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ABETRACT

This report summarizes significant technical findings frou: "he LP-FP-2 Experiment
sponsored by the Organization of Economic Cooperation and I'evelopment (OECD). It
was the second, and final, fission product experiment conducted in the Loss-of-Fluid Test
(LOFT) facility at the Idaho National Engineering Laborato 3. The overall technical
objective of the test was to contribute to the understanding of f el rod behavior, hydrogen
generation, and fission product release, transport, and depo ,ition during a V-sequence
accident scenario that resulted in severe core damage.

An 11 by 11 test bundle, comprised of 100 prepressurized fuel rods, 11 control rods,
and 10 instrumented guide tubes, was surrounded by an insulating shroud and contained in
a specially designed central fuel module, that was inserted into the LOFT reactor. The
simulated transient was a V-sequence loss-cf-coolant accident scenario featuring a pipe
break in the low pressure injection system line attached to the hot leg of the LOFT broken
loop piping. The transient was terminated by reflood of the reactor vessel when the outer
wall shroud temperature reached 1517 K. With sustained fission power and heat from
oxidation and metal-water reactions, elevated temperatures resulted in zircaloy melting,
fuel liquefaction, material relocation, and the release of hydrogen, aerosols, and fission
products

A description and evaluation of the major phenomena, based upon the response of on
line instrumentation, analysis of fission product data, postirradiation examination of the
fuel bundle, and calculations using the SCDAP/RELAPS computer code, are presented.
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EXECUTIVE SUMMARY

Experiment LP-FP-2 was the second fission
product (FP) release and transport test performed
in the Loss-of-Fluid Test (LOFT) facility. This
experiment was initiated on July 9, 1985, and
was the eighth and final experiment performed
under the sponsorship of the Organization for
Economic Cooperation and Development
(OECD). Experiment LP-FP-2 provided
information on the release, transport, and
deposition of fission products and aerosols
during a V-sequence accident scenario that
resulted in severe core damage. The specific V-
sequence loss-of-coolant accident (LOCA)
scenano was a simulated pipe break in the low
pressure injection system (LPIS) line, attached to
the hot leg of the LOFT broken loop piping
The intact loop cold leg (ILCL) break line served
as the primary blowdown pathway prior to
fission product release During fission product
release, only the LPIS line was open; therefore,
fission products released from the center fuel
module (CFM) were transported and deposited in
the reactor vessel (RV) upper plenum, the LPIS
line, and the blowdown suppression tank (BST)

Experiment Overview

The LP-FP-2 core consisted of four square
(15 by 15 design) and four triangular-shaped
peripheral fuel modules, and a centrally located
fuel module. The CFM consisted of 11 control
rods, 100 prepressurized (2.41 MPa) fuel rods
enriched tc 9.744 weight% 233y, and 10
instrumented guide tubes. The CFM was
separated from the peripheral fuel assemblies by
a 0.025-m-thick, zircaloy clad, zirconium-oxide
insulated therraal shroud. The center bundle
design enabled the CFM fuel rods to heat up to
temperatures above 2100 K while maintaining
the peripheral bundle fuel rods below 1390 K

The LP-FP-2 Experiment consisted of four
distinct phases: (a) fuel preconditioning, (b)
pretransient, (¢) transient, and (d) posttransient
(or postreflood)

The purpose of the fuel preconditioning
phase was to subject the CFM fuel rods
to a minimum burnup, generate the long-
lived fission product inventory, and
establish sufficient decay heat to ensure
that there would be enough energy to
heat the CFM above 1400 K following
reflood.

The pretransient phase finished the
planned irradiation, generated the short-
lived fission product inventory, and
established the initial thermal-hydraulic
boundary conditions for the experiment.

The transient phase of the experiment
started with reactor scram and ended
with closure of the LPIS line 1778 s
later. The transient was terminated when
the external temperature on the CFM
shroud reached 1517 K, at which time
reflood of the reactor was initiated

The posttransient phase of the experi-
ment began with closure of the LPIS line
and included reflood (> 1783 s). The
posttransient phase continued for 44
days, during which time the concentra-
tion of fission products in the BST and
pnmary coolant system (PCS) were
measured

The actual pretransient irradiation history pro-
duced a total bumup for the CFM, of 448 + 25
MWdAU, a cesium-to-iodine (Cs/I) ratio of 4.2,
and total core decay heat of 684.5 kW at 200 sec-
onds into the transient.

One of the principal objectives of
Experiment LP-FP-2 was 10 provide on-line and
postexperiment data concerning airborne and
deposited fission products and aerosol
concentrations. These measurements were
obtained from several instruments that
encompassed the fission product measurement
system. The fission product measurement system
(FPMS) consisted of three basic subsystems: (a)
four gamma spectrometers and one gross gamma
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detector (b) a deposition sampling system; and
(c) steam/aeroso! sampling lines.

The four on-line gamma spectrometes (G1,
G2, G3, and G5) and the gross gamma detector
(G6) were strategically located at five different
sampling locations. Each of the gamma
detectors was designed to be operated remotely
and could be calibrated using a h source
mounted on a collimator wheel.

The deposition sampling system consisted of
six stainless steel coupons in the upper plenum,
located in pairs at three separate elevations, and
two deposition spool pieces in the LPIS line. At
each of the three elevations, both coupons were
exposed to the fluid stream flow during the
preconditioning and transient phases of the
experiment. Before reflood, one coupon at each
elevation was to be isolated from the primary
coolant system (PCS), to protect it from
posttransient deposition or removal of fission
products. The two deposition spools, located
near the inlet and outlet of the LPIS line, were
designed to provide a measurement of the PCS
deposition of fission products during the
preconditioning and transient phases of the
experiment. Since the LPIS line was isolated
before reflood, these spool pieces were protected
from reflood water.

The remaining instrumentation in the FPMS
consisted of two aerosol/steam sampling lines
and an aerosol filter on the LPIS outlet, upstream
of the BST. The aerosol/steam sampling
instrumentation was designed to provide a
continuous sampling of vapor and aerosols
during the transient phase of the experiment. The
F1 sample line, situated 180 cm above the lower
tie plate and directly above the CFM, and the F2
sample line, situated outside the upper plenum,
joined before the BST to form a single line
(designated F1+F2), which passed the G2
gamma spectrometer. The LPIS filter, designated
F3, collected aerosol material (~0.4 um or
larger) at the end of the LPIS and immediately
upstream of the BST.

The LP-FP-2 transient was initiated by
scramming the reactor with the peripheral
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control rods (defining t = 0.0). The primary
coolant pumps (PCPs) were then turned off at
~10 seconds. After the PCS flow had decreased
to 190 kg/s (22 seconds), the CFM control rods
were unlocked and allowed to fall into the CFM.
At 24 seconds, the control rods were fully
inserted into the core. The ILCL break line was
opened at 33 seconds, and the LPIS line was
opened at 222 seconds. The core started heating
up at 662 seconds. when the liquid level
decreased in the peripheral bundies. The CFM
began heating up at 689 seconds. The ILCL
break was closed at 736 seconds; however, it was
reopened at 878 seconds, to accelerate the PCS
depressurization rate.

