurred
during reflood initiation, when steam flow was routed around the solidified melt and generally only
contacted peripheral pellets.

Fuel grain growth was often evident at this elevation. Internal pellet grains ranged between 10 and
40 um, while sizes next to melt regions were from 10 to 100 um. However, little consistency in sizes was
found on individual photomicrographs. The greatest uniformity in equiaxed grain growth was observed
in peripheral pellets that presumably were slightly oxidized.

0.496 m (Figure E-16). This elevation is through the central bundle region, which was highly embrittled
during the transient and where the most damage occurred to the insulation region. Only five fuel pellets
resemble their original size, so appreciable fuel liquefaction and subsequent fragmentation of pellet
remnants took place at 0.495 m. Approximately 13.9% of the area is filled by UO3, but this percentage
includes melts coated on pellet peripheries, melt-filled pellet cracks, and some porous fuel liquefied by
melt intrusion (2% total). Larze differences in pellet diameter reductions were observed.
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Although the central bundle region was the source of most of the solidified melt mass found at lower
elevations, oxidized cladding (some ballooned) can still be recognized around several pellets. This
suggests that the bulk metallic melts (most subsequently oxidized) formed between fuel and cladding
inside shells of ZrOj. After temporary confinement, the melts dissolved thin ZrO; portions and
slumped along exterior cladding surfaces, leaving the ZrOj shells behind. In addition, some previously
metallic melts slumped along fuel-cladding gaps before solidifying at this elevation, so both relocation
processes could be important.

The internal rod melts contained too much dissolved Inconel and the external melts too much dissolved
urarirm to have originated at 0.495 m. Observed Ni did not segregate into ingots, so oxidation was
comp!~t.d after solidification. Melt compositions are primarily two-phase mixtures of (U,Zr)O3 (mostly
liquet:~d fuel) and ZrO,, and oxidation occurred by steam flow through shrinkage pores and cracks that
opened auring cooldown. As at lower elevations, these initiclly metallic melts attacked both UO3 and
ZrO3 by reduction. Melt temperatures were likely quite hot upon arrival, but precise ranges are uncertain
because solidification was apparently induced prematurely by cooldown. Temperatures of the melts that
originated here, and flowed through this elevation earlier in the transient, were probably significantly
higher ( > 2673 K), judging by the extensive fuel liquefaction that occurred.

As discussed in Appendix E, the one composition sample at 0.495 m from which SAS measurements
were obtained indicated hyperstoichiometric uranium oxides (UO3 3to UOj g) both inside a fiel pellet
and with adjacent uranium-bearing melts. Both materials did not etch as readily as fuel and melts below
0.495 m. Fuel oxidation may have been responsible for this microstructure. As shown in Figure 3¢, this
microstructure (common at 0.495 m) may be characterized by two conspicuous fuel phases, occusional
large grains ( > 100 um), and porosity that interlinked to form microcrack networks during cooldown.
These networks exposed roughly 20% of the grain boundary surface area and their formation suggests
both reduced grain boundary adhesion and large nore mobilities. These networks are found distant from
melt-filled cracks, and are therefore not clearly associated with fuel reduction by the initially metallic
melts.

0.915 m (Figure E-18). This elevation matches the original top of the pellet columns, but it is actually
beneath 0.115 m of fuel and the upper spacer grid as a consequence of the upward bundle movement
that probably occurred during reflood. (See Subsection 4.10.) Much of the bundle geometry survived,
due to good lateral support from the relatively intact insulation and inner liner at this elevation. UO;
pellets account for 14.8% of the area between the saddles, but roughly 2% represents melt-filled pellet
cracks, melts coated on pellet peripheries, and porous fuel melted by reactions with molten cladding.
Approximately 6.4% of the area is occupied by curlicued, once-molten remnants of ballooned cladding
that mixed with molten Inconel and liquefied fuel. The presence of uranium in these cladding remnants
confirms fuel pellet liquefaction above this eleviiion.

As at the 0.495 m clevation, pellet diameter reductions varied widely. Oxidized cladding is conspicuous
around many pellets, again suggesting that melts formed in pellet-cladding gaps were temporarily
confined by ZrOj shells. However, internal melts at this elevation contained Inconel constituents and
external melts contained uranium, so some exchange occurred above 0.915 m. Melts were initially
meiallic and dissolved both UO3y and ZrOj by reduction, as elsewhere. Despite the substantial
concentrations of Inconel ingredients within the melts, no Ni-rich inclusions segregated. Therefore,
these melts were oxidized after solidification by steam flow through shrinkage pores and cracks that
formed upon cooldown,

I'he melt temperature definitely exceeded the fuel melting point (3120 K for UOj : see Figure E-24) at
one isolated position. Sample 19Q results presented in Appendix E confirm that at least one fuel
densification zone formed by heat transfer from the nearby (U,Zr,0) melt, since this region was free of
detectable impurities. The densification zone was bordered by a porous pellet region that contains
considerable Zr and Inconel ingredients. Thus, while the porosity was apparently related to chemical
effects and melt shrinkage, this porous region was above the fuel melting point to account for incipient
fuel melting in the adjacent densification zone. Fuel melting could also have occurred in other pellets
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that displayed porous regions, but no similar densification zones survived. High melt temperatures are
also supported by elemental composition results, revealing U/Zr atomic ratios of 3 or greater (see
Figure 37)

Oxygen concentrations were measured on two samples and both showed hyperstoichiometric uranium
oxides (UO7 3 to UO3 7) in fuel pellets and in U-bearing melts. Solid pellet microstructures and grain
sizes (50 to 100 um) were very similar to those in Figure 39, although little etched metallography was
performed at 0.915 m to positively confirm the existence of two fuel phases. Thus, fuel at this elevation
appears to have been oxidized as at 0.495 m

Resuits from the examinations discussed above are summarized in Table 4. Melt temperatures were estimated
on the basis of interactions after arrival at each elevaiion. Area fractions of bundle materials have been
totalled to provide an estimate of the flow area at each elevation (last column of Table 4) as an indication of
overall flow blockage.

Table 4. Inter-saddle area percentages of materials and estimated temperatures

Elevation % Cladding % Metallic? % Insulation
(m) 1 (b:" (Undissolved) Meit % Oxidized MeitD¢ and Liner % Flow Area

As-built ) 6.3 0.0 0.0 31.2 42.6

0.05% 19.9 (nominal) 6.3 (nominal) | s 11.2 (nominal) 6.6
I < < 2000K I < 1245K I ~2170K I ~2170K

0.145 15.7 i2 99 20.6 17.5 131
I > 2170K I 2250 K I~ 2170K 2170K < T < 2960 K

0170 139 09 29 i 4 12.2 11.7
I 2170K I < 2960 K I 2170K 000K < T < 2960 K

0.245% 14 .5 0.0 0 16 8 12.1 6.6
WIOK < T < 30K 6K < T <« W00OK

0270 17.6 0.0 ] 10 7.7 4.0
JOTOK < | < WO K 670K < 1 000 K

0.495 I5.9 2.4 0.0 2 49.2 32.5
260K < T < 300K | < 2960 K 670K < T < 3000 K

0918 14 .5 64 0.0 2% 109 679
670K < T < 300K I < 2960 K 2670 K I < 3000 K

1 Fuel temperature estimated only along surfaces exposed 1o melts, except at 0.055 m where no equiaxed grain growth was observed

b Meli temperatur estimated upon arrival at elevation shown

Includes shrinkage pores and cracks

d. Oxidized melt percentage included in UO4 val
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Figure 40 illustrates a best estimate of the general temperature behavior of the fuel bundle during the
transient. A ten axial node SCDAP calculation (Section 6) that agreed closely with the fuel rod thermocouple
measurements up to 200 min, allowed the peak and axially-averaged fuel temperature to be derived up to that
time. The shaded area, indicating an uncertainty range, is based on the measured temperature deviation
(Subsection 4.5) and the dependence on SCDAP. The peak end-of-test temperatures derived from the PIE
were assumed to have occurred at reactor scram. Thermocouples outside the test bundle provided additional
data and indicated when the bundle was finally cooled to saturation temperature. A simple interpolation,
with large associated uncertainties of + 200 K on the peak fuel temperatures, provide a general impression of
the postulated final high temperature phase of the transient.

4.8.4 Determination of Flow Restriction From Bundle Pressure Drop Measurement. Mecasurements ol
the coolant pressure drop from the bundle inlet (-0.30-m elevation) to the bundle outlet (1.77-m elevation)
were made before and after the high temperature transient to determine if material redistribution had
increased the coolant pressure drop appreciably. The posttest coolant flow rate was limited to a maximum of
0.033 /s to prevent fluidization and sweeping of the fuel debris into the PBF loop. The results of the
pressure drop measurements are shown in Figure 41. The insensitivity of the posttest pressure drop
measurement to flow rate indicates that the measurements are not meaningful, possibly due to unbalanced
liquid in the two sense lines.

4.9 Hydrogen Production

Hydrogen generation in a LWR severe accident is important because it may significantly affect the primary
coolant thermal hydrodynamics, and fission product transport chemistry and deposition. In addition, it may
mix with air in the containment and produce a combustible mixture. The hydrogen released from the test
train during the SFD-ST was measured as a function of time by a thermal conductivity analyzer described in
Appendix D.
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Table 5. Inner liner oxidation

Elevation Location Oxide Thickness Alpha Thickness
_(m) (Degrees) (um) (pm)
0.145 300 30 inner 20 inner
0.170 330 near 3A 40 inner 90 ianer
20 outer 90 outer
150 near SF 1162 (complete oxidation) —
0.245 290 250 inner 470 center
250 outer
300 100 inner 130 inner
100 outer 130 outer
0.270 No Liner — —
0.495 No Liner — —_
0.915 180 600 inner 200 center
400 outer

Table 6. Inner liner hydrogen generation

Total® Total?
Average Average
«-Layer a-Layer Oxide Layer Oxide Layer Total
Elevation Thickness Hj Production Thickness H5 Production H, Production
(m) : (um) B e (um) el oG, MRS
0.0t0 0.055 0 0.0 0 0.0 0.0
0.0551t00.145 20 0.03 30 0.14 0.17
0.145t0 0.245 60 0.10 795 4.25 4.135
0.245 10 0.825 365 3.69 350 10.84 14.53
0.825 to 1.179P 200 1.24 1000 18.91 20.15

Total 39.20

a. Combined inner and outer layer thicknesses, radially and axially averaged over given elevation range

o.  Elevation of the bottom of the steamline within the fallback barrier




the total volume expansion introduced negligible error for the component dimensions considered. The
hydrogen mass was derived from she equivalent Zr mass values using conversion factors of 0.00947 kg
Hy/kg Zr for oxygen stabilized alpha zirconium and 0.04420 kg Hy/kg Zr for ZrOs. The estimated
hydrogen generation is summarized in Table 6. The liner provided a total of 39 g of hydrogen, which is 53%
of the maximum possible from this source. An additional 4 g of hydrogen was estimated to be produced by
oxidation of the two lead carriers.

The amount of cladding oxidation, and the subsequent hydrogen generation, were estimated in a similar
manner to that for the inner liner. Table 7 presents the oxide and oxygen stabilized alpha layer thicknesses
measured at specific locations. Large gradients existed in the amount of oxidation, even at a given Cross
section. However, based on gross assumptions on the average amount of oxidation over axial segments of the
bundle, an approximate value for the total hydrogen generation from the cladding was obtained (Table 8).
The estimated total hydrogen production from the cladding amounted to 112 g, 72% of the possible
maximum.

There was no significant oxidation of the cladding at the bottom of the fuel rods as it was below the
single-phase/steam interface for the major part of the hizh temperature transient. However, complete
oxidation of upper region cladding occurred. It was therefore assumed that the bottom end caps did not
oxidize and the top end caps completely oxidized, resulting in an additional 12 g cf hydrogen.

The amount of oxidation of the components in the fallback barrier was estimated by metallographic
examination of selected samples of the spheres, trays, and inner liner. About 25% of the zircaloy components
in the fallback barrier, up to the elevation of the steamline, were oxidized to ZrOj, resulting in an additional
§ g of hydrogen.

T'he amount of hydrogen that could have been generated by oxidation of the fuel was extremely difficult to
determine with any degree of accuracy. The estimate was dependent on the actual amount of
hyperstoichiometric fuel in the bundle and the average extent of oxidation. both of which could not be
inferred from examination of a very limited number of fuel pellets. In order to provide an upper limit it was
assumed that two-thirds of the fuel oxidized to UO3 g, which would generate 48 g of hydrogen.

Table 9 presents the maximum possible hydrogen generation based on complete oxidation of the available
zirconium, and the postirradiation examination results. The total hydrogen generation value of 220 g
(+40 g, -88 g) consists of 172 + 40 g from the oxidation of zirconium components and an upper limit of
48 g from the oxidation of fuel. Although this PIE estimate is significant'y below the 375 g measured with
the thermal conductivity analyzer, it is at the lower bound of that measurement as shown in Figure 43. It
should be noted that integration of the mass release curve during the first 200 min, prior to the hydrogen
peak and significant fuel oxidation, provided a reliable value of 113 + 10 g that compared with the posttest
analysis predictions (Subsection 6.2).

4.10 The Final High Temperature Phase

The final high temperature phase of the transient, where peak bundle temperatures increased by about
1000 K. must be examined in the context of the changing test boundary conditions during this period. It is of
interest to note that the posttest SCDAP analysis does not predict a rapid temperature excursion during the
final minutes of the test without the indicated bundle coolant flow reduction. The following subsections use
the on-line instrumentation and PIE results to establish a best estimate scenario for the interrelated
phenomena occurring during the final phase of the transient.

4.10.1 On-line Instrument Response. Figure 44 shows the differential pressure over the bundle length, the
separator pressure and the inlet flow rate from just after shroud failure until completion of the rapid
cooldown phase. The differential bundle pressure, measured between -0.30 m and 1.77 m, steadily increased
following shroud failure until about 202 min. The differential then decreased during the next minute before
increasing again by about 200 kPa up until reactor scram. The inlet flow rate and separator pressure appear
constant for the first 10 min following shroud failure. The gradual increase in differential pressure may be
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Table 7. Cladding oxidation

Elevation

- =
0.055

0.145

0.170

0.270

0.495

0.915

Fuel Rod
Designation

3C
2D
4D
2B

4A

4B

5A

6B

3A

B
4D
Object |
Object 3
Object 6
Object 2

Object 12

2(

Location Oxidation Thickness
{Degrees) (um)
225 50 OD (alpha and oxide)
45 0
80 0
- 0
300 20 OD (oxide)
135 10 OD (oxide)
300 60 OD (oxide on melt)
— 50 OD (alpha and oxide on cladding)
0
180 140 OD (alpha and oxide)
90 150 OD (oxide)
- 50 OD (alpha)
45 60 OD (oxide double layer)
- 60 OD (alpha)
135 30 OD (oxide)
— 30 OD (alpha)
270 30 OD (oxide)
— 140 OD (alpha)
0 190 OD (oxide, no beta)
45 40 OD (oxide)
- 30 OD (alpha)
225 30 OD (oxide)
- 30 OD (alpha)
180 140 OD (alpha and oxide)
270 30 OD (oxide)
s 40 OD (alpha)
0 30 OD (alpha and oxide)
180 600 (complete oxidation, outer layer spalled)
- (Fuel oxidized, Uy40q)
— 600 (comiplete oxidation, outer layer spalled)
180 910 (complete oxidation)
260 910 (complete oxidation)
280 910 (complete oxidation, UgOg in fuel)
90 340 OD (oxide)
720 OD (alpha)
90 910 (complete oxidation)



Table 8. Cladding hydrogen generation

Oxide Laver Total

H> Production H> Production

Table 9. PIE estimate of total hydrogen generation
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Additional evidence of a flow reduction was provided by the flowmeter in the separator liquid exit line. It
was necessary to average the measured data over 1 min time intervals to eliminate rapid wide range
fluctuations resulting from the level controller. Figure 47 provides a comparison of the separator outlet flow
rate and the bundle inlet flow rate. The ~6 g/s discrepancy recorded throughout most of the test was
discussed in Subsection 4.2. DRuring the final minutes of the transient the difference increased to about
12 g/s, part of which can be attributed to the high production of hydrogen at this time. However, the
quantity of hydrogen generated after 200 min required about 1.5 kg of water, significantly less than the
apparent loss of water. Although it cannot be confidently stated that there was near zero steam flow for the
period around reactor scram, there was undoubtably a very significant reduction in the flow through the
fission product detection system. It should be noted that in Subsection 4.2, leakage from loose braze joints
on three of the four inlet coolant lines to the bypass was discounted on the basis of the small positive
bypass-minus-bundle differential pressure maintained throughout most of the transient. However, as
described above, the strip chart recording indicated a negative differential pressure from ~.203 to 208 min. A
leak during this period would have resulted in a flow reduction even greater than the 25% indicated by the
inlet flowmeter.

The inlet flow reduction, decline in tne two-phase/steam interface, and the rapid increase in zircaloy
oxidation and temperature during the final phase of the transient were all strongly interrelated, with positive
feedback effects. The exact sequence of events cannot be confidently defined on the basis of the on-line
instrumentation. As a result, it is clearly difficult to positively establish whether the high temperatures
achieved during the final minutes of the Scoping Test were a consequence of the unplanned flow rate
reduction. The calculational predictions for this phase of the test are discussed in Subsection 6.2.