Besides reopening the ILCL break, the
power-operated relief valve (PORV) was opened
at 882 seconds. After system pressure dropped
below 1.38 MPa, the ILCL and PORV lines were
closed, at 1022 and 1162 seconds, respectively.
Fission products were first detected in the F1 and
F2 lines at about 1200 seconds. Metal-water
reaction began at about 1450 seconds, and
control rod rupture occurred at ~1500 seconds.
The hottest measured cladding temperature
reached 2100 K by 1504 seconds. The transient
continued until the outer shroud wall temperature
limitation of 1517 K was reached at 1766
seconds. At this time, the transicnt was
terminated by closing the LPIS line break and
initiating emergency core cooling system
(ECCS) injection (reflood).

Liquid water entered the core at about 1790
seconds, and the peripheral fuel modules
quenched soon afterward. However, the CFM did
not quench quickly. In fact, evidence indicates
that a rapid temperature excursion occurred
within the CFM during reflood, caused by
enhanced metal-water reactions. The plant was
maintained in a quiescent state for 14 days while
data were taken, using the on-line FPMS and
thermal-hydraulic measurement systems. Also,
several grab samples (both liquid and vapor)
were taken from the BST and PCS. During the
early part of the posttransient period, the PORV
was cycled twice to prevent PCS
overpressurization, and a feed-and-tieed
operation on the steam generator was initiated.



Significant Thermal-Hydraulic
and Fission Product Resuits

Thermocouple responses in the CFM and at
the upper tie plate indicate that the highest
temperatures were reached during reflood and
that temperatures in the region of ceramic
blockage in t* ¢ bundle remained hot for several
hundred seconds following reflood. Additionally,
posttest measurements and analyses of the
locations of noble gases, volatile fission
products, and hydrogen suggests that
approximztely 70% of noble gases and volatile
fission products released during the experiment
were released during reflood and 80% of the
hydrogen generated during the experiment was
produced during reflood.

The stainless steel upper tie plate at the top
of the CFM sustained severe damage due to
melting and foaming oxidation. The damage to
the upper tie plate indicates that much of the
energy produced during reflood was Jdeposited in
a narrow axial zone at the top of the fueled
region.

Of the highly volatile fission products iodine
(I) and cesium (Cs), 3.0% and 0.80%,
respectively, of the bundle inventories were
released during the transient; and approximately
60% of these releases were deposited on the
upper plenum surfaces. Of the lower-volatility
fission products barium (Ba) and tellurium (Te),
0.84% and 0.54%, respectively, of the bundle
inventories were released: 93% of the Ba and
76% of the Te were deposited on upper plenum
surfaces. During the transport of these fission
products to the collection tank, the fractions
deposited in the long, small-diameter, simulated
LPIS line (the fission product release pathway in
a V-sequence) leading to the tank were, for I,
0.10; for Cs, 0.27; for Ba, 0.10; and for Te, 0.20.
Measurements of aerosol size and composition
indicated that these fission products were
transported through this pipe on aerosols
(approximately 0.3-um in diameter) composed
mainly of tin (Sn) from the zircaloy cladding.

Xiii

Measurements of deposition on coupons
placed in the upper plenum and protected from
washing during reflood showed that much larger
quantities of silver (Ag) and 1 were present than
Cs. Based on these observitions and
thermodynamic calculations o. the stability of 1
species under the LP-FP-2 conditions, it is
postulated that the primary chemical form of 1
being transported from the CFM was Agl.
“hermodynamic calculations show that Agl is
favored at temperatures below 1800 K when
there is a large excess of Ag in the vapor state
relative to I (Hahn and Ache 1984). These
conditions were met in the LP-FP-2 Experiment
because of the dispersion of Ag due to the burst
failure mode of the silver-indium-cadmium (Ag-
In-Cd) control rods at the low system piessure in
this experiment.

Although research has shown that H;BO;
can react with CsOH to produce CsBO,, the
deposition pattern of Cs in the upper plenum is
more compatible with calculations of the
chemisorption of CsOH than for condensation of
CsBO,. In addition, boron (B) was not detected
on the protected coupons that contained Cs.

The oxidic fission products cerium (Ce) and
strontium (Sr) were strongly retained (57% and
88%. respectively) in samples of ceramic melts.
The volatile fission products I and Cs were
retained at about 15% of inventory in these
samples. The medium volatility metal antimony
(Sb) was retained at about 24%, and the
relatively low volatility metal ruthenium (Ru)
was retained only to about 10%. There is
evidence of the accumulation of Sb in metallic
melts.

Summary of Severe Core
Damage Results

The LP-FP-2 Experiment simulated the early
stages of a V-sequence (an interfacing systems
LOCA) and was initiated by reactor scram and a
PCS blowdown that reduced the system pressure
10 the neighborhood of 1.1 MPa. Decay heat in
the core caused the CFM to heat up and, in
conjunction with continued slow
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depressurization, caused steaming from the pool
of coolant remaining in the lower head beneath
the core. The heatup in the central bundle caused
melting of core compounente and relocation and
freezing of melts into partizi flow blockages in
the core. (This scenario was carefully avoided
in the remainder of the core by preferential
enrichment of the test bundle fuel, causing the
CFM to run at a higher power rating and hence at
a higher decay heat rate than the peripheral fuel.)

The lower blockage in the LP-FP-2 test is
made up primarily of molten metals that
relocated downward and froze at the location of
the lower spacer grid. The metals are zirconium
(Zr), from control rod guide tubes and fuel rod
cladding; iron (Fe), nickel (Ni), and chromium
(Cr), from control rod cladding and spacer grids:
and Ag, In, and Cd, from the control rod alloy.
The Ag, In, and Cd were sometimes found
alloyed with Zr and other times were found in
ingots having a composition essentially
unchanged from the as-fabricated control rod
alloy. In addition to metals in the lower blockage,
some fuel fragments were also present. The
lower blockage caused a 78% reduction in the as-
fabricated flow area.

An upper blockage occurred at the location
of the second spacer grid, causing a 63%
reduction in flow area. This blockage consisted
of metallic alioys and a small amount of
previously molten ceramic debris at the lowest
elevation, with increasing ceramic content
(becoming the dominant phase) at higher
elevations within the blockage. The metallic
alloys were the same as those found in the lower
blockage at the first spacer grid. The ceramic
debris is primarily (U,Zr)O,, which resulted
from the dissolution of UO, in molten zircaloy,
steam oxidation of this metallic-ceramic melt,
and melting of UO; and ZrO,.
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Above the ceramic blockage is a region in
which rod-like geometry is present. The
cladding of the fuel rods has ballooned and has
been fully nxidized. Melts, mainly ceramic, fill
the space \ etween the fuel and the ballooned
cladding an ! also, to some degree, are present in
flow channeis. Some fuel fragments have been
lost through openings in the ballooned cladding.
The (U,Zr)O, ceramic melts generally originated
Jocally from the dissolution of UO; by molten
zircaloy. However, some of this melt containing
dissolved UO, may have relocated downward,
and some may have relocated to this region from
above. Steam access to this region converted the
metallic melits to ceramics. Restraint from
oxidized cladding shells and ceramic melts
within the ballooned rods and in the flow
channels between rods was apparently adequate
to prevent large-scale fragmentation of the fuel
stacks in this region upon reflood.

At the top of the LP-FP-2 center fuel bundle
is a rubble bed of fuel fragments containing no
cladding remnants and only small amounts of
previously molten materials, mainly ceramic.
The absence of cladding remnants suggests that
zircaloy melted and relocated downward in the
bundle. Without restraint from cladding and
surface tension from wetting of melts, fuel
fragments were free to crumble from peliet
stacks to form a rubble bed, especizlly upon
reflood.

Both blockages occurred at spacer grids in
the LP-FP-2 CFM. The spacer grids apparently
provide an impediment to the flow of melt and
additional surface area for heat transfer, thereby
enhancing the probability of melt solidification
and debris accumulation in regions where the
temperature is below the freezing temperature of
the debris.




ACKNOWLEDGMENTS

The authors acknowledge the significant foundation for this work that was built by the Nuclear Eaergy
Agency (NEA) of the OECD. The material presented in this document has been made possible because of
the efforts of many people within the NEA as well as those from the OECD LOFT sponsors. Without the
OECD support, there would have been no LOFT severe accident data with which to compare analytic
results. Hundreds of personnel have contributed to the successful completion of the experimental program,
both within the INEL and at other institutes around the world. It would be unwise to try to list all who have
contributed to this effort. A heartfelt thanks is extended to all who have contributed to any of the many
efforts involved in arriving at a state-of-the-art which permits the presentation of these comparisons of
code calculations with the OECD LOFT LP-FP-2 data. The authors especially acknowledge the financial
and technical suppon provided by the U. S. Nuclear Regulatory Commission, which allowed this report to
be added to the world's severe accident data base.

Xv NUREG/CR-6160



BST
CFM
ECCS
FPMS
HPIS
ILCL
INEL
LOCA
LOFT
LPIS
OECD
PBF
PCS
xy
PIE
PORV
SFD
SEM
TAN
T™I-2
wWDS

ACRONYMS

Blowdown Suppresion Tank

Center Fuel Module

Emergency Core Cooling System
Fission Product Measurement System
High Pressure Injection Syster

Intact Loop Cold Leg

Idaho National Engineering Laboratory
Loss Of Coolant Accident

Loss of Fluid Test

Low Pressure Injection System
Organization for Economic Cooperation and Development
Power Burst Facility

Primary Coolant System

Primary Coolant Pump

Post Irradiation Examinaiion

Power Operated Relief Valve

Severe Fuel Damage Experiments
Scanning Electron Microscope

Test Area North

Three Mile Island Facility, Unit 2.
Wavelength Dispersive X-ray Spectroscopy

NUREG/CR-6160 Xvi



Summary of Important Results
and SCDAP/RELAPS Analysis
for OECD LOFT Experiment LP-FP-2

1. INTRODUCTION

This report summarizes significant technical
findings from the LP-FP-2 Experiment
sponsored by the Organization of Economic
Cooperation and Development (OECD). It was
the second, and final, fission product experiment
conducted in the Loss-of-Fluid Test (LOFT)
facility at the Idaho National Enginecring
Laboratory (INEL).

1.1 Background

The LOFT facility at the INEL simulated a
typical commercial 4-loop pressurized water
reactor (PWR) core, primary coolant system
(PCS), and emergency core cooling system
(ECCS). Details of the facility are provided in
Appendix A. The original purpu.e of LOFT was
to identify the physical phenomena and the
course of events of a large-break loss-of-coolant
accident (LOCA) in a nuclear plant not provided
with designed safety systems and with no
operational mitigation of the consequences.
However, as a direct consequence of the small-
break LOCA that occurred at the Three Mile
Island Unit 2 (TMI-2) nuclear power plant in
1979, the mission for LOFT was changed 1o tie
investigation of small-break LOCAs with
operational safety systems and operator
intervention to minimize the consequences. The
txperimental program, sponsored by the U.S.
Nuclear Regulatory Commission (NRC) and
conducted from 1976 to 1982, included a number
of large- and small-break LOCAs and anticipated
transients and contributed significantly to the
existing data base for these types of accidents.

The OECD LOFT Project was sponsored by
an international consortium, which collaborated
on a program to use the LOFT facility for a
program of safety experiments of interest to the
internauonal community. The OECD countries

participating in the Project were Austria,
Finland, Federal Republic of Germany, Italy,
Japan, Sweden, Switzerland, the United
Kingdom, and the United States [U.S.
Department of Energy (DOE), NRC, and the
Electric Power Research Institute (EPRI)]. The
experimental program of the OECD LOFT
Project, conducted from February 1983 to July
1985 at the INEL., comprised eight experiments:
six thermal-hydraulic experimenits (three small-
break LOCA, two large-break LOCAs, and one
loss-of-feedwater experiment); and two fission
product experiments. The detailed results from
these experiments provided valuable new
evidence on thermal-hydraulic issues and an
important national data base for computer code
verificaticn. Following the completion of the
OECD LOFY Project, the LOFT facility was
decommissioned.

1.2 Experiment LP-FP-2

CECD LOFT Experiment LP-FP-2 was the
second fission product release and transport test
performed in LOFT and was initiated on July 9,
1985. Experiment LP-FP-2 provided information
on the release, transport, and deposition of
fission products and aerosols during a V-
sequence accident scenario that resulted in
severe core damage. The specific V-sequence
LOCA scenaric was a simulated pipe break in
the Low Pressure Injection System (LPIS) line,
attached to the hot leg of the LOFT broken loop
piping. Experiment LP-FP-2 is a major data
source for fission product release and transport
from failed fuel and severs core damage
phenomena in a large fuel bundle.

The experimental results, fission product

data, postirradiation examination (PIE), and code
verification efforts for the LP-FP-2 Experiment
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Introduction

have been documented in great detail in a
number of reports and papers. This report
summarizes the most significant results and
conclusions contained in these documents, which
are listed bibliographically at the end of the
report. First, brief descriptions of the LOFT
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LP-FP-2 system configuration and test conduct are
presented. This is followed by highlights of the
measured data and PIE and SCDAP/RELAPS code
verification and experiment analysis. Finally,
significant results are interpreted and related to other
severe core damage progression events and
conclveior- 2> nresented.



2. SYSTEM DESCRIPTION

The LOFT facility and the LOFT LP-FP-2
Experiment test train, fuel bundle, and fission
product monitoring devices are described briefly
in the following sections. A more detailed de-
scription of the LOFT facility and nominal de-
sign characteristics of Experiment LP-FP-2 are
provided in Appendices A (Fell and Modro
1990) and B (Carboneau et al. 1989).

2.1 Facility Description

The LOFT test facility was designed to
represent the major components and system
response of a commercial PWR. The facility was
large-scale (1/50th volume of a full-sized PWR),
with a reduced-length core (1.67 m) prototypical
of full-size PWR bundles. The experimental
system consisted of five major subsystems, which
were instrumented so that variations in the system
could be measured and recorded during the
course of a simulated LOCA. These subsystems
included: () the reactor vessel, (b) the intact loop
(representing three loops of a Westinghouse 4-
loop PWR). (¢) the broken loop (representing the
fourth loop) and blowdown suppression system
(BST). used to collect effluent from the PCS, (¢)
and the ECCS. To simulate the thermal-hydraulic
phenomena as accurately as possible, volume
scaling (1/50 scale) was used to best duplicate in
real time the flow regimes for the saturated
blowdown and refill/reflood that occur during a
large-break LOCA.