Immediately following reactor scram, pressure pulses were recorded by the bundle and bypass pressure
transducers. During the initial interpretation the pulses were tentatively attributed to hot debris or melt
material dropping into the water in the lower plenum region. A detailed examination of the 100 Hz data, with
500 points per second, was performed and concluded that the pulses were more likely to be electrical noise
than the result of physical phenomena occurring in the fuel bundle. For this reason the pressure data from
these two transducers has been categorized as failed for the 1 min period following reactor scram.
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4.10.2 Best-Estimate Bundle Scenario. Postirradiation examination of the SFD-ST bundle region
provided additional insights on the later portions of the transient. These posttest findings have been
correlated to certain trends in on-line instrument responses and permitted tentative conclusions on the
influence of the time-varying transient conditions on the high temperature fuel behavior. The PIE results
discussed in Subsection 4.8.3, and detailed in Appendix E, are briefly summarized in the following
sequence:

1. Zircaloy cladding oxidized rapidly late in the transient, heating up bundle regions not covered by
coolant.

2. Accelerated cladding oxidation was accompanied by the melting of unoxidized zircaloy ( > 2030 K),
followed by incipient UO3 fuel dissolution (> 2170 K) as superheated Zr-rich melt began to slump
downward. To account for the large concentrations of Uy that went into solution, bulk melt
temperatures typically exceeded 2673 K (approaching 3100 K in some instances). This high
temperature U-rich liquid (L 5 on Figure 37), also acquired oxygen by reacting with steam and 21Oy
during its downward relocation.

3. Slumping of the oxidizing U-rich melt was halted on contact with the two-phase/steam interface at
about the 0.1 m to 0.2 m elevation. Heat loss to the coolant apparently first transformed the bulk
(U,Zr,0) melt into a viscous slurry of (U,Zr)O3_ solids in molten alpha-zircaloy (L. | on Figure 37)
between 2173 and 2673 K. Limited melt interactions with fuel rod stubs continued until bulk melt
sohdification (~2173 K) occurred through a combination of cooling and oxidation.

4. Accumulation of the oxidized (U,Zr,0) melt was followed by formation and slumping of a metallic
melt that was identified as mostly once-molten cladding with small amounts ot dissolved fuel and
Inconel spacer grid constituents. However, based on the radiographs, considerable hydrogen was
also postulated to be present. The metallic melt poorly wetted UO3 pellets while slumping. It was
both highly superheated and low in viscosity, as it not only flowed around the solidified oxidized
melt (225-degree orientation; see Figures E-11 and E-12, Appendix E), but also through the
oxidized melt pores formed during cooling and along rod stubs where the melt had separated during
cooldown shrinkage (Figures E-12 and E-13, Appendix E). Metallic melt solidified by heat loss to
the coolant beneath the oxidized melt mass and, to a lesser degree, within oxidized melt passages.
(See Figures A-14 through A-20 of Reference 9.)

S, An undetermined amount of fuel was oxidized beyond UO» g during cooldown and resulted in a
two-phase fuel microstructure (Figure 39). Fuel oxidation apparently reduced grain boundary
adhesion and helped to form microcrack networks that were commonly observed in fuel pellets
above the soliditied melt region. In addition, a diagonal fracture occurred across embrittled
cladding along the solidified melt base during the cooldown and reflood phase. Most of the bundle
was lifted into the fallback barrier, where upper bundle segments were forced against intact
insulation. Intermediate bundle regions evidently slid downward by varying amounts during posttest
handling, forming the prominent gaps observed in the neutron radiographs (Figure 35).

I'he above observations from the postirradiation examination of the test bundle have been combined with
the on-line instrument responses to provide che following interpretation of the final phase of the test at
successive time intervals.,

196200 minures. Determinations of bundle behavior during this interval are relatively uncertain, because
structural changes early in the high temperature test phase were obscured by later thermochemical reactions
and bulk relocation processes. However, Figure 40 indicates that fuel rod temperatures (22100 K peak,
~1S00 K average) were increasing at a low rate. Hydrogen production (Figure 42) was slow and steady over
this period. Nevertheless, Figure 44 shows a distinet increase in bundle differential pressure, starting at
196 min, while the coolant level (Figure 12) was decreasing and effectively lowering the differential pressure.
Zirconium’ Inconel interactions occur at about 1500 K15 and, based on Figures 40 and 44, accumulations
ol low melting point zircaloy ' Inconel mixtures can be postulated at one or both of the upper grid elevations,
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inducing minor local restrictions to steam flow. The configuration of this mixture may have resembled the
curlicued remnants from ballooned cladding/spacer grid interactions that were discovered at the 0.915-m
elevation (Figure £ 18, Appendix E).

200203 minutes. As discussed in Subsection 4.10.1, the inlet flow decrease at about 200 min (Figure 44)
resulted in less heat removal from the bundle and permitted escalation in zircaloy oxidation and bundle
temperature. Hydrogen generation increased substantially after 203 min (Figure 42) but, as outlined in
Subsection 4.9, there are significant uncertainties in the transit time during this period.

Since the coolant inlet flow and level were both decreasing during this period, the differential pressure
increase is attributed to a gradual loss of flow area in fuel rod coolant channels from slumping of oxidizing
(U,Zr,0) melt and its initial accumulation near the coolant level (0.1 to 0.2 m). Widespread melt formation,
incipient fuel liguefaction, and bulk downward relocation are expected to have commenced by 202 min,
because rapid zircaloy oxidation would induce cladding melting by both direct heat conduction and radiant
heat transfer.

203206 minutes. As described in the previous subsection, there is evidence that at about 203 min a
significant rednction in flow commenced. This may have produced a hydrogen-rich environment within the
bundle by ~.205 min suitable for the formation of the observed low-oxygen, high-hydrogen metallic melt.
The small amount of UO3 dissolved in the metallic melt, by comparison to the U-rich oxidized melt, is due
primarily to poor wetting of UOjy pellets whi'e the metallic melt was slumping. The poor wetting
characteristics of the superheated metallic melt are attributed to negligible steam oxidation, since molten
cladding does not wet UO5 particularly well until it has been oxidized to a-Zr(O). 16 Therefore, the metallic
melt slumped in a steam-deficient environment, and absorbed hydrogen instead of reacting with steam and
fuel like the oxidized melt.

Although the time of metallic melt formation cannot be deduced exactly, the rise in steamline temperature
at reactor scram (Figure 4%) indicates increasing steam flow and thereiore the metailic meit had probably
slumped shortly prior to this time. Steam flow was fully reestablished about 1 min after scram (see next
subsection). As previously discussed, the metallic melt encountered a solidified oxidized melt mass when it
reached the lower bundle region, with some metallic melt solidifying within oxidized melt shrinkage features
(Figure 49). Since the oxidized melt was mainly liquefied fuel, liquefaction by molten cladding and bulk melt
accumulation had essentially ceased before metallic melt slumping.

206211 minutes. The PIE results indicated that little unoxidized cladding remained within the upper
two-thirds of the fuel bundle after slump of the metallic melt. Upon removal of the main source of bundle
heating through scram of the reactor, residual cladding melting and fuel liquefaction above the bulk melt
mass terminated. However, minor UO3-melt reactions may have continued within the mass. Early reflood
coolant was probably transformed into steam by the large solidified melt region and therefore thermal shock
to the embrittled upper bundle regions was minimized. The rise in steamline temperature and the spike in ion
chamber output (Figure 48) indicate that steam flow was fully reestablished by 207 min.

Figure 44 shows a sharp decrease in separator pressure after 210 min, maiched by a sudden increase in
coolant inlet flow to 0.03 1/s. This flow surge evidently induced a diagonal fracture across embrittled
cladding along the solidified melt base, as can be observed in Figure 49. The fracture was followed by a
hydraulic lift of the upper five-sixths of the bundle until it impacted the fixed base of the failback barrier. The
lifted bundle portion weighed nearly 17.5 kg. The differential pressure acting on the solidified melt base at
210 min was at least 40 kPa. Based on this differential pressure, and the cross-sectional area within the liner,
over 24 kg of lift has been estimated. This leaves nearly 7 kg to overcome lateral friction and to account for
the small portion of the cross-sectional area that was not blocked by rod stubs and solidified melt. I'he
hydraulic lift impact apparently fractured some embrittled fuel rods and also the barrier container, the 210,
steam inlet tube, and fuel rod upper plenums, leaving upper end caps at right angles to their original
ortentations, as can be seen in Figure 35(¢). Upper bundle segments were wedged beneath the fallback barrier
against the relatively intact ZrO3 insulation. Lower segments are believed to have moved downward to
varying extents during posttest handling
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Figure 48 Overlay of steamline temperatures, gross gamma activity and bundle differential pressure during final
phase of transient.

211-214 minutes. Alter the elevated portions of the bundle were wedged in place, coolant pressure was able
evidently to wash out flow paths around the solidified melt mass and rod fragments through the extensively
damaged insulation at the new elevation. Neutron tomographs confirm that insulation maintained its
integrity at the original elevation of the flow restriction between 0.10- and 0.18-m elevations, whereas the
insulation region was almost totally remo. od between 0.20 and 0.30 m.?

According to Figure 48, the bundle configuration stabilized shortly after 211 min. A minor differential
pressure increase is shown at about 214 min, accompanied by a rapid fall in steamline temperature. However,
Figure 44 demonstrates that these effects were caused by an inlet flow increase to 0.06 1/'s that was related to
a drop in separator pressure. The steamline temperatures in Figure 46 show that saturation conditions
(556 K) were reached by 214 min

Fhree elemental composition samples from the upper three-fourths of the bundle examined by SAS all
showed hyperstoichiometric uranium oxides. The exact timing of the fuel oxidation cannot be established
other than that it probably occurred during the cooldown phase (Appendix E). However, a recent calculation
indicates that UOj can be oxidized beyond U3 5 in high pressure steam, but without a significant presence
of hydrogen 17 Substantial hydrogen release from the bundle is indicated in Figure 42 for the period after
211 min. However, as discussed in Section 4.9, there are significant uncertainties, both in timing and
magnitude, associated with this measurement during the final phase of the test. The U0y was still at
sutficient elevated temperatures to allow inward diffusion of oxygen after 211 min, with hydrogen being
transported efficiently from the bundle
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5. FISSION PRODUCT BEHAVIOR

5.1 Overview

A comprehensive report that describes most of the fission product behavior information derived from the
SFD-ST has been prepared. I'T The salient features are summarized in the following subsections, together
with additional information from the postirradiation examination, SCDAP calculations, and a reassessment
of tellurium behavior.

Fission product release during the SFD-ST can best be characterized with reference to the on-line gross
radiation measurement of the effluent line. Figure 50 shows, to a first approximation, the integral fission
product release from the test bundle as a function of time throughout the transient. This effective release has
been divided into six phases, each with associated peak fuel temperatures and integral percentage release
relative to the total measured up to about one hour after reactor scram. However, it is important to note that
transport effects not accounted for in this analysis (discussed in a subsequent subsection) prevented precise
correlation of the on-line fission product measurements to fuel behavior. The gap release and low
temperature (< 1700 K) diffusion phases amount to only 0.15% of the total at 270 min. High temperature
diffusion, between peak fuel temperatures of 1700 and 2100 K, accounts for about 4%. Fuel liquefaction
prior to reactor scram increased the release to 10%, with an additional unquantified contribution from
liquefaction during the cooldown phase. The total amount of fuel liquefied during the Scoping Test was
estimated to be 15 + 3%. Assuming this originated from the center maximum power region of the bundle
(i.e., maximum inventory), and that all fission products were released upon liquefaction, an upper limit of
about 20% from this mechanism can be established. During the ~.8 min cooldown and reflood period, major
release occurred due to a combination of processes including continued liquefaction, fuel oxidation, grain
growth/separation, and formation of shrinkage cracks within porous prior-molten regions. By the time the
bundie had been reflooded, and cooled (0 saturation temperaiure, 54% of the integral activity had been
recorded. However, due to transit time uncertainties (Subsection 5.4), .t is probable that a fraction of the
cooldown contribution was released from the fuel during the high temperature liquefaction phase. The
flushing process continued to extract further fission products from the bundle for several hours, ia addition
to resuspending species deposited within the system.

The measured iodine release fraction was 0.51 + 0.08, the cesium and tellurium release fractions were
0.32 + 0.05 and 0.40 + 0.07 respectively, the barium release was about 0.01, and very small release
fractions (104 - 10°6) of low volatile fission products Ru, Sr, Nb, and Ce were detected downstream of the
bundle. The integral noble gas release was not measured directly because the sampling apparatus was
defective. However, integration of the spectrometer measurements of noble gas isotopes yielded an
approximate average value of 0.5. The isotopic inventory calculations used to determine the release fractions
are described in Reference 18. All volatile fission products released, except tellurium, were transported
efficiently in the high velocity, steam-rich effluent stream. One fourth of the released teliurium was found
irreversibly deposited on steamline walls, one-half in the liquidiine particle filter, and the remaining
one-fourth in the collection tank liquid.

I'he trace irradiation of the fuel used in the SFD-ST (91 MWd/T) was identified as the principal reason for
the low release rates noted during heatup. Lic aefaction of UO3 by molten zircaioy at high temperature and
fuel rod fracturing were initially identified o , the principal reasons for the large release rates during cooldown
and reflood. New information provided in this report has identified other possible reasons for the large
relcases. Reduced grain boundary a.hesion in hyperstoichiometric fuel apparently aided microcrack
formation during cooldown, which permitted gradual washout of fission products that accumulated at fuel
grain boundaries. It also appears that some fission products were temporarily trapped inside closed melt
porosity and were not freed until shrinkage cracks interlinked the pores and allowed coolant access.

Previous anal_vm' I showed that low concentrations of fission products in the steam and hydrogen effluent
would result in the formation of HI, CsOH, and HTe as the dominant chemical forms of the volatile fission
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Figure 50 Overview of fission product release during SFD.ST based on ion-chamber gross activity measurement

products. More recent analysis including a greater number of potential reaction species has identified Sn'le as
another probable form of tellurium. The tellurium behavior is discussed in some detail in Subsection 5.6.

Transport of fission products from the test bundle to the condenser was efficient during most of the test
because transport times were short (~.1-3 s) in this section of the system and condensation of volatile fission
product vapors was prevented by high steamline wall temperatures. During cooldown and reflood, vapors
condensed to aerosols that were carried downstream initially in gas and finally in the reflood liquid.

5.2 Fission Product Transit Time From Fuel Bundle to Detectors

I'he original fission product behavior analysns' I relied upon a simplified model calculation using the inlet
flowmeter data to estimate transit times from the fuel bundle to the various detectors. The model presumad
that fission products, released into the sampling system, were transported through the various volumes in
times dependent on the inlet flow modified only by thermal effects

The evaluation of events in the SFD-ST, described in Section 4, necessitated a reexamination of the
calculated transit times and the previously postulated fission product release correlations. To assess the
significance of the assumed steam flow, the transit time calculations were essentially repeated using steam
flow rates determined from the separator liquidline exit flowmeter. The calculation was again primarily
based on the assumption of steady state conditions in the effluent lines such that the coolant density
remained constant in time at any particular point in the system. However, density modifications were made in
that portion of the line from the condenser 10 the separator based on the hydrogen content of the transported
fluid, assuming the hydrogen and coolant were well mixed.

A major concern in the analysis was the possibility of steam condensation in the line prior to the
condenser. The only available thermocouple measurement in this portion of the steamline (DARS 2317)
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Table 10. Transit time calculation parameters
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Figure S1.  Calculated transit time from fuel bundle to gasline and unfiltered liquidline spectrumeters as a function of
test time.

For the purpose of the remaining discussion the applied transit times are based on the inlet flowmeter
calculation and the additional 6.2 min offset for the filtered liquidline detector values. This is consisteat with
the data presented in the fission product behavior repon.“ To demonstrate the satisfactory relative
consistency of the calculated transit times to the various detectors, typical examples of the measured
activities are overlayed in Figure 53 for the period between 150 and 250 min. Noble gas isotopes have been
used to illustrate the measured fission product release because these species are not complicated by
deposition processes. The validity of the inlet flowmeter calculation, particularly during the final high
temperature phase, will be considered further in Subsection 5.4,

5.3 Isotopic Fission Product Release

The three gamma spectrometers accumulated a total of 675 spectra during the transient and postscram
phases of the test. Operational problems were encountered at the spectrometer control computer at 204 min,
that affected the acquisition of data by the gasline and unfiltered liquidline spectrometers. Due to the transit
time, this problem occurred before the enhanced fission product release during the final high temperature
phase and resulted . o loss of 13 min of data. Although the liquidline spectrometer located downstream of
the filter operated properly during the entire data acquisition period, 45 s of spectral data were not usable
because of excessive count rates.