Important changes were made to the LOFT
facility in order to conduct the LP-FP-2
Experiment. These changes included removal of
the broken loop cold leg piping and the simulated
steam generator, removal of the blowdown valves
and header, installation of a simulated LPIS line
at the broken loop hot leg, installation of a special
central fuel module (CFM), and addition of the
fission product measurement system (FPMS).
The configuration of the LOFT facility for
Experiment LP-FP-2 is shown in Figure 1.

2.2 Fuel Bundie and Test Train
Design

The nuclear core of the LOFT PWR
contained nine fuel assemblies identical to
commercial fuel assemblies except that the fuel
rods were hailf length. The fuel rods used in these
assemblies were 10.7 mm in diameter and
contained 4.05 wi% enriched UO, fuel. Four of
the peripheral or outer assemblies were typical 15
by 15 PWR fuel assemblies, while the four comer
assemblies were truncated to triangular shape
(see Appendix A).

As noted above, a specially designed CFM,
shown in Figure 2, was installed in place of the
central fuel bundle for Experiment LP-FP-2. This
mejule {an 11 by 11 fuel assembly) consisted of
11 control rods, 100 prepressurized §2.41 MPa)
fuel rods enriched to 9.744 wt% 2°U, and 10
instrumented guide tubes. The fuel rods were
separateG from the outer fuel assemblies by a
0.025-m-thick, zircaloy-clad, zirconium-oxide
insulated thermal shroud, that replaced the outer
two rows of fuel rods in a typical fuel assembly.
The center bundle design enabled the CFM fuel
rods to heat up to temperatures above 2100 K,
while maintaining the peripheral bundle fuel rods
below 1390 K, thus restricting core damage to
within the CFM. It also assured that fission
products released during the experiment flowed
only into the upper plenum of the test facility and
facilitated removal of the damaged core from the
reactor vessel, decontamination, and recovery of
fuel.

The nuclear core was inserted into a reactor
vessel that contained an annular downcomer, a
lower plenum, lower core support plates, and an
upper plenum (see Appendix A). The downcomer
was connected to the cold legs of the intact and
broken loops, and the upper plenum was
connected to the hot legs. For the LP-FP-2
Experiment, the broken loop was a passive
system that simulated a pipe break. The ECCS in
the experiment, arranged as in a power plant,
consisted of a high-pressure injection system
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System Description

(HPIS), accumulator system, and an LPIS. The
simulated LPIS pipe was connected to the end of
the broken loop hot leg and provided a path for
fission products to enter the BST. The
characteristics of the LPIS could be varied during
the experiment to attain desired conditions. No
attempt was made to scale the ECCS operation
for this experiment to represent commercial PWR
operations; full accumulators with suificient
volume to bring the primary coolant system 10 a
fuily recovered state, were directed to the
downcomer and lower plenum as well as the cold
leg. This ECC injection, caused the system 10
reflood significantly faster than would be
possible in a commercial PWR.

2.3 Instrumentation

Instrumentation used in the OECD LOFT
Facility had been developed over a period of three
decades using expertise from around the world.
To be sure that all measurements taken during the
test were accurate and of the best quality, only
state-of-the-art instrumentation was used. This

F2

Aerosol sampler e

Depeosition sample

P K aes | ? [ F-To i [oTo] J—
' [<] =

high-quality thermal-hydraulic instrumentation
consisted of:

e Thermocouples surface-mounted on 79
fuel rods at either two, three, or four ele-
va‘ions

« Thermocouples mounted on guide tubes,
upper and lower tie plates, and structural
components

o Self-powered neutron detectors, which
also provided a valuable indication of
local core voidage

e Conductivity probes to detect liquid
level

¢ Pressure and differential pressure trans-
ducers

e Gamma densitometers, coolant flow
transducers, momentum flux transduc-
ers, and flow rate transducers.

The FPMS was designed and fabricated for
use in detecting, identifying, and collecting
radioisotopes in the PCS, the LPIS, and the BST.
Figure 3 shows a schematic of the FPMS
instrumentation location and sample lines. The
FPMS consisted of three basis subsystems: (a)

D2 ;
GS Gamma
O R spectrometer

Upper plenum
Oo
| | l | | Sl Steam
o {_ ] generator
F1
\CFM, Gé
: o

Gross
gamma
montor

\J

Suppression vessel gl

Figure 3. FPMS schematic
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four gamma spectrometers and one gross gamma
detector; (b) a deposition sampling system, and
(¢) steam/aerosol sampling lines. These
subsystems are described bnefly in this section
and more completely in Appendix A.

The four on-line gamma spectremeters (G1.
G2, G3, and GS) and the gross gamma detector
(G6) were located at five different sampling
locations, as was shown in Figure 3. The gamma
spectrometers sampled from four locations in the
system. G1 sampled liquid from the reactor vessel
lower plenum during the transient phase or,
altemately, from the intact loop hot leg during the
posttransient phase. G2 sampled gas from the
combined F1 and F2 sample line (i.e., F1 + F2)
during the transient phase and from the BST
vapor space during the posttransient phase. G3
sampled liquid from the BST liquid space during
the posttransient phase. G5 sampled a vertical
section of the LPIS line during the transient and
posttransient phases. Gross gamma monitor G6
was placed near the F1 line at the top of the
reactor vessel. Each of the gamma detectors was
designed to be operated remotely and covld be
calibrated using a 23%Th source mounted on a
collimator wheel.

The deposition sampling system consisted of
six stainless steel coupons in the upper plenum
and two deposition spool pieces in the LPIS. Two
upper plenum coupons were located at each of
three separate elevations above the CFM (for a
total of six coupons, collectively designated as
D1). Ateach of the three elevations, both coupons
were exposed to the fluid stream flow during the
preconditioning and transient phases of the
experiment. Before reflood, one coupon at each
elevation was to be isolated from the PCS, to
protect it from posttransient deposition or

System Description

removal of fission products. However the
protective covering did not seal around the
lowest-level coupon (194P), thus exposing it to
reflood water. The coupons at higher eievations
functioned as planned. The two deposition
spools, located near the inlet and outlet of the
LPIS line, were designated D2 and D3,
respectively. These spool pieces were designed to
provide a measurement of the PCS deposition of
fission products during the preconditioning and
transient phases of the experiment. Since the
LPIS line was isolated before reflood, these spool
pieces were protected from reflood water.

The remaining instrumentation in the FPMS
consisted of two aerosol/steam sampling lines
and an aerosol filter on the LPIS outlet, upstream
of the BST. This instrumentation was designed to
provide a continuous sampling of vapor and
acrosols during the preconditioning and transient
phases of the expeniment. The F1 sample line,
situated 180 cm above the lower tie plate and
direcly above the CFM, consisted of the
following major comporents: (a) a sample line
probe placed above the CFM, (b) an argon
dilution gas supply, (c) dual cyclone separator
and isolation valves, (d) a dilution filter, (e) a
virtual impactor, (f) collection filters, (g) infrared
moisture  detectors, and (h) a hydrogen
recombiner. The F2 sample line, situated outside
the upper plenum, was similar but had no dilution
gas supply or infrared moisture detectors. The F1
and F2 sample lines joined before the BST to
form a single line (designated F1 + F2), which
passed the G2 gamma spectrometer. The LPIS
filter, desiguated F3, consisted of seven filter
canisters and was constructed of a porous metal
material  that collected aerosol material
(approximately 0.4 um or larger) at the end of the
LPIS and immediately upstrem of the BST.
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3. TEST CONDUCT

This secticn briefly describes the sequence of
events and initial boundary conditions used for
the LOFT LP-FP-2 Experiment A more detaiied
description of preparation and each phase of the
experiment sequence is provided in Appendix B
(Carboneau ¢t al. 1989),

3.1 Fuel Preconditioning Phase

The purpose of the fuel preconditioning
phase of the experiment was to subject the CFM
fuel rods to 2 minimum bumup and generate the
long-lived fission product inventory. This phase
of the experiment started when the plant was
heated up just prior to power operation and
ended when the required minimum bumup, 325
MWd/AU, was attained.