Analysis of the on-line spectral data was bighly complex, involving several processing steps and computer
programs. Details of the data processing tzchniques are presented in Appendix A of Reference 11. The
processed data provided isotopic identifications, concentration profiles and activity flow rates. The principal
focus of the results was the determination of effective release rate coefficients for the various fission product
volatihity groups during the heatup phase of the SFD-S1

Analysis of each spectrum provides concentrations in microcuries per cubic centimeter for each detected
nuchde. Approximately 100 different isotopes were identified in the SFD-ST spectra and are presented in
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Figure 53 Overlays of typical noble gas data recorded by the three spectrometers as a function of test ime




Reference 11. Figure 54 1s an example of the concentration history data accumulated for 1311 at the liquid
detector located downstream of the particle filter. Activity flow rates at each detector location wer
calculated from the measured concentrations and estimated volumetric flow rates. Figure 55 shows the 13
data activity flow rate as determined from the concentration presented in Figure 54 and the transit times
calculated using the inlet flowmeter data with the 6.2 min offset,

A family of effective release rate constants was developed for the heatup portion of the transient. The
constants were determined by a technique that employved calculation of predicted activity flow rates,
comparison to measured activity flow rates and iteration until predicted values agreed with the
measurements, The effective release rate coefficients that were found to best describe the measured fission
product data are shown in Figure 56. The elemental group structure used in the analysis was based on the
NUREG-077219 grouping, but revised on the basis of the observed behavior in the SFD-ST.

The effective release rate coefficient (Kgpy) is defined as the fraction of the bundle inventory observed per
minute at the detector location. The units and applications of Kgpy are similar to the NUREG-0772 release
rate coetficients for fission product release from fuel. However, it is important to note the SFD-ST measured
Keff values include effects of test conditions, transport, and detectability.

While the representation of release rates versus time is relatively unambiguous, the cheice of a
representative temperature scale for plotting the release data is not straightforward. The SFD-ST fuel bundle
exhibited axial and radial variations in temperature, and axial and radial power profiles that resulted in
significant local variations in fisc.on product inventory thre ughout the bundle. Consequently, a model to
compute an inventory for the entire bundle and then peesent fractional releases versus a single fuel
temperature is inherently inaccurate. Nevertheless, the maximum error expected from such a simplification is
less than one order of magnitude, Plotting the effective release rate constants versus the peak fuel
tciiperatuic provides coirelativis 1o temperaiuie dependeni phenomena such as Jladding breach, zircaloy
oxidation, zircaloy melting and fuel liquefaction, which contribute to rate constant changes. Correlation of
release rate enhancements with zircaloy oxidation and/ or liquefaction is facilitated if the effective release rate
coefficients are plotted on a temperature scale that indicates onset of these events in bundle. A best estimate
of the peak tuel temperature during the transient was established from the composite of the thermocouple
and PIE data, together with the SCDAP analysis (Subsection 4.8.3, Figure 40). The effective release rates as
a function of these peak temperatures are presented in Figure §7.

Sweeping of the gap inventory from the bundle dominated fission gas release for nearly 45 min, until the
bundle attained a peak temperaiure of 1500 to 1600 K. Diffusional release from the fuel matrix then started
to dominate, as indicated by increasing effective release rate coefficients. The effective release rate
coefficients continue to increase exponentially until the peak fuel remperature reaches about 1950 K, when a
pronounced levelling is noted. This relative flattening of the release rate curves may be due to relocation of
material within the bundle, to the absorption of fusion heat upon zircaloy melting, or to a change in the
fission product inventory/ fuel morphology relationship. However, it is also possible that the behavior is not
a true bundle phenomenon but a consequence of the thermal-hydraulic conditions within the system as
discussed in the following subsection. For this reason the effective release rate coefficients have not been
correlated to peak temperatures above 2100 K in Figure 57

T'he release rate values developed from the SFD-ST data are perturbed by various transport effects. The
effective release rate coefficients (Kggp) measured for the noble gas isotopes may have been perturbed by
holdup in the fuel-cladding gap or stagnation in the transport system, but they were not complicated by
deposition processes. To assess the potential magnitude of the release and transport effects, the noble gas
effective release rates are compared with the release rates of NUREG-0772, which form the basis for the
CORSOR model To account for local variations in bundle temperature and fission product inventory, the
NUREG-0772 release rate constants were applied to a model of the fuel bundle having ten axial nodes. The
fuel temperature at each node was taken from the best estimate SCDAP calculations described in Section 6
I'he fission product inventory was distributed among the axial nodes according to the PBF axial power
profile for a Mlooded bundle. The noble gas release rate from the total bundle at a given time was calculated by
applying the noble gas release rate constant from NUREG-0772 appropriate for the temperature of each
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node to the nodal fission gas inventory and summing the response of all ten nodes. The result of this analysis
method is a curve of average bundle response versus time based on NUREG-0772 predictions that can be
compared with the measured va'ues up to 200 min. This comparison, with associated errors, is presented in
Figure 58. The measured release rate curve is over three orders of magnitude below the NUREG-0772
prediction at low temperatures during the heatup phase, decreasing to about one order of magnitude at
200 min when the peak and average bundle temperatures were about 2100 K and 1500 K, respectively. The
low burnup of the SFD-ST fuel, where open porosity and release paths had not developed, was the probable
major reason for tae lower release rates.

5.4 Fission Product Release During the Final High Temperature Phase

The final high temperature phase of the transient, when peak fuel temperatures increased from about
2100 K to fuel melting temperatures of up to 3120 K, was discussed in Subsection 4.10. The implications of
the possible events on the measured fission product release are described here.

Ihe FPDS incorporated four gross gamma detectors, one Nal(T1) detector at each of the three
spectrometer locations and an ion chamber located on the steam effluent line at the condenser inlet.
Unfortunately, the Nal(T1) detectors were not sufficiently shielded and therefore followed the general
Cubicle 13 background until the count rate saturated. However, the ion chamber responded to the steamline
radiation levels. Figure 59 shows the responses of the three Nal(T1) detectors up until saturation and the
gross ion chamber. Little fission product release was noted prior to 185 min, when peak and average bundle
temperatures were about 1900 K and 1400 K, respectively.

Delayed neutrons emitted from fission products transported to Cubicle 13 generated capture gamma-rays
through interactions with the cadinium shielding around the detectors. Figure 60 is a relative intensity profile
constructed from the three spectrometer measurements of the 14¢y 558 keV capture gamma-ray. The
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transport time from the bundle to Cubicle 13 and the gross ion chamber under high flow conditions was
estimated to be 1-3 s and therefore no corrections have been applied to the plots in Figures 59 and 60.
Selected noble gas activities measured by the filtered liquidline detector, and transit time corrected as
described in Subsection 5.2, are provided for the same time period (Figures 61 and 62).

From about 200 min to 202.5 min, when bundle temperatures are believed to have been increasing rapidly,
nearly constant values were recorded by the gross gamma detectors (Figure 59) and deduced for the effective
delayed neutron measurement (Figure 60). The filtered liquidline spectrometer results (Figures 61 and 62)
indicate a period of constant fission product activity extending from about 200 min to 205 min, followed by
an order of magnitude step increase. As demonstrated by the various transit time calculations (Figure 52) the
release times of fission products are very uncertain after 200 min. The measared order of magnitude increase
in effluent activity that appears to occur at about the time of reactor scram (Figures 61 and 62) may be
somewhat misleading becausc of the uncertainty in the transit time. The large releases probably commenced
gradually several minutes prior to scram as indicated by the ion chamber measurement (Figure 59).
Nevertheless, on the basis of the inlet flowmeter transit time calculations, which are generally supported by
the age estimates, the majority of the fission product release occurred during the cooldown and reflood
phase. The mechanisms responsible for this release are not certain, but some possible phenomena have been
identified and investigated.

Insights into the timing of events during the final phase of the test were provided by the posttest
metallurgical examination of the bundle. It was postulated in Subsection 4.10 that dissolution of fuel by
molten cladding ended at about 205 min and allowed oxidized melt to slump and accumulate prior to scram.
The amount of fuel liquefied after scram was small and the total liquefaction throughout the transient was
about 15% of the initial pellet volume. Thus, liquefaction of fuel by molten zircaloy cannot alone explain the
large measured cooldown release. Reduced flow through the bundle contributed to delayed detection of
relcased fission products. It is also probable that some fission products were temporarily held within molten
material, gradually emerging by liquid-state diffusion, gas bubble migration, and steam/water {low through
interlinked pores and shrinkage cracks. Reversible fission product deposition on structural surfaces
(especially during low flow) and later resuspension also contributed to the delayed release from the bundle.

In Subsection 4.10 it was suggested that the observed steam oxidation of UOj3 occurred during after
211 min following the peak zircaloy oxidation and hydrogen generation period, and before single phase
liquid was flowing in the steamline. The amount of fuel affected by this phenomenon cannot be estimated
from the existing data base and its precise impact on the fission product release is not known. However, as
discussed in Subsection 4.8, hyperstoichiometric fuel appears to be associated with diminished grain
boundary adhesion and formation of microcrack networks that would permit fission product release from
nonliquefied fuel during cooldown.

5.5 Total Fission Product Release

Both the collection tank and the knockout drum received effluent during the test, and reference (o the
collection tank contents refers to the sum of these two sources. The analyses performed on the collection
tank contents, coupled with analyses of the steamline and filter contents, define the total measured release
fraction for the detected nuclides. Table 11 presents this information by major component. No data are
presented for the fission gas nuclides because the collection tank gas space sampling system did not function
properly. Estimates of the total noble gas release were made from on-line measurements and comparisons to
other volatile radionuclide releases. The total bundle release fractions given in Table 11 were determined
from the various sample measurements and extrapolation to account for unmeasured sources (e.g.
irreversible plateout on piping surfaces that were not examined)

Of the nuchides listed, only tellurium was found in larger fractions in the steamline and filter debris than it

was in the collection tank liguid. A detailed description of the off-line fission product results, is provided in
Reference 8
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Table 11. Measured isotopic release as fraction of total bundle inventory

& Component?
Irreversible Steamline
Steamline Grab Liquidline Collection PBF Loop
Deposition Samples Filter Tankb Water
Isotopes (50%) (15%) (25%) ~ (17%) (15%) Total
90, - - 1.6x 1073 - - 1.6 + 0.4x 103
95Nb 6.4x 106 - 3.3x 106 - - 9.7 + 3.3x 100
103Ry 6.6 x 105 - 58x10°3 1.7x 104 - 29+ 05x104
H3gu¢ 5.6 mCi - 2.3 mCi - o 7.9 + 2.9 mCi
129m e 102x102  7.6x105  19.6x102 9.8 x 102 - 4.0 + 0.7x 10"
131 s3x104  36x104 83x103  49.4x102 s50x103 51 +08x10!
136¢ - - 25x102  32.2x102 - 3.5 + 0.6x 107!
137¢s 1.6x'03  23x104 1.6x102  278x102  80x104% 30+ 05x10!
140, 1.2x103  s.7x107 1.0x 1073 8.7x1003  67x10% 1.1 +02x102
141¢ce - - 2.2x 106 - - 2.2 + 0.6x 100

a. Value in brackets for each component is estimated uncertainty at one standard deviation confidence
level.

b These data include both collection tank and knockout drum contents.

¢. Activation product,

T'he uncertainties on the measured fission product releases from the bundle, quoted at one standard
deviation (lo) confidence level, were dependent on the uncertainties in the various ‘omponents used to
calculate the final values in Table 11. The fractional uncertainty on each component was determined by
combining, in quadrature sum, the fractional uncertainties of the various terms used in the calculation. For
example, the liquid volume of the collection tank was measured to + 10%:; the sample volume was known to

+ 1%; the radioisotope content of the sample was determined from the gamma spectrum analysis within
+ 10%; the accuracy of the ORIGEN2 calculated bundle inventory was dominated by the uncertainty in the
input bundle power history of + 10%. When combined, these values yielded the + 17% uncertainty on the
collection tank component shown in Table 11. The uncertainties in the other components were estimated
similarly, and found to be + 50% for the steamlines, + 15% for the steam samples, + 25% for the filter
content, and + 15% for the PBF loop water, The uncertainty in the total release fraction was determined by
combining, in quadrature sum, the individual numerical uncertainties of each component. Except for the
case of tellurium, the uncertainties in the collection tank component dominated the total release fraction
uncertainty.

As a check on the measured collection tank content the total release of 1311 1o the collection tank was
computed by integration of the curve in Figure 5. By this method the integral I31] release was 389 Ci,
corresponding to a release fraction of 0.43 of the estimated bundle inventory. This agrees closely with the
release of 0.51 + 0.08(10) determined posttest and provides confidence in the error analysis. Integral
releases were not computed using this technique for elements other than iodine.
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5.6 Tellurium Behavior

The behavior of tellurium during the SFD-ST is particularly noteworthy. Large fractions of the bundle
inventory of 129M e were found in the effluent downstream of the bundle.® The total bundle release fraction
of 0.40 + 0.07 was distributed between the filter debris (0.2), the collection tank liquid (0.1), and
irreversible deposition on steamline surfaces (0.1). It has been proposed that tellurium is highly reactive with
metallic zircaloy and may be held up during severe accidents by ‘ormation of tellurides. Zircaloy is 98%
zirconium and 1.5% tin, therefore ZrTe and SnTe iormation are probable. It is believed that during oxidation
of zircaloy, tin telluride and tellurium compounds are concentrated in the unoxidized zircaloy so that
vaporization is enhanced. Zircaloy oxidation in the SFD-ST was extensive and is therefore valuable in
studying the behavior of tellurium. End state tellurium data from the test generally support the theory, and
thermo-chemical equilibrium calculations based on the SFD-ST conditions predict SnTe when tin is available
and H:Te formation if tin is not available. However, Te and TeO are also possible forms of vapor species at
high temiperatures.

A thermoequilibrium analysi< was performed with the SOLGASMIX2! code for the five component
(Te-O-H-Sn-Zr) system. The range of parameters used in the study is given in Table 12. The H/O and
Te/H»O mole ratios are based on known test conditions, while the Sn/Zr ratio was based on volatility
considerations (i.¢., normal boiling points Te = 1263 K, Sn = 2873 K, Zr = 4673 K), and the Te/Sn ratio
was varied to assess both a tin rich and tin deficient environment.

Calculational results are presented in Figure 63 for the principal Te-bearing species (i.e., Te, Tey, HaTe,
TeO, TeOH, and SnTe). Figure 63(a) presents calculational results for a low Te/Sn ratio (0.1) and
Figure 63(b) illustrates the strong temperature dependence of telluium compound formation when the
Te/Sn ratio is 10. It is first noted that for the tin rich environments (Te/Sn = 0.1) essentially all Te is
predicted to exist as SnTe, with no contribution from other species, such as Tes and HyTe. For tellurium rich
environments at a Te/Sn ratio of 10, Te combines with Sn at 1500 K to its imit of ~i0%, the remaining
0% Te being in the forms of HaTe and ie. This analysis was limited to a single Sn/Zr ratio of 10. For lower
ratios, some zirconium species may also be predicted (e.g. Zrley or ZrTey). However, the lower vapor
pressure of zirconium relative to tin suggests that low Sn/Zr ratios are not probable.

Iis analysis indicates that tin-telluride formation can have a pronounced effect on Te release behavior.
Although positive identification of SnTe compounds has yet to be determined from sample analysis of the
PBF-SFD test debris, indirect evidence supports such compound formation. Analysis of test debris samples
trapped in both the SFD-ST steamline and filter indicated the likely presence of TeO3, Te-2, and metallic

Table 12. Parameters for Te-O-H-Sn-Zr thermoequilibrium analysis

Parameter IR it
Steam temperature (K): 2500, 1500, 1300, 1000, 500
Pressure (MPa): 7.0
H/O mole ratio: 2.06
Te/H0 mole ratio: 109
Te/Sn mole ratio: 0.1; 10.0
Sn/Zr mole ratio: 10
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tellurides®. Emission spectroscopy of the filter debris indicated 9 to 14 wt% of tin, and radiochemical
analysis of the debris identified significant levels of 1138 and 129MTe. The fact that a significant fraction of
the debris was composed of Sn together with Te suggests SnTe compound fc -mation.

The transport and deposition measurements from the SFD-ST suggest the likely presence of both Sn'Te and
HjTe. Of the released teilurium (40% of bundle inventory), half was collected as particulate in the liquidline
filter. Since SnTe is not very soluble in water, the collected particulate was probably SnTe. The other half of
the released tellurium was split evenly between tellurium found in the collection tank liquid and insoluble,
deposited tellurium on steamline surfaces. Both HyTe and SnTe would be expected to deposit on surfaces,
bui only HaTe is likely to react with the stainless steel steamline wall. SnTe would form a film, with bonding
that is a function of the condition (clean or covered with salts) of the wall surface. Very fine particles of SnTe
and soluble reaction products of HyTe would have been washed to the collection tank, with larger particles of
SnTe collected in the filter.

This analysis suggests that tellurium chemical forms other than just SnTe existed during the SFD-ST. The
Te/Sn ratio in the trace irradiated bundle is expected to be closer to 0.1 than 10. However, the observed
behavior is consistent with the thermo-chemical equilibrium analysis presented in Figure 63(b) which
suggests that HyTe, TeO and Te could be formed as well as Sn'Te.