Figure 4 shows the power history used

during the fuel preconditioning and pretransient
phases to attain the desired initial conditions for
the transient. To reach the desired burnup, the
CFM fuel rods were irradiated at a reactor power
of 32 MWt for approximately 84 hours. The
reactor was then shut down, and the rods were
allowed to cool for approximately 75 hours.
Then, the CFM fuel rods were again irradiated,
this time at a reactor power of 26.5 MW1t. After
approximately 80 hours, the CFM fuel rods
reached the required minimum bumup and the
reactor was shut down.

3.2 Pretransient Phase

The purpose of the pretransient phass  the
experiment, which began at the termina of
the preconditioning phase and ended upor e
initiation of the transient, was to finish the
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Figure 4. LOFT core power operation prior 1o initiation of Experiment LP-FP-2
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Test Conduct

planned irradiation, generate the short-lived
fission product inventory, and establish the initial
thermal-hydraulic conditions of the experiment.
The required initial conditions for Experiment
LP-FP-2 included short-lived decay heat buildup
(core decay heat of from 675 to 695 kW at 200 s
after reactor scram), a cesium-to-iodine (Cs/I)
fission product ratio of at least 2.9, and typical
temperature, pressure, and coolant fiow rates (see
Appendix B). At the beginning of the
pretransient phase, the reactor remained shut
down so that the fission product measurement
equipment could be initialized. The reactor was
then brought to power (see Figure 4). The actual
preirradiation history produced a bumup of 448
MWd/tU for the CFM fuel rods, a Cs/1 ratio of
4.2, and a total core decay heat of 684.5 kW at
200 s into the transient. Thus, compared to the
specified initial boundary conditions, the actual
conditions for LP-FP-2 met or exceeded the
desired experiment goals.

3.3 Transient Phase

The purpose of the transient phase, which
began with reactor scram and ended with reflood,
was to simulate a V-sequence accident with
fission product relrase and transport phenomena.
The specific V-sequence LOCA scenario was a
simulated pipe break in the LPIS line, attached to
the hot leg of the LOFT broken loop piping (see
Figure 1). The intact loop cold leg (ILCL) break
line served as the primary blowdown pathway
prior to fission product release. During fission
product release, only the LPIS line was open:
therefore, fission products released from the
CFM were transported and deposited in the
reactor vessel upper plenum, the LPIS line, and
the BS'I.

The LP-FP-2 transient was initiated by
scramming the reactor with the peripheral
control rods (defining t = 0.0). The primary
coolant pumps (PCP) were then turned off at
approximately 10 seconds. After the PCS flow
had decreased to 190 kg/s (about 22 seconds). the
CFM control rods were unlocked and allowed to
fall into the CFM. At 24 seconds, the control
rods were fully inserted into the core. The ILCL
break line was opened at 33 secords, and the
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LPIS line was opened at 222 seconds. The core
started heating up at 662 seconds, when the
liquid level decreased in the peripheral bundles.
The CFM began heating up at 689 seconds. The
ILCL break was closed at 736 seconds: however,
it was reopened at 878 seconds, to accelerate the
PCS depressurization rate.

Besides reopening the ILCL break, the
power-operated relief valve (PORV) was opened
at 882 seconds. After system pressure dropped
below 1.38 MPa, the ILCL and PORV lines were
closed, at 1022 and 1162 seconds, respectively.
Fission products were first detected in the F1 and
F2 lines at about 1200 seconds. Metal-water
reaction began at about 1450 seconds, and
control rod rupture occurred at approximately
1500 seconds. The hottest measured cladding
temperature reached 2100 K by 1504 seconds.
The transient continued until the outer shroud
wall temperature limitation of 1517 K was
reached at 1766 seconds. At this time, the
transient was terminated by closing the LPIS line
break and initiating ECCS injection.

3.4 Posttransient Phase

The purpose of the posttransient phase of the
experiment was to recover the plant to a
controlled steady-state shutdown and to obtain
posttransient information on fission product and
aerosol release, transport, and deposition. Plant
recovery was initiated with the closing of the
LPIS line and subsequent reflood of the reactor
vessel and ended at approximately 3700 seconds
following initiation of the transient.
Measurement of fission product redistribution in
the gas and liquid volumes of the BST and
fission product leaching from the damaged CFM
fuel rods continued for 44 days following
initiation of the transient.

The LPIS line break was closed and FPMS
lines were isolated at 1777 and 1778 seconds,
respectively; ECCS injection was initiated at
1783 seconds. Liquid water entered the core at
approximately 1790 seconds. and the peripheral
fuel modules quenched soon afterward.
However, observed phenomena indicate that the
CFM did not quench quick'y, in fact, a rapid



temperature excursion probably occurred within
the CFM during reflood, due to enhanced metal-
water reactions. This hypothesis is discussed in
more detail in the Section 6 of this report.

During the early part of the posttransient
phase, the PORV was cycled twice to prevent the
PCS from overpressurizing, and a feed-and-bleed
operation was performed on the steam generator.
The plant was maintained in a quiescent state for
14 days while data were taken, using the on-line
FPMS and thermal-hydraulic measurement

Test Conduct

systems. Also, several grab samples were taken
from the BST and PCS. BST liquid samples were
taken at 21 days, BST vapor samples were taken
at 28 days, and PCS liquid samples were taken at
44 days.

The significant events for the transient and
early posttransient phases of Experiment
LP-FP-2 are listed in Table 1. The intact loop
pressure history is shown in Figure 5, along with
the identification of important events during the
transient.
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Table 1. Sequence of events for Experiment LP-FP-2.