5.7 Retained Fission Products

Ten samples were extracted from the bundle cross sections for estimating posttest retention of 90s;, ISNb
(daughter product of 957r), 106Ry, 125gp, 137Cs, and 144Ce. The samples consisted of two types: small
cylinders core-drilled from five isolated bundle positions, and thin layers ground off five bundle cross
sections. Fifteen samples were also taken from the fallback barrier to investigate fission product deposition
just above the bundle. Appendix F contains detailed discussions on sample locations, analytical methods,
measured fission product concentrations, and whole-bundle inventory extrapolations. Related information
on sample compositions, temperature determinations and transient fuel behavior processes are presented in
Subsection 4.10 with supporting detail in Appendix E.

Retention fractions measured in the core-drilled samples are given in Table 13, which contains the
following noteworthy findings:

i. Sample 4F, from a fuel pellet that was neither penetrated by molten cladding nor heated above
2000 K, released an appreciable portion of its 125gh inventory. Antimony also deposited irreversibly
in relatively large amounts on Sample 19S (oxidized zircaloy). Since 125gh was not detected in
significant quantities beyond the base of the fallback barrier, it can be concluded that this isotope
migrated only short distances.

2. Sample 19T, taken from a molten fuel region that attained a peak temperature of ~.3000 K, revealed
smaller retentions than the intact f)ellet Sample 4F for all species except 90sr. The largest indicated
releases are noted for 137Cs and 196Ru.

3. Samples 4H and 4D taken from prior molten regions yield large retention fractions (greater than
unity in most cases) for 905y, 95Nb and 144Ce. The molten material was originally located at upper
elevations in the test bundle and flowed down past higher inventory regions to solidify at the 0.15 m
location. Normalizing fission product retention values to the inventory calculated for the 0.15 m
elevation biases these values high. However, the high values may also indicate greater solubility of
certain fission products in the molten materials. There were significant differences between the large
retentions of 20Sr, 95Nb, and 144Ce as compared to 106Ry and 137Cs in these samples. This
behavior tends to indicate that Ru and Cs were very volatile (and/or very insoluble) under these
conditions, whereas Sr, Zr, and Ce remained soluble in the (U,Zr,0) melts and became trapped as the
melt solidified.



Table 13. Retention fractions in core-drilled samples@

Sample
(Elevation)
Morphology

~ Temperature

Fission Product

90s;
EAINTNG
106R
125g}
137

1440

a. Fission prod
ORIGEN2 calcul

4F 4Hb 4pb 19T 195
(0.15m) (0.15m) (0.15 m) (0.92 m) (0.92 m)
Intact Oxidized Meiallic Melt Molten Fuel Oxidized
Fuel Pellet Liquefied Fuel Zircaloy
_<7000K  >2700K >2250K ~.3000 K
0.10€ + 0.02 1.50 + 0.32 2.14 + 0.45 0.80 + 0.16 0.62 + 0.12
0.74 + 0.13 1.22 + 0.26 0.99 + 0.21 0.67 + 0.14 1.20 + 0.24
1.00 + 0.19 0.05 + 0.02 0.54 + 0.11 0.59 + 0.12 0.82 + 0.18
0.60 + 0.11 0.25 + 0.06 1.13 £ 0.24 0.44 + 0.09 31.0° + 6.2
0.98 + 0.19 0.06 + 0.02 0.18 + 0.04 0.53 + 0.10 0.37 + 0.08
1.05 + 0.20 1.45 + 0.31 1.93 + 0.41 0.74 + 0.14 0.83 + 0.16

. . 29¢. . i S
uct concenirations normalized to 235U measured within each sample and divided by
ated inventories for bundle elevations shown. Uncertainty values include terms for counting

statistics, 235U measurements, radial and axial position imprecisions, ORIGEN2 inventory uncertainties
and local neutron flux determinations. Approximate elemental compositions for samples

4F: 67 at.
4H: 66 at.
4D: 29at.

19T: 66 at.
19S: 67 at.

% O, 33 at.% U

% O, 18at.% U, 14at.% Zr,2at.% Fe + Ni + Cr
% O, 5 at.% U, 56 at.% Zr, 6 at.% Ni, 4 at.% Fe

% O, 25at.% U, 6at.% Zr, 2at.% Ni, 1 at.% Fe + Cr
% O, 33 at.% Zr, plus minor amounts of Ni and Fe.

b. Values reflect downward melt relocation from higher elevations. Original elevations of dissolved fuel are
not known, so inventory corrections cannot be applied.

¢. Suspect value, probable measurement error.

d. Mostly 957¢

e. Pronounced

during the SFD-ST transient.

deposition.

4. The metallic melt Sample 4D contained higher fractions of most of the measured species than the
oxidized liquefied fuel sample 4H. Since the metallic melt evolved later than the oxidized liquefied
fuel (see Subsection 4.10.2), the higher fission product concentrations may be due to absorption of

fission

products as the metallic melt flowed down over surfaces with previously deposited fission

products. The greatest differences are noted for 106R Yy and 125Sb, which may indicate that these

species

formed volatile oxides (e.g., RuOy and SbyO3) and were released in greater percentages as

the liquefied fuel oxidized.

Fuel retention fractions deterr ned from the ground fission product samples are presented in Table 14.
The five widely spaced bundle elevations represented: (a) rod stubs near the bundie base (0.055 m),
(b) melt-covered rod segments (0.145 m), (c) pellets partially dissolved by mclten cladding (0.245 m),
(d) embrittled rod fragments over the central bundle region (0.495 m), and (e) upper rod remnants retaining
some original bundle geometry (0.915 m). The 0.145-m and 0.245-m cross sections contained larger area
fractions of slumped meit than UO3 pellets, so the assumption could not be made that all fission products
measured were retained by fuel. Instead, the melt-retained fission products were estimated by extrapolating

91



results from core drilled Samples 4D and 4H, and then subtracting these values from the STM-4 and -8
sample results to produce pellet bound concentrations. Except where noted, uncertainties in local retention
fractions were estimated to be within + 30% relative to the total sample content.

Strontium retention is lower than expected at all elevations shown in Table 14. Unlike the other five
radionuclides, 20Sr could not be conveniently gamma counted and required chemical separation and
calibrated beta counting. Since leaching efficiencies may have been poor for strontium, unknown biases were
introduced into the 20Sr results.

Table 14 generally shows higher fission product releases for fuel pellets that were exposed to high transient
temperatures, suﬁesling that solid state diffusion was a dominant release mechanism. While this was
perhaps true for 7¢s, 1258, and '96Ruy, the other three nuclides are thought to be more stable in a U0,y
matrix. Thus, other release mechanisms (e.g., chemical attack or oxidation) may have affected fuel pellets
above 0.055 m. Metallic melt interactions absorbed sufficient oxygen from the fuel to create UO5_ at some
locations during the high temperature test phase. This local reduction process may have also altered chemical
forms of certain fission products, such as changing stable CeO; to more volatile Ce0.22 Hydrogen
penetration may have formed fission product hydroxides and hydrides, with unknown consequences on
volatility and release from these samples. Retention values at the 0.495-and 0.915-m elevations for Ru, Sb,
and Cs may reflect postscram formation of hyperstoichiometric fuel, where release of fission products
collected at fuel grain boundaries was evidently permitted by microcrack networks.

The importance of the above solid state release mechanisms is further demonstrated by comparing
STM-19 solid pellet retention values to those from core-drilled molten fuel Sample 19T (both extracted at
0.915 m). STM-19 shows higher apparent retentions for 125gh (surface deposition) and for 95Nb  but
retention values are nearly identical for 106R . 137Cs, and 144Ce. Therefore, fuel melting does not seem to
have been a prominent release mechanism for these six fission products as 19T retention values would have
been significantly lower than STM-19. Fuel melting cannot be disregarded for other species, especially noble
£4as 1sotopes.

As detailed in Appendix F, ground sample measurements were extrapolated on the basis of gross fuel
morphology in an attempt to generate whole-bundle posttest inventories. Melt-retained fission products were
also factored into these calculations for overall mass balance purposes, with results plotted in histogram
form in Figures F-8 through F-13 (Appendix F). The weighted-average retention fractions produced are
approximately 0.5 for 90sy, 0.7 for 93Nb, 0.5 for 106Ry, 0.7 for 1258h, 0.5 for 137¢s, and 0.6 for 144Ce.
Uncertainties for these fractions cannot be legitimately calculated, because having only one sample per
morphologically different region permits no estimates of regional retention uniformity, accuracy of
extrapolations or assessments of the background level in local retention determinations. The uncertainty,
however, must be large and improvement can only be realized through analysis of more samplies.

The above whole-bundle retention extrapolations are not supported by the release fractions presented in
Subsection 5.5 (Table 11), with the exception of the 0.30 to 0.35 fractional releases indicated for 137¢s and
136(s, respectively. Furthermore, Table F-7 (Appendix F) reveals that 95Nb, 106Ry, 1258b, and 144Ce were
not detected in appreciable amounts within the fallback barrier. Major mass balance discrepancies may thus
exist for all species but 137¢s, though laréc uncertainties in the bundle retention values could account for
most of the missing 90gy, 95Nb, 106Ry, 1258b and 144Ce.

As discus ed in Appendix F, some deposition of 957y, 106Ry, 1258b, and 144Ce did occur on the base of
the fallback barrier and, to a lesser extent, on the bottom of the ZrO3 steam inlet tube. This deposition was
associated with the presence of white scale on ZrOj surfaces. This material was not studied directly, so the
scale composition and fission product concentrations are not known. Moreover, the total amount of scale
was not determined on the barrier base, or on upper fuel rod end caps and other oxidized surfaces between
the fuel column and fallback barrier. Since large portions of the bundle were not analyzed for retained fission
products, undiscovered concentrations of fission products may exist that have not been accounted for in the
bundle retention data. In the absence of additional information from the bundle and fallback barrier, a
reliable fission product balance has not been possible.
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Table 14. Fission product fuel retention fractions estimated from ground samples@

Cross Section STM-2 STM-4b STM-8P STM-13 STM-19
(Elevation) (0.055 m) ~_ (0.145m) (0.245 m) (0.495 m) (0.915 m)
Morphology ~ Intact  25% Intact 75% Reacted  Reacted® Reacted Reacted

Fission Product

WNgr 0.83 + 0.20 0.109 + 0.02 0.18 + 0.22 0.34¢ £+ 0.17 0.41 + 0.11  0.56 + 0.18
SN 095 + 024 074 +0.13 091 + 027 0.78 + 0.39 0.58 + 0.17 0.87 + 0.27
106R 1.03 + 025 1.00+0.19 0.73 + 0.21 1.008 + 0.50 0.43 + 0.12 0.52 + 0.16
125gh 0.83 + 020 060 +0.11 065+ 020 044 +0.22 0.66 + 0.20 0920 + 0.29
137¢s 098 + 024 098 +0.19 0.60 + 0.18 065 + 0.33 054 + 0.15 0.54 + 0.16
144 1.00 + 0.24 1.05+0.20 0.16° + 020 0.51 + 0.26 0.48 + 0.14 0.71 + 0.22

a. Fission product concentrations measured in cross-sectional grindings were normalized to ground layer
thickness and UOj area fractions and then divided by ORIGEN2 predictions for each bundle elevation.
Values include any fission products deposited in bundle region. Uncertainty values include counting
statistics, UOy area fraction measurements, ground thickness nonuniformities, elevation imprecisions,
ORIGEN?2? inventory uncertainties, and local neutron flux determinations.

b. Fission products estimated within melt area fractions were subtracted from overall measurements.

¢. Uncertainties coarsely estimated at + 50% relative, due to large melt area fraction and lack of
core-drilled samples at this elevation.

d. Suspect value, probable measurement error.

e. Value probably low due to extrapolation errors from 4D and 4H samples.

f. Daughter of 957r.

g. Value probably too large, due to underestimation of 106R y content in oxidized melt.

h. Reflects deposition on upper structural surfaces.
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6. POSTTEST ANALYSIS

6.1 Overview
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Figure 68 Comparison of the measured and reference calculation steam temperatures at top of the fuel bundle

energy balance. However, the experimental rate of heat loss has a large associated uncertainty resulting from
the temperature difference measurement, with the deviation from the mean value being about twice the 20%

discrepancy

T'he final transient event compared with the SCDAP reference calculation is the rupture of fuel rod
cladding. As described in Appendix A, the instrumented rods were extended at the bottom to accommodate

thermocouple transition pieces and pressure devices. These extensions significantly increased the total

sa 3 1 3 3
helium fill gas volume of 6.55 ¢m> in the standard fuel rod to between 12.9 cm~ and 14.2 ¢cm~, depending on

the particular instrumented rod. In order to compare the failure times indicated by the rod pressure devices,
the instrumented rods were modelled in the SCDAP calculation. The input plenum void volume is defined in

Subsection 2.1 of Appendix H as the total fill volume of the rod with the exciusion of the gap volume

between tl uel ou S wce and cladding inner surface. The plenum void volume thus includes both the
ipper and lower plenum volumes and the fuel pellets end dish and chamber volumes. SCDAP treats this
entire volume Aas yper plenum region, assigning a temperature equal to the upper node coolant
emperature plus 6 K

As discussed in Subsection 4.8 the instrumented rods showed cladding failure between 96.0 and 104.3 mi
nto the transient, at mum 1€ 1 temperatures between 1150 and 1200 K. The SCDAP referen
alculation pre ) es in the ee components at Node 9 between 76.3 min and 84.0 min
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Figure 71.  Comparison of the measured and reference calculation bypass coolant heat rate.

note general similarities with the current Version 18 reference calculation in that the two-phase/steam
coolant elevation was overpredicted throughout the transient, with the final virtual dry-out and associated
extreme temperatures and major material relocation not being reproduced.

Following the reference case, a series of SCDAP calculations was nerformed to assess the impact on the
predicted bundle behavior of the various input values. The input parameters with uncertainties sufficient to
severely influence the outcome of the calculation are the absolute power and its spatial distribution, the
coolant inlet flow rate and the conductivity of the shroud insulation. Calculations were judged by their
ability to simulate the reliable transient data, such as the coolant level and cladding temperatures.

As outlined in Subsection 4.2, the thermal conductivity of the shroud insulator was determined prior to
the test from laboratory-measured values and a theoretical interpretation for the composite ZrO; fiberboard
and strengthening tubes. The reference calculation was repeated with these values, and temperature
predictions within the test bundie and shroud were generally in better agreement with the thermocouple data
than the posttest adjusted conductivity reference calculation. However, the predicted heat loss to the bypass
was a factor of two less than the values derived from the mean differential thermocouple data, although at
the lower limit of the experimental uncertainties. The neutron radiograph, showed a general compaction of
the fiberboard which, if it occurred throughout the high temperature transient, would have resulted in an
apparent increase in thermal conductivity. Thus, the effective conductivity calculated using the measured
temperature drop across the insulator and the heat fiux through the shroud, was input to the two major
calculations presented here. These derived values result in reasonable agreement with the measured
axially-averaged heat loss through the shroud. The large axial temperature distribution in the bundle, and an
increase in thermal conductivity of 0.0016 W/(m-K) per unit K, generally resuited in unsatistactory
temperature predictions at the shroud boundary. However, axial compensation in the heat transfer through
the insulation provided reasonable agreement with the measured axially-averaged heat loss to the bypass.

The uncertainties associated with the derived absolute bundle nuclear power are discussed in Appendix C.
Hand checks of the overall energy balance during the initial steady state phase provided confidence in the
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SCDAP calculation and indicated that condensation was not a significant problem in the Scopirg Test.
However, a sensitivity calculation was performed to establish the consequence of a 3% increase in the overall
bundle nuclear power. The maximum changes in the coolant level and cladding temperatures throughout the
transient were about -0.01 m and + 30 K, respecdively.

The failure to reproduce the boildown two-phase level during the transient provided an indication that the
axial power distribution may be in error. As outlined in Subsection 2.3 of Appendix H, the SCDAP
calculation used the automatic spatial powe: distribution option, with the necessary input constants and
relationships being derived from reactor physics calculations. The only reactor physics calculation of an axial
power distribution relevant to the SFD-ST boildown had an average coolant density of 215.5 kg m™ 3 (see
Appendix ). This is compared in Figure 72 with the SCDAP reference calculation profile and provides
confidence in the automatic spatial power procedure. The figure also shows the test train fission chamber
distribution measured at the 2quivalent coolant elevation. A comparison of the reactor physics water filled
bundle power shape and the fission chamber measurements showed excellent agreement, indicating reliable
experimental data and sensitivity corrections. However, the agreement for the one-third water filled bundle is
somewhat surprising as it would be expected that the approximately cosine PBF axial power distribution
would strongly influence the signal from fission chambers located outside the shroud. The measured
distribution, and apparent agreement! with reactor physics calculation, could be a consequence of the
assumption that the sensitivity of the fission chambers remained unchanged during the boildown. On the
assumption that 50% of the fission chamber signal was a result of neutrons from the reactor, the imposed
cosine power shape was extracted from the measured distribution. The SCDAP relationship between the
relative power and coolant density was redefined to provide agreement with the measured axial distribution
modified to be more representative of the bundle. The resultant distribution is also shown in Figure 72. With
a greater proportion of the bundle power in the coolant region the predicted two-phase/steam elevation
compared much more faverably with the measured values throughout the transient.
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Figure 72 (ump‘.msnntul the measured and calculated axial power distribution for average coolant density of
2155 kg m

102




A similar improvement in the two-phase/steam elevation was achieved by redicing the coolant inlet flow
rate in the reference calculation by 13%. However, unlike the axial power distribution input adjustment, the
flow rate reduction resulted in a significant overprediction in the fuel rod temperatures throughout the
transient,

As noted in the reference calculation description the small measured temperature difference between the
cladding surface and the steam is not reproduced in the calculation, resulting in a very significant
underprediction of the steam temperature. The influence of providing additional power to the bundle in the
adjusted axial power calculation was assessed by increasing the inlet coolant enthalpy to correspond with
550 K rather than 520 K. The degree of subcooling of inlet coolant was therefore reduced, which effectively
provided an additional 2 kW to heat the bundle and provided a general improvement in predicted bundle
temperatures.

Final Sensitivity Calculation. The remaining part of this section presents the results of a final sensitivity
calculation incorporating two of the input modifications described above. The changes, relative to the
reference case, provided an inlet coolant enthalpy corresponding to 550 K and adjusted axial power profile.

The measured and calculated coolant elevation (Figure 73) and fuel rod temperatures (Figure 74) show
good agreement from the steady state period into the second half of the transient. The ensuing
underprediction of the coolant elevation by about 0.02 m, with a corresponding overprediction in fuel rod
temperature and apparent improvement in the steam temperature, (Figures 75 and 76), are indicative of the
additional effective bundle power. The measured temperature difference between the cladding surface and
steam at the 0.50-m elevation was about 200 K when the two-phase/steam interface was ~0.15 m below the
thermocouples, reducing to about 100 K when the interface was ~0.25 m below the thermocouples. Both the
reference and sensitivity calculations showed an increase in temperature difference from ~.200 to 400 K
during the same period. The larger heat transfer coefficient suggested by the experimental results has
previously been noted. The simplified thermal hydraulics model in SCDAP computes the convective heat
transfer coefficient for single-phase vapor from the maximum of a turbulent natural convection correlation
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Figure 73 Comparison of the measured and sensitivity calculation two-phase/steam interface elevation.
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and the Dittus-Boelter forced convection correlation. At the high temperatures, where the largest
discrepancy exists, radiation is the dominant heat transfer mechanism and the theoretical convective
coefficient required an increase of 70% to achieve agreement with measurement. Since such an increase must
be considered unrealistic, it is considered that the steam preh, were reading high for reasons yet
unexplained. Radiation heat transfer from the fuel rod surfaces to the thermocouple shields, and from the
shields to the thermocouples, could have resulted in higher apparent steam temperatures.

The reference case prediction of fuel rod failure was discussed in Subsection 6.2.1. Component | in the
sensitivity calculation ballooned, and subsequently ruptured, in a manner similar to the three components in
the reference case, i.e., Node 9 at 76.7 min into the transient at a temperature of ~1000 K and pressure of
about 12 MPa. However, anomalous behavior was predicted for the other two components, with ballooning
occurring some !0 min earlier at Node § at temperatures ~800 K and considerably lower than the peak
Node 9 temperature. It should be noted that unrealistic ballooning has been reported for earlier
calculations.2” Eventual failure of Components 2 and 3 occurred at 113 to 114 min, at a temperature of
1240 K and pressure of about 14 MPa.

Considering only the rods that appear to balloon and rupture in a reasonasle way, the conjecture in
Subsection 6.2.1 was that the earlier predicted failure times and lower temperatures resulted from the large
instrumented rod lower extension fill volume being treated as an upper plenum region. The sensitivity
calculation was therefore repeated with the standard fuel rods modelled but produced virtually identical
results.

Figures 77 and 78 compare the measured and predicted inner shroud and outer shroud temperature
profiles respectively. Figure 79 presents the heat loss to the bypass derived from the measured data and the
equivalent SCDAP values. The effect of the additional 2 kW on the shroud temperatures, and the heat loss
through the shroud can be seen by comparison with the reference case. However, the general relative trends
are the same in both calculations, where the heat loss to the bypass appears to be reasonably predicted but the
shroud temperature comparisons deteriorate with increasing elevation. The underprediction at the inner
shroud and overprediction at the outer shroud is particularly ‘ignificant and indicative of the input shroud
conductivity

Aithough the calculated fuel rod temperatures appear acceptable for approximately the first 200 min of
the test, the prediction of complete oxidation of the cladding at the top four nodes between 180 to 198 min
may be the reason the final period is simulated unsatisfactorily, i.e., insufficient unoxidized zircaloy to allow
triggering of high temperatures and dryout of the bundle. A further consequence of the extent of the upper
elevation oxidation, in both the reference and sensitivity calculation, is that liquefaction is not predicted to
oceur.

I'he total zircaloy oxidation hydrogen production from the reference and sensitivity calculations were 77 g
and 81 g, respectively. The values are significantly less than the PIE estimate of 172 + 40 g presented in
Subsection 4.9. However, as previously outlined, the final minutes of the test were not well simulated and it is
therefore of more value to extract a comparison for the initial 200 min. As described in Subsection 4.9,
integration of the hydrogen analyzer mass release curve for this period provided a value of 113 + 10 g. The
equivalent prediction from the sensitivity calculation is 74 g, with 71 g generated from oxidation of the
cladding and 3 g from the shroud inner liner. Although a comparison of the measured and predicted
generation rate is provided in Figure 80, it is important to note that not all sources of hydrogen are modelled
in the SCDAP calculations.

More informative comparisons of the experimental hydrogen values and the SCDAP predictions are
provided in Table 15. The first column of numbers identifies the quantities of hydrogen associated with
complete oxidation of the zirconium components that were accessible to steam, and the second column lists
the equivalent PIE estimates. The on-line analyzer measurement for the initial 200 min of the transient
provided the total value in the next column, with the equivalent SCDAP prediction in the final column. In
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Table 15. Comparison of measured and predicted hydrogen generation

Hydrogen Generation
(®)
SCDAP Prediction
On-Line Corrected for Regions
PIE Estimate SCDAP Prediction Not Modelled
Source of Zirconium®  Estimate  (0-200 min)® (0-200 min) (0-200 min)
Cladding® 112 (73) 71¢ 78
Upper end caps 12 8) Not modelled 8
Lower end caps 0 \0) Not modelled 0
Shroud inner linerd 39 (26) 3¢ 21
Lead carriers 4 (3) Not modelled 3
Shroud saddle 0 (0) Not modelled 0
Fallback barrier! 8 4B Neasde 3
Total 172 + 40 113 + 10 74 113

a. See Table 9 for further details.

b. Total only measured (see text). Values in brackets = PIE component estimates x 113/172.
¢. Actual cladding length = 1.0074 m. SCDAP cladding length = 0.9144 m.

d. PIE estimate length = 1.179 m. SCDAP liner length = 0.9144 m.

¢. One surface and regions above 0.9144 m not modelled by SCDAP.

f.  Portion of fallback barrier up to the elevation of the steamline.

order to provide a quantitative discussion of the difference between measurement and calculation,
approximate measurement values, have been estimated for the individual components. It has been assumed
that the bundle oxidized at the same rate throughout and, although not rigorously correct, the PIE
component estimates have been scaled by the ratio of the 200 min total to the test total (i.e., 113 g/172 g) to
give the bracketed values in Table 15. Zircaloy regions above the top of the fuel stack were not modelled in the
SCDAP calculation. The predictions would therefore be expected to underestimate the hydrogen generation
by approximately 28 g at 200 min. In addition, oxidation of the lead carriers, inside surface of the cladding,
and outside surface of the shroud inner liner are also not modelled by the code. Due to the complete
oxidation of the upper 70% of the cladding, the single sided oxidation model for this componeni did not
appear as a major limitation in the Scoping Test analysis. However, PIE quantified extensive oxidation of the
liner surface adjacent to the shroud insulation (Subsection 4.9) which was approximately equal to that of the
inner surface.

Correcting the SCDAP prediction for the additional 28 g of hydrogen produced by zircaloy regions above
the fuel stack elevation, the 3 g due to the lead carriers, and the approximately 8 g associated with the outside
surface of the inner liner, increases the 74 g to 113 g. Although in agreement with the 200 min measured
value, it should be noted in the final column of Table 15 that the cladding hydrogen production is
overpredicted by § g, with a compensating underprediction for the liner. An important consequence of the
SCDAP modelling limitations is the missing heat generation associated with oxidation.

6.2.3 Summary. The SCDAP analysis of the SFD-ST performed to date has demonstrated where the code
performs satisfactorily and where some limitations exist, and provided useful insights into the possible
course of events during the test. However, it is also apparent that a full assessment of the code with this test
alone is not possible due to uncertainties in boundary conditions and experimental data.
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The input parameters with the greatest uncertainties have been examined in separate sensitivity
calculations. A combination of errors is obviously equally probable and, although difficult due to the
interdependence of the boundary conditions, an iterative procedure could possibly provide a predicted
bundle history consistent with the test results. The major issues that would require additional calculations to
improve interpretation of the Scoping Test, and possibly better simulate the transient, are discussed below.

I.  Thereis evidence that the flow rate measured by the inlet flowmeter, and input to these calcuiations,
is in error (Section 4). A reduction in flow, with the appropriate decrease in bundle ntclear power,
may result in satisfactory temperature predictions without the complete early oxidation of the upper
bundle region.

2. A sensitivity calculation performed with SCDAP demonstrated that the predicted rapid rise in
temperature at ~200 min was due to the measured inlet flow rate reduction at this time. If the
postulated leakage from bundle to bypass during the final minutes of the test (Subsection 4.10) was
modelled in terms of a more severe reduction in flow rate, the observed coolant level reduction, rapid
oxidation of the lower portion of the bundle, and associated higher temperatures may be better
simulated.

3. The overprediction in the two-phase/steam interface throughout the transient, and the
corresponding influence on bundle temperatures, could be avoided by using the SCDAP option to
input the time-dependent coolant elevation.

4. The inclusion of additional power, particularly in the shroud region, to simulate the oxidation
energy missing due to the SCDAP model.

S.  Adjustment of the shroud insulator conductivity to simulate steam penetration of the insulation
upon inner liner failure and breakdown of the composite material during the final phase.

6.3 Fission Product Release Mode! Calculations

SCDAP Version 18 incorporates the PARAGRASS fission product release model PAR30228. However,
during the Scoping Test analysis the reliability of the coupled code fuel release predictions were brought into
question (Section 3, Appendix H) and have not therefore been reported. An investigation into the cause of
the problem was not undertaken as an updated intact rod fission product release model, based on the
FASTGRASS-VFP code, was being incorporated into SCDAP to replace PAR30228. FASTGRASS24-26 j5 4
mechanistic computer code for predicting fission gas and volatile behavior in UO, fuel during steady state
and transient conditions. Models are included to assess the effects of fission product generation, atomic
migration, bubble nucleation and re-solution, bubble migration and coalescence, channel formation on
grain faces, interlinking on grain edges, and microcracking on both the distribution of fission products
within the fuel and on the amount released. The code considers noble gases (Xr, Kr) and volatile species,
with integral release models for the release and chemistry of Cs, I and Te.

Calculations of the Scoping Test with FASTGRASS have been previously reported, where the importance
of the grain growth/sweeping process on the morphology characteristics and attendant release behavior from
the fuel was demonstrated. Hyperstoichiometric fuel, oxidized to UO; g, was feasible during the rapid
cooldown phase of the Scoping Test and characteristic microstructures were tentatively identified
(Subsection 4.8.3). Varying degrees of grain growth were observed, from the as-fabricated 10 um grains to
100 um grains, although no systematic microstructure examination was performed to quantify fuel grain
sizes throughout the bundle. The hyperstoichiometric correlations in the FASTGRASS model were adjusted
to fit the data from the ORNL-HI tests. There are insufficient data to allow comparison of the extent of fuel
oxidation and grain growth in these tests and the Scoping Test.

In order to provide a best-estimate code prediction of fission product release, the SCDAP spatial (10 node)
and time dependent temperature histories were input to the current version of FASTGRASS. On the basis of



the SCDAP reference calculation histories, and allowing oxidation to occur throughout the fuel, release rates
were calculated and compared with measurement (Figure 81). The predictions early in the transient are lower
than previously calenlated, mainly due to modelling changes. The discrepancy between calculation and
experiment during this phase of the test may be due to an additional release mechanism such as rapid grain
boundary diffusion, which at low temperatures would increase the release rates. However, the fractional
release at these low temperatures was < < 1% of the total. Following this period, and prior to when
temperatures become ill defined at 200 min into the transient, the release rates were reasonably predicted.
The temperatures for the final 6 min of the test were based on the PIE results rather than the SCDAP
predictions. At 200 min it was assumed that the temperature of each node increased from its calculated value
to the peak temperatures at the end of the test given in Table 16. Also provided are the observed grain sizes
and FASTGRASS predictions of grain growth, where the initial grain size in all nodes was 10 um. The wide
variation in observed end-of-test grain sizes at given metallographic cross-sectional elevations (discussed in
Subsection 4.8.3) and the large discrepancies with predictions, are not reflected in the early release rate
predictions as a consequence of the modelled release being dominated by the initial doubling in grain size.
However, the differences between the predicted and observed grain growth, and the resultant associated
boundary dimensions, may prove very significant in the modelling of the major release mechanism observed
at the end of the Scoping Test.

On the basis of liquefaction/dissolution occurring in 15% of the fuel (Appendix F), which increased
predicted release rates by about an order of magnitude above 2400 K, and the assumption that all grain
boundaries eventually become connected to free surfaces, fractional releases were predicted for the Scoping
Test. The predicted integral releases are compared with the measured values in Table 17.

Although the release rates up to 200 min into the transient were reasonably predicted, the overwhelming
fraction of fission products were released after this time. Fuel fracturing was originally postulated as the
major mechanism for interconnecting boundaries in the Scoping Test but, as described in Appendix F,
quench induced grain boundary shattering was not observed in the metallographic cross sections, although
oxidation related microcracking exposed roughly 20% of the grain boundary surface area over much of the
upper bundle. It must therefore be emphasized that, at present, there is no definite physical or chemical basis
for the apparent agreement between the Scoping Test fission product measurements and the FASTGRASS
predictions of integral release.
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Axial Axial Node
Node Flevation
Number (m)
10 0.8687
9 0.7772
b} 0.6858
7 0.5944
6 0.5029
5 0.4115
4 0.3200
] 0.2286
2 0.1372
| 0.0457

Fission Product

Xe

FASTGRASS FASTGRASS
Input Peak Predicted
Temperature Grain Size

(K) (um)
2190 15.8
2456 19.4
3013 42.7
2678 26.9
2407 16.2
2003 10.8
1904 10
1805 10
1604 10
1243 10

Table 16. Comparison of predicted and observed fuel grain size

Metalographic Approximate
Cross Section Observed
Elevation Grain Size
~(m) (um)
0.915 50-100
0.495 50-100
0.270 10-100
0.245 10-80
0.170 10-50
0.055 10

Fraction Released

FASTGRASS

0.46

0.46

0.48

0.48

113

Table 17. Comparison of measured and predicted fractional fission product release

Measured

~.§

0.12

0.51

0.40



7. SUMMARY

The Scoping Test has proved invaluable in providing the experience necessary to perform large-scale in-pile
severe fuel damage experiments. It influenced subsequent test procedures and instrumentation requirements,
both in PBF and other facilities, and provided guidance to the posttest examinations and analyses of these
tests

Data collected on-line and posttest bundle examination have yielded complementary data, allowing the
course of events during the test to be reconstructed to a large extent. During the high temperature transient
phase from 55 to 200 min, the coolant level decreased from about 0.42 to 0.17 m. Fuel rod cladding
temperatures increased from saturation (556 K) to a peak of ~2000 K at a rate of 0.10 to 0.15 K/s and with
the generation of 113 + 10 g of hydrogen.

At ~.200 min into the transient, the bundle thermocouples indicated large increases in the temperature
rise-rate. Posttest examination of the fuel bundle showed that peak temperatures reached fuel melting values
of ~3000 K. During this final phase there were redistributions of (U,Zr,0) melts, a large increase in the
hydrogen production rate, significant changes in the separator pressure, a coolant level decrease to about
0.10 m and an indicated reduction in the bundle inlet flow rate of about 25%. The inlet flow reduction,
decline in the two-phase/steam interface level, and the rapid increase in zircaloy oxidation and temperature
during the final minutes of the (ransient were all strongly interrelated, with positive feedback effects. The
exact sequence of events could not be positively established, but it is probable that the high temperatures and
melt relocation achieved during the Scoping Test were a direct consequence of the unplanned reduction in the
bundle inlet flow rate.

I'he overall technical objective of the SFD-ST was to contribute to the understanding of LWR fuel bundle
dynamics, and the related hydrogen generation and fission product behavior, during a high temperature
transient. The following subsections assess the Scoping Test in terms of the information that the experiment
provided, and where it will assist severe accident regulatory policy decisions through: (a) confirmation or
development of empirical and deterministic models, (b) indicating limitations in the current data base.