Time after Transient
Event Initiation
(s)

Scram (mitiation of expenment) 00
Peripheral bundle control rod fully inserted 24+ 0.1
Primary coolant pump coastdown initiated 9.7% 0.1
Begin dropping CFM control rods 241% 01
CFM control rods fully inserted 234+ 05
Primary coolant pump coastdown completed 251 % 0.
ILCL break imuated 329+ 01
End of subcooled blowdown 530 1.0
Secondary relief valve cycle 560 1.0
Pressunizer empty 600+ 50
LPIS line break opened 216t 01
Secondary pressure exceeded primary system pressure 2600+ 10
Gamma densitometer sources isolated 2620 £2
First coolant thermocouple deviation from saturation

Upper plenum 3000 % 10
Hot leg pipe 3900+ 10
Fuel rod cladding heatup started in peripheral fuel modules 6620+ 2
Fuel rod cladding heatup started in CFM 6890+ 2
ILCL break closed 7355+ 01
ILCL break reopened 8776 ¢ 0.1
PORYV opened 8820¢ 0.1
F3 filter on line 9508 £ 0.1
LPIS bypass closed 9519 ¢ 0.1
FPMS lines opened 1013.1 £ 0.1
ILCL closed 102152 C.1
PORY closed 11620 + 0.1
First indication of fission products at F1 (gap) 12000 + 20
Initiation of metal-water reaction 1450.0 £ 30
Control rod rupture 15000 £ 100
First indication of fission products at F1, F2, and F3 (fuel) 1500.0 £ 10
Cladding temperatures reach 2100 K 15000+ 1
Shroud temperature reached trip set point

First thermocouple 17430% 1
Second thermocouple 1766.0 = 1
LPIS line break closed 17776 £ L1
FPMS lines closed 1778.1 &£ 0.
Deposition coupons tsolated 17806 = 0.1
Reflood initiated 1782c ¢ 0.1
Accumulator flow stopped 17950% 6
Maximum LPIS line coolant temperature reached 18000+ §
Steam generator feed-and-bleed started 26000 = 10
PORYV opened 33500+ 10
PORV closed 33800+ 10
PORYV opened 36800 % 10
PORV closed 36900+ 10
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4. HIGHLIGHTS OF THE MEASURED DATA

4.1 Thermal-Hydraulic Data

The LP-FP-2 Experiment was designed to
simulate a V-sequence accident scenario with
fission product release. From a thermal-hydraulic
point of view, a V-sequence aczident is a small-
break LOCA. However, the LP-FP-2 Experiment
represented an unusual LOCA, consisting of two
simultaneous breaks and discharge through the
PORV. Although LP-FP-2 was not a true V-
sequence type experiment, the multiple breaks
did achieve the desired V-sequence thermal-
hydraulic conditions at the time of fission
product release and maximized the decay heat
for core heat-up.

The primary core temperature objective for
LP-FP-2 was to obtain peak CFM temperatures
above 2100 K for at least three minutes while

maintaining peripheral bundie fuel rods below
1390 K and the outside shroud temperature
below 1517 K. Figure 6 shows an overlay of
several core thermocouples (TCs), including the
TC-5108-27 fuel centerline thermocouple that
recorded the highest measured fuel temperature
(2313 K) before reflood. The LP-FP-2 centerline
TCs were located at the 0.686-m, or peak power,
elevation. These thermocouples were constructed
of tungsten-rhenium wires and were insulated
with hafnia (HfO;). The centerline
thenmocouples were tested (prior o LP-FP-2) up
to 2700 K. These tests showed that the
thermocouples remained within 112% of the
reference temperature up to 2573 K, with some
signs of shunting and calibration shifts beginning
at 2673 K. The measured temperature data
during LP-FP-2 indicate that the centerline TCs
provided valid data well into the high-
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Figure 6. CFM thermocouple data at 0.25-, 0.68-, and 1 07-m ¢levations.
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Highlights of the Measured Data

temperature transient. Since shunting effects are
not evident in the centerline TC data during the
transient, and since the centerline TCs were
routed up through the CFM, peak fuel
temperatures (above the 0.686-m elevation) must
have been less than 2700 K. Detailed thermal-
hydraulic computer code calculations reported in
Carboneau et al. (1989) and confirmed by
subsequent code analyses (see Section 6) predict
that most of the CFM fuel was at temperatures
less than 2700 K, with one section reaching
2800 K for a shor time. Based on the measured
data, it is concluded that peak transient fuel
temperatures for LP-FP-2 ranged between
2300 K and 2700 K. The measured transient fuel
temperatures do not indicate that fuel melting
could have occurred in the CFM. Nevertheless,
the PIE data (Jensen ¢t al. 1989) show that the
highest temperature region was located between
the 0.686 and 0.864 m elevations. In this region,
some fuel melting did vccur, with peak fuel
temperatures reaching 3120 K. Therefore, the
transient centerline TC data are not consistent
with the PiE observations unless it is assumed
that the maximum fuel iemperatures (i.e., fuel
melting) occurred after reflood. In fact, review of
the centerline TC data into the reflood period
shows that a rapid temperature excursion of up to
3000 K probably occurred before TC failure
(Modro and Carboneau 1990).

The measured upper plenum fluid
temperatures above the CFM generally ranged
from 500 K to 900 K, with an average
temperature of about 730 K (calculated between
1500 and 1778 seconds). The upper plenum
surface temperatures averaged about 8% cooler
than the surrounding fluid. These temperatures
indicate that the upper plenum conditions were
relatively cool during the experiment and that
most fission product chemical species in the
upper plenum would exist in either a liquid or
solid state.

The steam mass flow rate for the CFM was
not a measured parameter. However, the steam
mass flow rate for the F1 sample line, which
sampled the effluent exiting the CFM, was
calculated based on measured critical flow
conditions in the F1 sample line (Carboneau et
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al. 1987; Carboneau et al. 1989). The calculated
steam mass flow rate for the F1 line was checked
against the mass of water collected in the Fl
condenser by integrating the time-dependent
mass flow rate over the rime period the line was
open. The two results agreed to within 6% (or 6
g). Since the averaged sampling fraction for the
F1 probe (i.e., the ratio of Fi to CFM fiow rates)
could be estimated from other measured data, the
steam mass flow rate exiting the center fuel
bundle could also be determined. Figure 7 shows
the best-estimate steam mass flow rate exiting
the CFM based on the Experiment Analysis
Summary Report (EASR) analysis (Carboneau et
al. 1089). The uncertainty in the calculated CFM
steam mass flow rate is about + 50% and is
mainly attributable to the uncertainty in the
calculated F1 sampling fraction.

Unlike the CFM mass flow rate calculation,
the steam mass flow rate for the LPIS line could
be directly calculated from measured critical
flow conditions for the LPIS venturi, The result
of the analysis is shown in Figure 8.

4.2 Fission Product Data from
the LPIS Line and BST

The on-line gamma spectrometer data
consist of two data sets: (a) the G5 data from the
LPIS line, and (b) the G2 data from the
combined F1+F2 sample line. The xenon (Xe)
gas data from G5 are shown in Figure 9, along
with a curve representing the calculated limit of
detectability. The measured krypton (Kr) data
are similar to the Xe data in that very few Kr
isotopes were detected at GS. The reason for the
high limit of detectability for the noble gases at
GS is due to the high activities of deposited
jodine (1) and cesium (Cs) isotopes in the G5
spool piece. Figure 10 shows the measured
activity concentrations of I, Cs, and rubidium
(Rb) isotopes as a function of time at the G5
spool piece. These data are reponcd in terms of
an activity density (Ci/m?); however, the
measurement represents a combination of
suspended and  surface-deposited
concentrations. For the G5 spool piece, the
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Figure 10. Measured activity concentrations of I, Cs, and Rb isotopes at G5.
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deposited surface activity probably exceeded the
suspended activity concentration.