7.1 Hydraulic and Thermai Behavior

As the first LWR fuel bundle experiment of its kind, the Scoping Test provided valuable data with which to
evaluate the Severe Core Damage Analysis Package (SCDAP). Despite uncertainties in some of the measured
parameters, particularly those related to input boundary conditions, the analysis provided a general
confirmation of thermal-hydraulic models in SCDAP Version 18. The main points are summarized in the
following paragraphs.

I'he measured inlet flow was about 16 g/s throughout most of the high temperature transient. The
flowmeter on the liquidline tfrom the separator indicated an outlet flow over 30% lower. The lack of positive
independent data to explain the apparent discrepancy resulted in an uncertainty in the bundle flow rate that
impacted both the thermal-hydraulic analysis (i.e. input fiow rate and power to SCDAP) and the estimated
effluent transport time from the bundle to the various detectors.

Four radially symmetric pairs of differential thermocouples located in the bypass channel measured a large
range of temperature increases in the bypass coolant ( + 50% spread on the mean val12). The analysis
boundary condition based on the resultant derived heat loss through the shroud, and the associated thermal
conductivity of the insulating region, was therefore ill-defined. Inner and outer shroud temperature data
were considered reliable as the thermocouples were actually attached to the insulation side of the inner liner
wall, and the bypass side of the outer cylindrical shroud wall, respectively. Poor SCDAP predictions of the
inner and outer shroud temperatures were indicative of the inappropriate value of the input shroud
conductivity.
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A reliable measurement ( + 0.02 m) of the two-phase/steam interface elevation throughout the transient
was derived from the test train fission chamber data. The reference SCDAP calculation overpredicted the
level by 0.10 m during the initial phase, reducing during the boildown to about 0.05 m. The discrepancy may
he attributable to errors in the input boundary conditions, and in particular the theoretically predicted axial
power profile.

The fuel rods were well instrumented with thermocouples and provided accurate spatial and time
dependent temperature data, up to values of about 2000 K. The maximum deviation of individual
measurements from the radially averaged temperature profile at a given elevation was about + 50 K, with no
evidence of any general radial temperature gradient. The reference SCDAP caiculation underpredicted
(~100 K) both cladding and fuel centerline thermocouple measurements, again possibly due to errors in the
boundary conditions.

The steam thermocouple measurements generally showed larger radial variations than those within the
fuel rods, but again indicated no specific trends. The measured temperature difference between cladding and
steam at about the mid-bundle elevation was 200 K wh.cn the two-phase/steam interface was ~0.15 m below
the thermocouples, reducing to about 100 K when the interface was ~0.25 m below the thermocouples. The
SCDAP calculations showed an increase in temperature difference from typically about 200 to 400 K during
the same period. Radiation heat transfer from the fuel rod surfaces to the thermocouple shields, and from the
shields to the thermocouples, may have resulted in higher apparent steam temperatures.

I'uel rod and steam thermocouples failed at temperatures below about 2000 and 1400 K, respectively. Peak
temperatures within the fuel bundle were estimated from posttest examination on the basis of metallurgical
phase distributions and elemental composition differences. Thermocouples outside the test bundle provided
additional information, and indicated when the bundle was cooled to saturation temperature. The final high
temperature and cooldown phases, where peak temperatures of ~.2100 K (200 min) increased to fuel melting
by the end of the transient (206 min) before being cooled to saturation temperature (214 mir ), were not well
represented by the SCDAP calculation. A useful evaluation of the code in the final high temperature severe
fuel damage regime could not be performed due to major uncertainties in the steam generation rate and
shroud behavior.

7.2 Bundle Structural Changes

The first observable significant change in bundle integrity was fuel rod rupture and the associated release
of fission products, which occurred over a 20 min period at maximum cladding temperatures of ~1100 to
1200 K. The ballooning and rupture model in SCDAP predicted cladding failure outside this temperature
range. In the final sensitivity calculation, rupture of one component representing the central four rods
occurred at a temperature of 1000 K, with the remaining components failing about 37 min later at 1240 K.

The major structural changes that took place during the final high temperature phase were not predicted
by the SCDAP calculations. This was due largely to boundary conditions but also phenomena outside i he
scope of the SCDAP models. The main experimental observations are summarized in the following
paragraphs.

The gradual increase in the bundle differential pressure when cladding temperatures were significantly
below the zircaloy melting point (2030 K}, and the widespread presence of Inconel constituents in both
U-rich and Zr-rich solidified melts, suggested that cladding interactions with middle or upper spacer grids
may have been important in initiating fuel liquefaction and melt relocation processes. However, direct
evidence was obscured by later interactions.

Porous pellet regions, indicating peak temperatures near fuel melting, were found to contain substantial Zr
cladding and Inconel grid constituents. Therefore, pellet liquefaction was chemically assisted and the
porosity was probably associated with melt shrinkage. Melting of stoichiometric UO3 (3120 K) could have
occurred at many bundle elevations without leaving definite traces, due to subsequent melt interactions.
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However, at least one conspicuous densification zone survived that indicated incipient fuel melting without
chemical alterations. The highest fuel temperatures almost certainly occurred adjacent to melts, with pellet
interiors rer~aining considerably cooler from the strong temperature gradients across melt-fuel interfaces.
These gradicnts, and large local vanations in UO» grains sizes, limit the applicability of isothermal grain
growth correlations.

Molten cladding ' vpically attacked UOy and ZrO; by reduction, often dynamically while slumping or
while penetrating cracks. Some oxygen uptake also occurred by direct reactions with steam. Bulk oxidized
melt generally arrived at the lower bundle region in a partially oxidized condition, and typically continued to
react with fue! rods until solidification occurred or complete oxidation was achieved. High liquefied fuel
concentrations measured in oxidized melt samples indicated temperatures greater than 2673 K.

A metallic melt formed late in the slumping sequence and relocated downward without dissolving
significant quantities of fuel. This was apparently because of low viscosity and poor wetting caused by a lack
of steam oxidation. Instead, it may have absorbed some of the hydrogen gas, as indicated by the high neutron
attenuation during radiography. The metallic melt reacted with the previously solidified bulk oxidized melt at
approximately the time of reactor scram.

The dominant mechanism for altering the bundie geometry was the formation and slumping of high
temperature Zr-rich melts, accompanied by liquefaction of ~.15% of the original fuel volume. Bundle
geometry was extensively disrupted due to steam embrittlement over the central bundle region.

An upward fuel stack displaceient of over 0.11 m, creating several axial gaps in the bundle, was observed
in the neutron radiographs. The stack elongation was postulated to have occurred at 210 min (4 min after
scram) when sufficient differential pressure across the solidified once-molten mass induced a diagonal
bundle fracture along the melt base (0.10- io 0.17-m elevations). Most of the bundie was then lifted until it
impacted the fixed fallback barrier. Upper bundle segments were permanently forced against intact
insulation, while intermediate segments slid downward by varying amounts during posttest handling. The
observed lift of the fuel stack was considered to be the result of flow blockage and was largely regarded as an
analysis complication. However, flow channel blockage by melt accumulation does have general implications
On severe reactor accidents.

The signals from the array of 12 fission chambers mounted on the test train were used to provide a
qualitative assessment of material motion. Slowly varying deviations during the minute prior to reactor
scram were interpreted as movement of fuel bearing melt. The most significant melt depletion occurred at the
0.50-m elevation, with smaller depletions being detected at the 0.70-m elevation. The majority of melt
accumulated at the bottom elevation (0.17 m), with smaller accumulations indicated by the fission chambers
at the 0.30-m and 0.35-m locations.

T'he extent of fuel relocation was estimated from a posttest gamma intensity profile. Approximately 2% of
the fucl moved downward to the region between 0 and 0.31 m, 10% of the fuel moved away from the region
between 0.31 m and 0.76 m and 8% of the fuel moved upward to the region above 0.76 m.

A gualitative assessment of the posttest bundle geometry was provided by tomographic reconstruction
from multi-angle radiographs. The approximate area fractions of UO», Zr-rich metallic melt and U-rich
oxidized melt (mostly liquefied fuel) were derived by planimetry from macrophotographs of the seven
metallographic cross sections. The intact geometry inter-saddle flow area of 43% was estimated to have
reduced to between 32% and 37% from the lower six metallographic cross sections (0.055 m to 0.495 m).
T'he flow area at the upper cross section location of 0.915 m was found to be about double the intact value.

7.3 Oxidation and Hydrogen Generation

The on-line thermal conductivity analyzer provided a time-dependent measurement of hydrogen release
from the test train. Integration of the first 200 min of data provided a reliable hydrogen generation value of
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113 + 10 g. However, the uncertainty in the analyzer measurement, equivalent to 140 g during the peak
hydrogen production at the end of the test, and the possibility of inadequate mixing of hydrogen and the
nitrogen control gas when sudden changes in flow occurred, made the total hydrogen estimate of 375 g
questionable. The experimental uncertainties, both in the absolute value and timing of hydrogen release (i.e.
transit time corrections), have resulted in limited correlation of oxidation and bundle behavior in the
temperature range 2000 to 3000 K.

Postirradiation examination of the test bundle and shroud zirconium oxide thicknesses resulted in a
hydrogen generation estimate of 172 + 40 g. The examination also indicated the presence of
hyperstoichiometric uranium oxides both inside fuel pellets and within adjacent uranium bearing melts. An
upper limit estimate, based on two-thirds of the fuel oxidized to UO» g, provided a possible additional 48 g
of hydrogen.

The thermal behavior of the test bundie was reasonably simulated by SCDAP for the first 200 min of the
iransient. The predicted hydrogen generation was 74 g for this period, in comparison with 113 + 10 g
measured. The lower predicted value was attributed to zirconium regions not modelled by the code. PIE
quantified the extent of this oxidation (regions above the upper fuel elevation, the lead carriers, inside
surface of the cladding, and outside surface of the shroud inner liner) which was estimated to account for the
discrepancy. A consequence of these limitations in the SCDAP model is the missing heat generation
associated with oxidation.

7.4 Fission Product Behavior

Fission product release from the bundle during the SFD-ST could be approximately characterized in six
phases. However, transport effects not accounted for in the analysis complicated attempts to relate the
experimental data to fuel release. The gap release and low temperature (peak fuel temperature ¢ 1700 K)
diffusion phases amounted to only 0.15% of the integral activity measured up to about one hour after
reactor scram. High temperature diffusion, between peak fuel temperatures of 1700 and 2100 K, accounted
for about 4%. Fuel liquefaction prior to reactor scram increased the release to 10%, with an additional
unquantified contribution from liquefaction during the cooldown phase. The total amount of fuel liquefied
was estimated to be 15%, which results in an upper limit of 20% fission product release from this
mechanism.

During the ~8 min cooldown and reflood period, major release occurred due to a combination of the
continued liquefaction, fuel oxidation, grain growth/separation and formation of shrinkage cracks within
porous prior molten regions. By the time the bundle had been reflooded and cooled to saturation
temperature, S4% of the total activity (relative to about one hour after scram) had been recorded. However,
due to transit time uncertainties, it is probable that a fraction of the cooldown contribution was released
from the fuel during the high temperature liquefaction phase. The flushing process continued to extract
further fission products from the bundlie in addition to resuspending species deposited within the system.
The primary fission product behavior for the Scoping Test, described both in this report and Reference 11, is
summarized in Tablc 18.

The release rate values developed from the SFD-ST data are perturbed by various transport effects. The
effective release rate coefficients measured for the noble gas isotopes may have been perturbed by holdup in
the fuel-cladding gap or stagnation in the transport system, but they were not complicated by deposition
processes. The measured noble gas release rate as a function of time was over three orders of magnitude
below that predicted using NUREG-0772 constants (correctly applied to account for local variations in
bundle temperature and fission product inventory) at low temperatures, decreasing to about one order of
magnitude when peak and average bundle temperatures were about 2100 K and 1500 K, respectively. The low
burnup of the SFD-ST fuel, where open porosity and release paths had not developed, was the probable
major reason for the lower release rates. Due to uncertainties in the transit time from the test bundle to the
spectrometers, effective release rate coefficients were not correlated to peak temperatures above 2100 K.
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18

Summary of primary fission product behavior for the SFD-ST
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I'he measured iodine release fraction was 0.51 + 0.08, the cesium and tellurium release fractions were
0.32 + 0.05 and 0.40 + 0.07 respectively, the barium release was about 0.01, and very small release
fractions (104 - 10°6) of low volatile fission products Ru, Sr, Nb, and Ce were detected downstream of the
bundle. The integral noble gas release was not measured directly because the sampling apparatus was
defective. However, integration of the spectrometer measurements of noble gas isotopes yielded an
approximate average value of 0.5. All volatile fission products released, except tellurium, were transported
efficiently in the high velocity, steam rich effluent stream. One-fourth of the released tellurium was found
irreversibly deposited on steamline walls, one-half in the liquidline particle filter, and the remaining
one-fourth in the collection tank liquid.

Retained fission product estimates indicated appreciable releases of 20Sr, 9571, 106Ry, 1258p, 137C5, and
144¢¢ from fuel pellets that remained solid. Likely phenomena contributing to solid fuel releases of all
fission products are prescram formation of UO;_( by reaction of solid fuel with molten cladding and
postscram formation of hyperstoichiometric fuel (~UO3 g). Hydrogen penetration of fuel pellets during the
steam flow reduction may also have created highly volatile chemical forms of certain fission products.
However, the ostensibly nonvolatile fission products (90sy, 106Ry, 144C ¢, erc.) that were released evidently
migrated only short distances before irreversibly depositing, as they were not detected downstream of the
bundle in significant quantities.

SCDAP spatial and time dependent temperature histories were input to the fission product release code
FASTGRASS. Release rates were underpredicted by several orders of magnitude during the early low
temperature phase (peak temperatures < 1700 K) of the transient, but this accounted for << 1% of the total
fractional release. Following this period, and prior to when temperatures became ill-defined at 200 min, the
release rates were reasonably predicted. On the basis of liquefaction/dissolution occurring in 15% of the fuel
bundle, which increased predicted release rates by about an order of magnitude above 2400 K, and the
assumption that all grain boundaries eventually become connected to fre~ surfaces, fractional releases were
in general agreement with the measurements (FASTGRASS/measured for Xe was 0.46/0.5; Cs 0.46/0 32;
0.48/0.51, Te 0.48/0.40). The mechanism for separating fuel grains has not been positively identified,
although there was evidence of microcrack networks associated with fuel oxidation.

7.5 Conclusion

I'he data from this analysis of the Scoping Test are being combined with those from the subsequent three
tests performed in PBF, other integral and separate-effects experiments, and the TMI-2 core examination. A
substantial data base related to severe fuel damage, melt progression, hydrogen generation and fission
product behavior is becoming established. The identification of key phenomena and processes, and a
cons:stent interpretation of the data from all the available sources, will greatly assist the development and
validation of accident analysis models. This will permit more reliable, plant-specific, probabilistic risk
assessment and will be instrumental in the development of regulatory policy on severe accidents.
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APPENDIX A

FUEL ROD CHARACTERISTICS

fuel rods in the SFD-ST bundle are provided in

Ihe nominal design characteristics for the standard

lable A-1. Based on these values the total UO» fuel mass and zircaloy mass is 16.2 kgand 4.5 kg respectively
However, only 19 of the 32 rods in the bundle were standard rods and the design of the remaining 13 instru

nented rods introduced notable differences to the nominal characteristics. Instrument access to the rods was

ugs, which were extended to accommodate thermocouple transition pieces

3

through modified bottom end p

and the pressure devices. The extensions significantly increased the total fill gas volumes to between 12.9 ¢cm
2

and 14.2 cm?”, depending on the particular instrumented rod. The 10 rods containing thermocouples had
small additional fill gas volumes resulting from oversized channels in the fuel pellets. The lead
access channels also reduced slig v the fuel mass 1n each nocouple instrumented rods

I'he fuel bundle wa. assembled using three Inconel grid spacers to maintain a typical PWR fuel rod pitch
of 12.75 0.25 mm. An overall view of the SFD-ST test train was given in Section 2.2, Figure 2, of the
main text sure A-1 provides a more detailed schematic of the test bundle within the shroud, and the
1ssociated ind outlet reglon




Table A-1. Nominal design characteristics for standard fuel rod in the SFD-ST

Jarameter : Value
Fuel:
Material UOj sintered pellets
Density 95% theoretical density(TD = 10980 kg m3)
Enrichment 6.2 wt% U-235 in total U
Pellet OD 8.268 mm
Pellet length 9.525 mm
Fuel stack length 0.9144 m
Pellet end dish (2) 1.51% of pellet cylindrical volume
Pellet rims 0.57% of pellet cylindrical volume
UO» fuel mass 0.50625 kg per rod
Cladding:
Material ASTM B353, Grade RA-2 (zircaloy-4 tubing)
Tube OD 9.627 mm
Tub» wall thickness 0.597 mm
Tube ID 8.433 mm
Fuel Rod:
Spring material Inconel X-750
Spring load on fuel stack 22.2 - 66.7 N
Filler gas Helium
Fill gas volume 6.55 cm?
Plenum volume above
fuel 2.79 ¢m3
Initial gas pressure (STP) 3.8 MPa
Diamctral gap 0.165 mm
Insulator pellet material AlyO4
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1. INTRODUCTION

tifying each instrument and categorizing performance, are provided in

descriptions of the pretransient checks, posttest data qualif n pProce

t performance

2. INSTRUMENT LOCATION

e SFD-ST are lis

1
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1. The various readings were compared against calculated outputs, and if discrepancies were found
appropriate corrective action was taken.

3.2 DARS Precalibration

Each DARS channel was calibrated prior to the beginning of the test by voltage insertion at the electronic
input. The magnitude, frequency, sign or wave form of the test signal was representative of the transducer
output for that channel. The calibration performed immediately prior to the test is termed the precalibration.
The test data were evaluated during the data qualification process, for zero offset or gain error introduced by
the electronics, based on this pretest calibration.

3.3 Cold Hydro Pressure Verification

With the loop piping at approximately ambient temperature, the pressure was varied in 10% steps to
15.53 MPa and returned in the same manner. At each of these steps millivolt readings from the pressure
transducers were taken at the test train and plant instrumentation system interface and in the control room.
These were compared to verify proper operation.

3.4 Auto Calibration

Prior to each heatup, a system auto-calibration was performed. By remote control from the control room,
the front end of the DARS was instructed (channel by channel) to disconnect itself from the transducer, read
five voltage steps provided by a highly accurate programmable direct current source, then calculate second
order regression coefficients to correct all future readings to what they would be were the system totally free
of gain and drift.

3.5 Heatup

This phase of the test raised the system from ambient pressure and temperature to systein operating
conditions and a 2.2 L/s coolant flow. The pressure transducers were corrected over the range of the heatup
to correspond to the SYS PRES Ashcroft gauge. At the end of heatup, under assumed isothermal conditions,
all test train thermocouples were adjusted to the mean temperature. After this was performed, all thermocou-
ples read within 5 K of each other. Also during heatup, the test train flowmeters were intercalibrated.

3.6 Nuclear Instrumentation Verification

Nuclear operation was commenced, and the system ramped to, and held at, a 4 MW power level to provide
verification of nuclear instrumentation and a check of correct differential thermocouple connections.

4. DATA QUALIFICATION CATEGORIES AND PROCESS

The classification of Engineering Unit data was made by assignment of data to defined categories during
particular test intervals. The assignment was made first by determining which data were not to be reviewed
and would be left unqualified. These data are retained in raw form on computer tapes and are not presented
in this report. The remaining data were assigned categories on the basis of documented methods, procedures,
and guidelines. Category assignment was made through examination of single channel test data in Engineer-
ing Units. The examination process determined whether the measurement channel output represented the
expected, predicted or required response. As a result of examination, one or more of the categories defined
below were assigned by the Data integrity Review Committee (DIRC) to each measurement as a function of
time,
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2.

3.

Qualified Engineering Unit Data (Q)
Trend Data (T)

Failed Instrument Data (F).

4.1 Qualified Data

Data assigned a Qualified status by the DIRC met all the following criteria:

Engineering Unit conversion equations had been applied

Data acquisition system calibrations had been applied

All identifiable and verifiable systematic errors had been removed

Uncertainty limits were established for the 95% confidence level including

a. All calibration uncertainties

b. Systematic and random uncertainties because of the effects on perturbations of the phenomena
¢. Uncertainties due to the application of any models

d. Uncertainties in the measurement channels and DARS

Some useful information was contained in the data.

4.2 Trend Data

Trend data have been verified (by DIRC with input from appropriate analysts and data integrity specialists)
to represent the relative changes in the phenomenon but do not necessarily represent the absolute level in the
phenomenon measured because

ro

Instrument calibrations did not adequately represent the environment that the transducer measured

T'he calibration and performance of the data acquisition system were suspect but known errors had
been eliminated

Uncertainty limits could not be adequately quantified
Transducer performance was suspect but thought to be relatively correct

Environmental effects could not be adeguately compensated.

I'hese data have met the following criteria:

X

Instrument and data acquisition calibrations had been applied
Unreasonable points had been removed

Data had been filtered by appropriate anti-aliasing filtering.



4.3 Failed Instrument Data

Data were considered Failed by DIRC for one or more of the following reasons:
1. Data did not meet the requirements of any other data classification categories
2. Useful information was irretrievable from data
3. There was a component failure in the measurement channel or in the data acquisition system
4. Inadequate rejection of extraneous noise, transients, or frequencies
5. Loss of synchronization and data channel continuity

6. Enigmas in the data.

4.4. Methods For Evaluating Uncertainties

A transducer and associated signal conditioning electronics introduce uncertainty into a measurement. To
establish validity of experim :nts and their correlation to analytical models, performance and accuracy of the
test instrumentation and dat: recording system must be demonstrated. Uncertainties in instrument accuracy

propagate through the experimental data to the evaluation of the analytical models and overall program
results.

A measurement channel included the transducer, signal conditioning, and data acquisition and reduction
system (DARS). The form of uncertainty presented may be either tabular, representing the uncertainty values
for a particular operating condition, or graphical, with uncertainty versus input signal from which the user
can determine the uncertainty for any value within the useful range of the transducer. The uncertainty values
in either Engineering Units or percent of reading, were determined from

5 11/2
Y g o (B-1)
L 95
where
U uncertainty
B total channel systematic error (bias)
S total channel random error (precision index)
t9s two-tailed Student t factor for 95% confidence level (2 o).

T'he tgg factor was determined from a Student t table and the degrees of freedom associated ith random
error measurement  The bias, B, is the root-sum-square (RSS) of all the elemental biases in the measurement
channel. Likewise, the precision index is the RSS of all the elemental precision indexes in the measurement
channel.

Test-independent uncertainty analyses of PBEF measurement systems have been performed. The methodol-
ogy used in the analysis of the uncertainties was based on standard statistical practices that were applied in
evaluating the constant and variable portions of both the bias and random error components of each mea
surement channel. The individual error components were then combined to produce a total measurement
channel uncertainty
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When a measurement channel was analyzed for test-independent measurement uncertainty, that uncer-
tainty applied to a representative assembly of specific types of channel components rather than a specific
component. If an individual component was replaced by a component of the same type, the uncertainty of
the measurement channel remained unchanged.

The data qualification procedure, performed by the PBF Data Integrity Review Committee (DIRC),
served to identify some of the significant test-dependent uncertainties such as instrument mounting effects,
two-phase flow regimes, and transient measurements. In some cases, additional or special calibrations,
multiple instrumentation, and additional engineering calculations resulted in significantly lower uncertainty
estimates than those found in the uncertainty analyses. These test-dependent considerations have been
factored into the total uncertainty values presented for each measurement.

45 Presentation of the Qualified Data

Table B-2 provides a complete summary of the qualification categories for each measurement. A complete
set of plots of the data is presented in the final appendix of this report (Appendix J) and these supercede all
previously released data. Qualified and Trend data appear as solid and dashed lines, respectively, on the
plots. In cases where part of the data have been classified as Failed there are no plot lines. The Qualified data
presented in Appendix J contain error bars representing the 95% confidence level (20). Data plots presented
in the body of this report are from the same source but do not show the uncertainties.

4.6 Summary of Instrument Performance

4.6.1 Thermocouples. The test train and coolant control system were instrumented with over 80 thermo-
couples. I'he steam, internal cladding, and shroud thermocouples all had zircal- y sheaths and W/ Re thermal
elements (Type C). The zircaloy sheaths, however, were of three types: pure zircaloy, zircaloy with an oxidized
inside laver, and zircaloy with a tantalum inner liner. The responses of the various sheath types, and the
influence of different locations, are summarized graphically in Figure B-7, where the temperature at which
the data became erratic or of questionable accuracy is indicated. The steam probes with pure zircaloy sheaths
averaged 1355 K, whereas the same type of thermocouple in the shroud ins ilation averaged 1223 K before
becoming erratic. These results are consistent with laboratory tests in which freely suspended thermocouples
(steam probes) operated successtully at consistently higher temperatures than thermocouples fastened to a
zircaloy substrate (shroud insulation saddles).

The zircaloy sheath with the oxidized inner layer did not appear to function better than the pure zircaloy
sheath. The sheath with the tantalum liner was superior to the other types in both the shroud and fuel
applications, where it measured average temperatures of 1531 and 2020 K, respectively, before becoming
erratic,

Figure B-8 provides a more detailed comparison of the performance of each of the cladding inside surface
thermocouples, indicating the temperatures at which they were considered failed. It can be seen that thermo-
couples with the tantalum lined sheath in general performed better than the devices with the ZrOj inner
coating. It will also be observed that the rate of temperature rise appears to have a significant influence on the
thermocouples performance, higher failure temperatures occurring with the faster rise rates.

I'he performance of the fuel centerline W/ Re thermocouples with Mo/ Re sheaths was about the same as
that of the zircaloy-sheathed, tantalum-lined, thermocouples. Both types operated properly to temperatures
above 2000 K.

4.6.2 Pressure Switches and Transducers. There were five pressure switches mounted in the fuel rods.
These devices should have been cocked by the rod internai pressure when it reached values above 7.5 MPa
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during the transient and then should have released when the rods failed and the rod internal pressure
decreased to the system pressure. Three of the five devices (in Rods 6D, 3E, and 2B) worked properly, and
recorded rod failure.

Of the five internal fuel rod pressure transducers, two failed before the test train was installed in the PBF.
Of the remaining three, only the transducer in Rod 3D approximately followed the rod internal pressure as it
changed with power and temperature and indicated failure at the same time as the pressure switches. All of
the differential pressure transducers appeared to work properly. The three system pressure transducers all
operated properly.

4.6.3 Fission Chamber System. The 12 fission chambers and the corresponding special signal condition-
ing instruments operated properly throughout the experiment. In addition to the digital data that were
recorded, analog data were recorded from single fission chambers at 0.81, 0.70, 0.35, and 0.17 m above the
bottom of the fuel stack. From these analog data it was possible to determine the steam-water/steam and the
steam-water/water interfaces as they moved past these fission chambers. These devices also provided infor-
mation on two-phase flow velocities and directions early in the transient, and possible fuel movement late in
the transient.

4.6.4 Turbine Flowmeters. Two turbine flowmeters were installed in the test train. One flowmeter was
installed at the bottom of the train and was used to measure the bypass flow rate past the outer wall of the
shroud. A second flowmeter was installed in the outlet of the test train to measure the flow out of the test
bundle and through the check valve during the high-flow, preconditioning phases of the test. These flowme-
ters remained operational throughout the test. Two turbine flowmeters (high- and low-flow capacity) were
also installed in the experiment cooling line that supplied inlet flow to the test bundle. The high-flow
flowmeter failed during preconditioning and the flow through the bundle was measured using the outlet
flowmeter on the test train,

4.6.5 Bundle Temperature Profile Detectors. Both of the devices, intended to measure the axial move-
ment of selected temperature fronts along the bundle, tailed near the beginning of the transient. No data were
obtained from these detectors.

466 Shroud Melt-Thiough Detector. The shrouvd melt-through detector designed to indicate melt-
through of the outer wall of the shroud assembly, operated properly throughout the experiment and detected
both the inner shroud liner failure and the high temperature bundle operation near the end of the transient.
The detector indicated that melt-through of the outer shroud wall did not occur.

4.6.7 Flux Wires. Two aluminum-cobalt alloy flux wires were axially mounted on the outer shroud wall, one
at O-degrees and one at 180-degrees. The axial power profile within the in-pile tube was determined from the
flux wire gamma scans. The flux wires could not be extracted from their sheaths and were therefore removed
as units from the test train. The wires and tubings were cut into ~25-mm long sections and analyzed by
gamma-ray spectroscopy techniques to obtain the 60¢Co activity. Since the sections were not identical in
length the results were expressed in terms of activity per unit weight,

4.6.8 Fission Product Detection System (FPDS). The principal objectives of the FPDS during the SFD-
ST were to investigate the overall operating performance of the system, identify any problem areas with
reference to future tests, and obtain as much useful fission product data as possible. The objectives were met,
and a few design changes were identified that improved FPDS performance for the following tests.

T'he system was operated by two computers at different locations, and as a result collimator control and
grab sample timing were troublesome. A single, consolidated FPDS control station in the PBF control room

was eventually installed.

Background radiation measurements taken during the high-power preconditioning phase of the test indi-
cated that several radioactive gaseous isotopes were present in the environment of the germanium detectors.
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The radioactive gas was leaking into the detector enclosures, causing a degradation in the signal-to-
background ratio. A clean air purge of the enclosures was established following high-power preconditioning
to help prevent contamination of the detectors during the remainder of the test. A reduction in the measured
count rate of fission gas isotopes was noied during the subsequent 4 h, low power fuel conditioning phase.
Background count rates taken during preconditioning were markedly different for each of the three spec-
trometers. The gasline spectrometer displayed a count rate nearly double that of the unfiltered liquidline
spectrometer. The filtered liquidline spectrometer indicated the highest background count rate of the three
detectors. The effectiveness of the shielding was different for each of the detectors due to the different
geometry and arrangement in the room which housed the FPDS (Cubicle 13). The gasline spectrometer was
nearest the PBF core and had a 200 mm outside shield wall. The filtered licuidline spectrometer was most
distant from the PBF core and had a 100 mm outside shield wall with several conduit penetrations. The
unfiltered liquidline spectrometer was in the center of the enclosure and, thus, had the greatest effective
shicld thickness. The spectrometers with greater background count rates had greater uncertainty in results
and detection sensitivity,

Fission product activity in the sample lines during the transient greatly exceeded levels e\penenged during
PBF tests prior to the SFD program. The germanium detectors recorded count rates exceeding 103 ¢ps. The
combination of fast electronics and variable collimators allowed the acquisition of valid, high-resolution
spectra even when the sample line dose-rates were of the order of 100 R/h. A review of the spectrometer data
indicated that sample intensities twice those encountered during the SFD-ST are within the performance
margin of the FPDS.

I he collimators were periodically closed during the test to assess signal-to-background ratios. Background
counts were excessive at times when Cubicle 13 radiation levels were high.

\pproximately 45 s of data were lost by the filtered liquid spectrometer due to excessive dead-time at wide
collimator settings. Approximately 13 min of data were lost by the gas and unfiltered liquid spectrometers
partly due to slow, manual operation of the remote spectrometer computers

Ihe gross radiation monitors in the FPDS gave mixed results during the SFD-ST. The ion chamber
response was very useful, whereas the Nal and delayed neutron detectors seemed to indicate only general
Cubicle 13 radiation levels.

Six steam and six liquid grab samples were taken during the test b ut selection of sample times was difficult.
I'here was also a problem in determining the location of the “ampling sequences resulting in samples being
taken twice.

4.6.9 Overall Performance. Table B-1 presents a sur.mary of the test train instrument performance during
the high-temperature transient. Failure of an instriment has been defined as the inability of the device to
produce usable data or when the data were erratic or of questionable accuracy. The partial failures listed in
the table indicate that these instruments failed below their expected peak operating range, but that usable
data were obtained up to the failure time.