The high deposition of . 2 Ionuclides in front
of the G5 gamma spectrometer influenced the
noble gas detectability in the LPIS line.
Corresponding to the measured activity
concentrations shown in Figure 10, the elemental
mass concentrations of Cs, I, and Rb were
determined and are displayed in Figure
11(Results are decay corrected for times greater
than 1778 s). Notice that the average | mass
concentration can be determined from the five
individually measured isotopes, while the
elemental Cs and Rb mass concentrations are
based on only one radionuclide. From Figure 11,
the elemental I mass concentration at G5 was
0.055 + 0.02 ug/cm3. (or an equivalent surface
concentration of 0.041 £ 0.02 pg/cm?). Also
based on this figure, the Cs mass concentration at
G35 (suspended plus deposited material)
following closure of the LPIS line (>1778 s) was
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ibout 0.10 pg/cm3. (or, equivalently, 0.074 ug/
em?). Therefore, the Cs/I mass ratio at G5 was
1.8. This can be compared with the Cs/I mass
ratio of 4.2 for the CFM. The postexperiment
examination of the D2 spool piece upstream of
G5 showed a higher surface concentration of Cs
(0.236 pg/cm?) than at GS; and, at D3,
downstream of G5, the Cs surface concentration
was 0.067 g/em?. Also, data taken from the BST
indicate that about 1% of the CFM inventory of |
reached the BST, while only 0.23% of the Cs
inventory was present. This implies a Cs/I mass
ratio of only 1.1 for the BST. Ali data from the
LPIS and BST indicate that Cs deposited in the
LPIS line more readily than [ indicating that Cs
and I were traveling as different chemical
species, and that the Cs specie deposited quickly.
As shown in the following section, the reverse
situation occurred in the reactor vessel upper
plenum.
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Figure 11. Elemental mass concentrations of Cs, I, and Rb at GS.
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4.3 Upper Plenum Coupon Data
and Possible Forms of Cs and |

The upper plenum deposition device (D1)
was a long slender tube that contained six
deposition coupons made of Type 304 stainless
steel. Two coupons were placed at each of three
axial locations. The three locations were situated
at three different axial elevations-stations 194,
212, and 253, corresponding to 0.15, 0.61, and
1.65 m above the CFM upper tie plate (station
188). All coupons were exposed to the pretest
reactor environment and the transient portion of
the experiment. Immediately before reflood, one
coupon at each elevation was to be isolated
(covered). The coverable, or protected, coupons
were identified as 194P, 212P, and 253P. The
unprotected coupons (194U, 212U, and 253U)
were exposed to the transient and reflood
portions of the experiment and, therefore,
provided information on the irreversible plateout
of fission products. Protected coupons were
designed to provide information on the total
deposition of fission products and control rod
aerosol material pnor to reflood. The protecied
coupons were 2.2 em? in surface area while the
unprotected coupons were 1.6 cm”

Inspection of the D1 device after the
experiment showed that the lower section of the
D1 tube did not seal properly around coupon
194P. As a result, this coupon was washed
during reflood; and the data from coupon 194P
do not represent a protected sample.
Examination of coupons 212P and 253P showed
that they were properly sealed.

Besides the protected coupon data, three
protected coupon spacers (1948, 2128, and
253S) were also examined. Again, only the
upper two coupon spacers were properly sealed
before reflood. The effective deposition surface
area for thc coupon spacers was approximately
0.81 cm?. Table 2 summarizes the most
important data obtained from the two protected
coupons, 212P and 253P, and the two protected
coupon spacers, 2128 and 253S. This table
shows the measured data, the equivalent activity
concentration of the measured nuclides, and the
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clemental mass concentrations. Based on the Cs
mass concentration for the protected coupons
and spacers, it is apparent that very little Cs was
present on these samples. In fact, the Cs/1 ratio
for these samples varied from 0.0004 to 0.074.
This result is very low compared to the Cs/l ratio
for the CFM of 4.2. Furthermore, the average
surface mass concentration of 1 on the four
pmtcctcd upper plenum samples was 0.060 ug’

cm?, which compares well with the l surface
mass concentration of 0.041 ug/cm at G5.

However, the average Cs mass concentration on
the four protected upper plenum samples was
0.0005 ug/cm , and the corresponding
concentration on the D2 spool piece wa; 0.24
n g/cmz.

The upper plenum coupon data indicate that I
deposited on stainless steel surfaces in
concentrations similar to that observed in the
initial sections of the LPIS line. These data also
show that Cs did not deposit in the upper plenum
in any reasonable concentrations. In other words,
in the LPIS line, both Cs and I behaved like a
condensable species; whereas, in the upper
plenum, I behaved like a condensable species
and Cs did not. Collectively, this indicates that
the primary I species was not cesium iodide
(CsI). If Csl were the pritnary chemical form of
I, then Cs should have been present in
concentrations that would have produced a Cs/l
ratio of at least 1.0. Since the measured Cs/I ratio
was < 0.074 and not > 1.0, it is clear that the
primary chemical species of I was not Csl.

Figure 12 shows the vapor pressure of
several important compounds associated with
reactor accident studies. Note that the vapor
pressure of these compounds can be arranged as
follows:

CsOH > Cdl, > Csl > Agl > CsBO,.

Due to the high concentrations of I on the
upper plenum protected coupons and in the LPIS
line at G5, it appears that I behaved like a
condensable species during the experiment.
Consequently, it is not likely that large
concentrations of 1 appeared as either I; or HL
Also, the primary chemical form of I was
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Table 2. Upper plenum coupon and coupon spacer data for 212P, 253P, 212S, and 2538.

Measured sample activity (uCi/sample)

Isotope Coupon 212P* Coupon 253P* Spacer 2128° Spacer 2538"
1 14000 1250 4300 740
d/e” 0.062 0.069 0.0011 0.0135
1408, 30000 72 8300 29
1251y 52 24 13 6.8
Activity concentrations (Ci/cm?)
Isotope Coupon212P*  Coupon253P*  Spacer2128®  Spacer 2.,
%Yy 6364. 568 5292 911
¥y 0.028 0.031 0.0014 0.017
1408, 13640 327 10220 318
1201, 236 109 16 8.4
Calculated elemental mass concentrations ( ug/cmz)
Element Couron 212P° Coupon 253P° Spacer 2128°¢ Spacer 2538°¢
lodine 0.116 0.0103 0.0957 0.0165
Cesium 0.70069 0.00076 0.000035 0.00042
Barium 0.504 0.00121 0.378 0.00117
Tellurium 0.039 0.014 0.021 0.011
Silver 201 104 ND¢ ND¢
Cadmium 309 214 ND¢ ND?

a.

c.

I; 40.514 Ci '¥7Cs/g Cs; 27070 Ci

The protected coupons have a surface area of 2.2 cm?.

b. The protected coupon spacers have a surface area of 0.8125 cm?.