B-9



Table B-1. SFD-ST instrument identification

DARS
Rod Parameter
Measurement Instrument Location Number Identifier Number
Clad surface temperature  Thermocouple Type C  Interior clad wall - —
0.35 in, 045° 4B CLADTEMPbbO4Sb35B4 238
0.35 m, 045° 6B CLADTEMPbbO4Sh35B6 236
0.35 m, 045° 2C CLADTEMPbb04SbhISC2 247
0.35 m, 135° 4C CLADTEMPbb135b3SC4 249
0.35 m, 135° iD CLADTEMPbb13Sb35D3 2%
0.35 m, 045° SE CLADTEMPbbO4SbISES 251
0.35 m, 045° iF CLADTEMPbBbO45b3SF3 239
0.50 m, 315° JIA CLADTEMPbb315bS0A} 240
0.50 m, 135° A CLADTEMPbb135bS0A) 241
0.50 m, 270° 4B CLADTEMPbHE270b50B4 242
0.50 m, 180° 6B CLADTEMPbb180b50B6 243
0.50 m, 270° 2C CLADTEMPbBb270bSOC2 244
0.50 m, 000° 4C CLADTEMPbBbOOObSOC4 245
0.50 m, 000° D CLADTEMPbBbOOObSOD Y 246
0.50 m, 045° 1E CLADTEMPbbO4ShS0E | 67
0.50 m, 225° 1E CLADTEMPbBb225bS0OL | 68
0.50 m, 135° SE CLADTEMPbb115bSOES 69
0.50 m, 135 3 CLADTEMPbb135bSOF3 70
0.70 m, 180° 4B CLADTEMPbHbI80b70B4 57
0.70 m, 270° 6B CLADTEMPbb270b708B6 8
070 m, 180° 2C CLADTEMPbBbI80b70C2 9
0.70 m, 225° 4 CLADTEMPbHb225b70C4 60
0.70 m, 225 iD CLADTEMPbOD225b70D3 6l
0.70 m, 270° SE CLADTEMPbHb270b70E S 63
0.70 m, 270° 3F CLADTEMPbb270b70F 3 6d
Shroud temperature Thermocouple Type K -0.31 m, 090° — SHRDTEMPbbOUTO09031 196
outer wall 0.31 m, 270° — SHRDTEMPbbOUT27031 207
0.35 m, 000° — SHRDTEMPbHbOUT0003S 65
0.35 m, 90° - SHRDTEMPBHbOUTO903S 213
035 m, 180" SHRDTEMPbBHbOUT 18035 214
0.35 m, 270° - SHRDTEMPbHbOUT27035 218
0.50 m, 000° - SHRDTEMPBHHOU TO00S0 227
0.50 m, 090 - SHRDTEMPbbOUTO9050 80
0.50 m, 180° — SHRDTEMPbBbOU T 18050 81
0.50 m, 270° - SHRDTEMPbBbOUT27050 82
0.70 m, OO0 SHRDTEMPHBOUTOOO70 83
0.70 m, 090 SHRDTEMPbHbOU TOSO70 84
0.70 m, 180 -~ SHRDTEMPbHbOU T 18070 LR
0.70 m, 270° SHRDTEMPBbOL T27070 86
Steam temperature Thermocouple Type € 0.50 m, SA-31S - STEAMTMPbbASIShSO 97
0.50 m, 4D-31°° STEAMTMPbHbD41 | 5bS0 9%
0.50 m, 1D-4S STEAMTMPbHbHD 1045650 9%
0.50 m, 2E 45 STEAMTMPbbE 2045650 100
0.50 m, 6E-225 STEAMTMPbbEG225bSO 101
0.91 m, SA-13§ STEAMTMPBbASI15H91 102
091 m, 1B-225 STEAMTMPbHbBI225691 103
091 m, 4C-2258 STEAMTMPbbC 4225091 14
091 m, SE-}1S STEAMTMPBbESYISh9| 108
091 m, 4F-315 STEAMTMPbHbEAY] Sh9| 106
1.1l m, BR-270 STEAMTMPBbER270111 17
11l m, BRY% STEAMTMPHHBRO9O! 1) L]
119 m, BR-0OO STEAMTMPBbEROOD! 11# 71
119 m, BR-18%0 STEAMTMPHbBR 1801119 2
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Table B-1. (continued)

Rod
Location Number

Measurement

Instrument

Steam line wall Thermocouple 1.Sm
temperature I.8m
Fhermocouple Type Fuel rod bottom
and pressure switch

Rod pressure sensors

Fuel centerline Thermocouple

temperature

Shroud temperature inner Thermocouple Type
liner wall

70

Shroud tempeature Fhermocouple Type € SO
between insulation and S0
saddle regions S0
S0

70

70

70

70

91

091

Bundle coolant flow Flowmeter (Low) Plant

Bundle coolant flow Flowmeter (High) Plant

Rod plenum pressure Pressure transducer Fuel rod bottom

Lower test train
Sense tube 0.3 m

Bundle pressure Pressure transducer

Outside reactor,
Sense tube 0.5 m

Bypass pressure Pressure transducer

Differential Oimiol?

pressure transducer

Bundle pressure
differential

Outer wall of shroud
at 07 and 180

Fuel rod power profile Flux wire Al - CO

Fhermocouple Type K 0.308 m, 11§
0OWSm VS

Bundle inlet coolant
temperature

Identifier

STMLINEbbbWLTMP150
STMLINEbbbWLTMP 180

RODPRESSbbSWITCHB2
RODPRESSbbSWITCHB6
RODPRESSbbSWITCHC4
RODPRESSbbSWITCHD6
RODPRESSbbSWITCHE?3

FUELTEMPbbCLb70bAJ
FUELTEMPbHbCLb70bB4
FUELTEMPbbCLbBT0OBCS
FUELTEMPbHbCLb70bD]
FUELTEMPbHbCLbTOBE |
FUELTEMPbbCLb70bES

SHRDTEMPbHbINO9ObIS
SHRDTEMPbBbBIN270b3S
SHRDTEMPHbINO9ObSO
SHRD EMPbBbIN270bS0O
SHRDTEMPbHbINOSOLT0
SHRDTEMPBbIN270b70

SHRDTEMPbbMIDO00OSO
SHRDTEMPbbMIDO90SO
SHRDTEMPbBbHMID 18050
SHRDTEMPbbMID27050
SHRDTEMPBHbHMIDOOO70
SHRDTEMPbHHMIDOSO70
SHRDTEMPbbMIDI18070
SHRDTEMPbBbMID27070
SHRDTEMPHOMIDOOOY |
SHRDTEMPbHHMID 18091

FLOWRATEBBFTI014P1
FLOWRATEbbETI013P1
RODbBPRESbbbbbbbbA Y
RODbBPRESbbbbbbbbD3

RODbPREShbbbbbbbE §

SYSPRESHbOYEGHLTT
SYSPREShb | 7bbbhbb
DIFbPRESBONO2bbL T
FLUXWIREbbbbbbOOO

FLUXWIREDbbbbbb | 80

INLTTEMPbb13Sbbb1]
INLTTEMPbb 1 Sbbbl|

DARS
Parameter




Table B-1. (continued)

DARS
Rod Parameter
Measurement Instrument Location Number Identifier Number
Bypass coolant Thermocouple Type K -0.31 m, 0° - BYPbTEMPbbOOObD-31 120
temperature 0.31 m, %0° — BYPbTEMPbHbOSOLL-3 1 121
0.31 m, 180° - BYPbTEMPbbI180bb-31 122
0.31 m, 270° - BYPHbTEMPbb270bb-31 124
091 m, 0° - BY PbTEMPbb0O00ObbHY | 12§
0.91 m, %0° - BYPhTEMPbbuSObbb9 | 49
©.91 m, 180° - BYPbTEMPbb 180bbb91 253
0.91 m, 270° — BYPbTEMPbb270bbb9 1| 256
Bypass coolant Differential Lower legs at 0.31 m - B
differential temperature thermocouple Type K Upper legsat + 091 m - -
0° — DELbTEMPbbEY Pbb000 43
%0 - DELbTEMPBbbBY Pbb09%0 44
180° — DELbTEMPboBY Pbb180 45
270° - DELBTEMPbbBYPbb270 46
Bypass coolant Flowmeter Lower test train - FLOW RATEbbBYPASS 170
volumetric flow rate
Bundle coolant Flowmeter Upper test train, - FLOW RATEbbBUNDLE 171
volumetric flow rate
Neutron flux Fission chambers 0.17 m, 90° - FISSCHAMbbO9OLDC |17 141
0.17 m, 270° — FISSCHAMbBb270bDC 17 142
0.30 m, %0° - FISSCHAMbBbO90bDC 30 143
035 m, %° - FISSCHAMbbOSObDC 1§ 13
0.35 m, 270° - FISSCHAMbbL270bDC3S 134
0.50 m, %0° - FISSCHAMbBbOSOLDC 50 13§
0.50 m, 270° - FISSCHAMbBb270bDC S0 147
0.70 m, %0° — FISSCHAMbbO90bDC 70 148
0.70 m, 270° - FISSCHAMBB270bDCT0 149
0.76 m, 90° - FISSCHAMbBbO9ObDC 76 151
0.81 m, %0° ~ FISSCHAMbBbOSObLDCS | 152
0.81 m, 270° - FISSCHAMbBb270bDCS1 193
Neutron flux Fission chamber 017 m, %0° - FISSCHAMbBbBOSObAC |7 29
0.17 m, 270° - FISSCHAMbBbL270bAC 17 36
0.30 m, %0° FISSCHAMbBbBO9ObAC Y0 o
03 m, % - FISSCHAMbbOSObAC 31§ 3l
0.35 m, 270 FISSCHAMbBb270bAC 1S Ll
0.50 m, %0° FISSCHAMBbBO9ObAC SO 12
0.50 m, 270° - FISSCHAMbb270bAC 50 I8
0.70 m, w° FISSCHAMbBbBOSObAC 70 1N
0.70 m, 270" FISSCHAMbb270bACT0 9
0.76 m, %0° FISSCHAMBbBO9ObAC 76 1]
0.81 m, 90 FISSCHAMBbO9ObACK| L}
0.81 m, 270° FISSCHAMbBbL2TObACK] 40
Reactor power NMS- 1 lon chamber Plant REACHPOWBBNMS-03PT 53
Reactor power NMS -4 lon chamber Plamt REACHOPOWBBNMS- 4P T AL}
Reactor power PPS. | lon chamber Plant REACHPOWBLPPS-OIPT LR
Reactor power PPS.2 lon chamber Plant REACHPOWBLPPS-O2PT 56
Reactor power TR | fon chamber Plamt REACHPOWBbLTR-IbbPT 158
Reactor power TR-2 lon chamber Plant REACHBPOWBBLTR 2bbPT 156
System pressure PXD Plam SYShPRESBOHEISEBPT 187
L oop Now Flowmeter Plant LOOPHFLObBERC - 10PT 188
Giross gamma rate No. | detector FPDS FPHUGAMMADBBbENO b0 | 199



Table B-1. (continued)

Measurement

Ciross gamma rate
Giross gamma rate
lon chamber
Delayed neutron rate

Hydrogen concentration
Inlet line temperature
Condenser outlet fluid
temperature
Separation vessel
pressure

Filter bypass pressure
Separation vessel hiquid
flow

Collection vessel hquid
level

Collection vessel pressure

Steam sample actuation

Liquid sample actuation

Shroud melt through

Instrumented spool prece
MNow

Instrumented spool prece

tenr  erature

Instrumented spool piece
pressure

Reactor heat exchanger
differential temperature

Reactor coolant flow rate

a. Level identifier 131 incorrect

Instrument
No. 2 detector
No. 3 detector
No. 4 detector
Neutron detector
H 4 Detector
Thermocouple
Thermocouple
PXD
Differential
pressure transducer
Flowmeter
iff PXD

PXD

Limuit switch

Limit switch

Melt detector

Flowmeter
RTD
Pressure
Differential

thermocouple

Flowmeter

e
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS
FPDS

FPDS

FPDS

Outer shroud wall

Spool prece

Spool prece

Spool piece

Plant

Plant

actual levelof 119 m
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Rod
Number

Identifier

FPbGAMMADbbbbNo b2
FPbGAMMAbbbbNo. b3
FPbGAMMAbbbbNo b4
FPONEUTbbbbbNo.bO1

FPbHYDRbbbCONCENTD
FPhbTEMPbbbTE 13-8PT
FPhbTEMPbbbTE1329PT

FPbPRESSbbPT13-42
DIFFPRESSbbDP13-66
FPhFLOWDBbbET11-69
BLOWBLEVBbLITITBPT
BLOWPRESHbPT12bbPT

FPbGASbbbbSAMPLEO]
FPBGASbbbhSAMPLEO2
FPbGASBbbbSAMPLEO}
FPBGASbbbbSAMPLEO4
FPbGASbbbbSAMPLEOS
FPbGASbbbbSAMPLEO6

FBLLIQDbbOSAMPLEO]
FBbLIQDbBbbSAMPL EO2
FBbLIQDbbbSAMPLEOY
FBbLIQDbbbSAMPLEOM
FBbLIQDbbbSAMPL EOS
FBbI IQDbbbSAMPL E06

SHRDMELTbbTHRUWWOI
SHRDMELTbb THRUWSOI
SHRDMELTbbTHRUWWO2
SHRDMELTbb THRUWSOZ
SHRDMELTbbTHRUWWO?
SHRDMELTHbbTHRUWSO3Y
SHRDMELThbTHRUWWO4
SHRDMELTbbTHRUWSO4

ICSVFLOWBBFEOSSPIC
ITCSSTEMPHLTE 205PIC
ICPRESSWhHbPEWSPIC

PFHXRDTBbBHXDTPT

REARFIOWBBPRIMELOW

126

174
10
226

1%
e

[

123



Table B-2. SFD-ST qualification categories

PAR:&:TER INSTRUMENT
_NUMBER.. ... . LDENTIEIEE . CUALLE.CATION
1 ICSVFLOWFEOSSPIC QUALIFIED
2 ICSSTEMPTE20SPIC QUALIFIED
QUALIFIED
3 ICPRESSWPEO9SPIC TREND
5 SHRDMELTTHRUWWO1 TREND
6 SHRDMELTTHRUWS02 TREND
7 SHRDMELTTHRUWWO02 TREND
9 FLOWRATEFT1014PT QUALIFIED
10 SHRDMELTTHRUWS03 TREND
11 FLOWRATEFT1013PT QUALIFIED
FAILED
QUALIFIED
QUALIFIED
13 ROD PRES A3 FAILED
14 ROD PRES D3 TREND
15 ROD PRES ES FAILED
29 FISSCHAM090 AC17 TREND
30 FISSCHAM090 AC30 TREND
il FISSCHAM090 AC35 TREND
32 FISSCHAM090 ACS50 TREND
33 FISSCHAM090 AC70 TREND
14 F1SSCHAM090 AC76 TREND
15 FISSCHAM090 AC81 TREND
36 FISSCHAM270 AC17 TREND
37 FISSCHAM270 AC35 TREND
38 FISSCHAM270 ACS50 TREND
39 FISSCHAM270 AC70 TREND
40 FISSCHAM270 AC81 TREND
41 8YS PRES69EC LTT QUALIFIED
FAILED
QUALIFIED
42 8YS PRES17 QUALIFIED
FAILED
QUALIFIED
43 DEL TEMPBYP 000 QUALIFIED
44 DEL TEMPBYP 090 QUALIFIED
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10/13

10/13
10/29

10/13
10/28
10/28
10/28
10/28
10/28
10/13
10/13
10/27
10/29
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/28
10/13
10/29
10/29
10/13
10/29
10/29
10/428

10/28

START

TiME

00:

00:
02:

00:
16:
16:
16:
16:
16:
00:
13:
04:
02:
16:
16:
16:
231
23
23
23
23:
231
23
231
23
231
23
PR
00
021
02
00
02
02:

16

16

07: 0.

50:

07: 0.

50:

o

50:

(=]

50:
50:
50:
07:
00:
47
50:

50

50

50: 0.
00: 0,
00: 0.
00: 0.
00: 0.
00: 0.
00: 0.
00: 0.
00: 0.
00: 0,
00: 0.
00: 0.

00: 0.

251
261

107: O,
]
7

97t U,
25147.
26147,
50: 0.,

50: 0O,

07: 0.
0

oo Oo o o o
o000 o o (=] o < o

o ©

o0

o
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10/29
10/29

10/29
10/29
10/29
10/29
10/29
10/29
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10/22
10/28
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29
10/29

10/29

10:20:
02:50:
02:50:
02:50:
02:50:
02:50:
13:00:
00:00:
16:50:
10:20:
02:50:

02:50

02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:50:
02:25:
02:26:
10:20:
02:251

02:26:
10: 20
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Table B-2. (continued)
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Table B-2. (continued)
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Table B-2. (continued)
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Table B-2. (continued)
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Table B-3. Summary of test train instrument response

Instrument

Rod pressure switches

Rod pressure transducers

System pressure transducers
Fission chambers

Flowmeters

Bundle temperature profile detector
Melt-through detector

Cladding thermocouples

Fuel centerline thermocouples
Shroud liner and insulation thermocouples
Steam thermocouples

Low temperature thermocouples

a. No usable data or erratic or questionable data

Total
Number

ra

16

b. Two of the transducers failed before installation of test train.

Partial
Failures

9

Complete
Failures@

o



2 fission 710

0°

'

chambers cladding

2 flux wvres‘:;;;,,fi:’/’;/

2 fission chambers
located 0.18 m
below Leve! 4

(17, 29, 141, 142]

Level 4
(0.35-m elevation)

for bundle pr

. “ - J/ 4 bypass and
+— differential [50] and N3 / :
/bundle to shroud dik)omialg /M TCs

pressure (upper sensing tube
for differential pressure at

TCs [235, 236, 239,
47, 249, 250, 251)

\

Shroud
pressure

/Lower sensing tube,

ALY

tubep

1 fission chamber located
0.05 m below Level 4 [30, 143]

5 pressure
transducers

S pressure
switches
{75, 76, 87,
88, 89)

Level 3
(=0.27-m elevation)

2 inlet coolant
temperature TCs
located 0.05 m

A

*\\

[120, 121, 122, 124,
and 43, 44, 45, 46]

1.77 m). System pressure high
Level 2 range transducers [41) Level 1

(- 030-m elevation)

Figure B-1.  Cross section of shroud and test bundie (levels 1-4) (DARS parameter numbers in square brackets).
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(- 0.31-m elevation)

5 7572

below Level 1119, 173)




0°
4 bypass and 1 fission chamber
differential TCs located 0.05 m

{49, 125, 253, 256 below Level 7

G S and 43, 44, 45, 46]
Y /4 N 2 middle TC3

: \\ (130, 131]

\

5 steam
probes [102,
103, 104,

2 temperature

profile detectors
Level 8 Level 7

(0.91-m elevation) (0.81-m elevation)

11 1D cladding TCs

6 centerline TCs (67, 68, 69, 70, 240, 241,

(90, 91, 92, 93, 94, 95| : 7 1D cladding TCs 242, 243, 244, 245, 246)
{ {57, 58, 59, 60, 61, 63, 64] 5 steam probes
: R 3 Inside TCs /(97. 98, 99, 100, 101]
s N inside ~ ?
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Figure B-2.  Cross section of shroud and test bundle (levels 5-8) (DARS parameter numbers in square brackets.)
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