Elemental results for iodine, cesium, barium, and tellurium were computed based on the piC mass
concentration (y Ci/em?) and the ORIGEN2-calculated CFM inventory results presented in Carboneau et al.,
1989. The elemental mass concentrations for Ag and Cd were measured. To convert from an isotopic activity
10 an elemental mass, the followins ORIGEN2-calculated ratios for the CFM fuel were used: 54952 Ci *11/g

d. No data,

“Ba/g Ba; 757.4 Ci '™ Te/g Te.
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probably not Cdl, because cadmium (Cd) has a
high vapor pressure and most of the Cd was
probably released from the control rods before
significant concentrations of I were released
from the fuel. Furthermore, leach data from the
LPIS line and deposition data from the
unprotected coupons suggest that I was deposited
as a highly insoluble species. By a process of
elimination, the only likely 1 compound that fits
all observations is silver iodide (Agl). Note that
from Figure 12, Agl and CsI have similar vapor
pressure curves and, therefore, Agl would have
behaved like CsI and condensed on surfaces in
the upper plenum. Based on the data shown in
Table 2, the upper coupon analysis indicates that
I was not associated with Cs and the most likely I
species was Agl. In addition, at every location
for which I was detected, Ag was measured in
quantities sufficient to support the presence of
Agl

The upper plenum coupon data can also be
used to infer the probable chemical form of Cs.
Based on the vapor pressure data shown in
Figure 12 and the average upper plenum
temperature of ~730 K, it is clear that for Cs not
to deposit on the upper plenum coupons, the
chemical form of Cs would have to support a
relatively high vapor pressure. The most obvious
candidate is cesium hydroxide (CsOH). Under
the right temperature and concentration
conditions, CsOH could pass through the upper
plenum and not condense; but, upon reaching the
colder LPIS line, would condense read 'y. Also
from Figure 12, it is clear that Cs was not present
as cesium metaborate (CsBO,). Since CsBO, has
a very low vapor pressure, any reasonable
concentration of CsBO, would have produced
significant concentrations of Cs on the upper
plenum coupons or on deposited aerosols.
Consequently, the observed upper plenum data
imply that the preferred chemical form for
cesium was CsOH.

In summary, the upper plenum protected
coupon data indicates that the primary chemical
species of Cs and I were CsOH and Agl. These
chemical compounds are consistent with the
LPIS line data.

NUREG/CR-6160

4.4 On-line Fission Product Data
from G2

The F1 and F2 sample lines joined to form a
single line (identified as F1+F2) that passed near
the G2 gamma spectrometer. During the
transient, the G2 gamma spectrometer system
recorded the activity concentrations of seven
radioactive noble gases that passed through this
sample system. Although the G2 data do not
indicate which sample line the detected
radionuclides entered, the sample line mass flow
rate information and postexperiment deposition
data from these lines show that 89% of the noble
gases detected at G2 entered the F1 sample line
from the CFM, and about 11% entered the F2
line from the broken loop hot leg (BLHL),
upstream of the LPIS line. The measured Xe gas
data, as collected at G2, are shown in Figure 13.
Based on these data, the average elemental mass
concentration for Xe was calculated and is
shown in Figure 14, along with the average Kr
mass concentration. Notice that the Xe and Kr
releases peak at 1668 seconds (about 2 minutes
before the end of the transient) and then decrease
after the F1 and F2 li1es were isolated from the
PCS at 1778 seconds. The drop i. the noble gas
concentrations at 1668 seconds may have
resulted from a partial blockage within the CFM
that affected the fission product release or
transport to the F1 probe. Note that the decrease
in fission product concentrations at G2 was
probably not due to a blockage in the F1 sample
line because no sudden decrease in the steam
mass flow rate entering F1 was observed. Other
thermal-hydraulic observations (e.g., enhanced
cooling of the peripheral bundles) also suggest
that a partial blockage or flow diversion occurred
within the CFM between 1500 and 1700 s. Code
analysis has confirmed this hypothesis (see
Section 6).

Using the average Xe (or Kr) mass
concentrations from Figure 14, the time-
dependent volumetric gas flow rate in the F1+F2
sample line at G2 (Carboneau et al. 1989), and
the average flow fraction (89%) for the F1 line,
the mass rate of Xe entering the F1 sample line
from the CFM was computed. By dividing this
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result by the average sampling fraction for the F1
line (0.00763) and the initial Xe mass for the
CFM, the transient noble gas release fraction for
the CFM was detern.ined. This result and the
corresponding cumulative noble gas release
fraction for the CFM are shown in Figure 15.

According to the data presented in Figure 15,
the cumulative transient release fraction for the
noble gases was about 2.3%. This compares well
with the measured quantity of 1.7% Xe and 2.0%
Kr gases collected in the BST. Computer code
analyses reported by Carboneau et al. (1989) and
subsequently confirmed (see Section 6) suggest
two reasons for the small transient fission gas
release: (a) the initially large grain structure of
the fuel (approximately 14 um) and (b) the
limited fuel temperatures (< 2700 K) during the
transient. Both factors probably contrib»ted 0
limiting the release of fission products dt  .g the
transient. However, analyses of the PCS water
showed that at least 9% of the initial CFM
inventory of Kr was trapped in the PCS
following reflood. Therefore, the total Kr release
for the LP-FP-2 Experiment was > 11%, with
most of the Kr appearing in the PCS following
reflood. The best-estimate transient and
posttransient release fractions for Xe, Kr, Cs, and
I are shown in Table 3. These data show that
most released fission products were detected in
the PCS (shortly after reflood), suggesting that
these fission products were probably released
because of reflood.

4.5 Hydrogen Generation and
Distribution

The quantity of hydrogen gas in the BST
vapor space was measured at 203 + 11 g. An
additional small amount of hydrogen dissolved
in the BST water was calculated to be 2.4 + 0.3
g. using Henry's Law. Therefore, the total
amount of hydrogen that was transported to the
RBST was 205 ¢ 11 g. This hydrogen mass is
equivalent to the oxidation of 11.6% of the
zircaloy in the CFM: however, this result is to00
small to account for the observed oxidation of
the CFM (58%) based on the PIE. Clearly, a
large amount of hydrogen must have been
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generated during the experiment that was not
transported to the BST. Since the PCS was
vented to the BST via the LPIS line, it was not
clear how hydrogen gas (or the fission products)
could have been held up in the PCS. In order to
investigate this matter, a detailed review of the
PCS pressure and thermocouple data was
undertaken. This investigation showed that three
large gas buboles had formed within the PCS a
few hours following reflood. These bubbles
existed in the reactor vessel upper plenum head,
the pressurizer, and the steam generator tubes.
The total volume of all three bubbles was
approximately 28 m> (calculated at STP
conditions). After the water vapor volume was
subtracted from the total gas volume, the
remaining dry, or noncondensablc gas volume
was determined to be 12.3 m?. Next, by
subtracting the known »olumes of
noncondensable gases injected into the PCS
[nitrogen (N) from the D1 coupon device and the
accumulator water and argon (Ar) from the F1
sample line, with helium (He) and fission product
gases estimated to produce negligible
contributions], a residual gas volume of 7.0 m’
was determined. This residual gas bubble was
assumed to consist of only hydrogen. As a result
of this analysis (see Carboneau et al. 1989 for
details), it was determined that 819 + 364 g of
hydrogen was in the PCS following reflood (625
g in the noncondensable gas bubbles and 194 g
dissolved in the PCS water). Summing the BST
and PCS inventories of hydrogen, the total
amount of hydrogen that was generated during
the LP-FP-2 Experiment was 1024 + 364 g. This
result is equivalent to an oxidation of 58% of the
zircaloy in the CFM, which agrees with the PIE
estimate.

An obvious conclusion of the hydrogen
analysis is that only a small amount of the
hydrogen generated during the LP-FP-2
Experiment was transported to the BST. Either
the hydrogen was generated during the transient
and was held up in the PCS, or the hydrogen was
generated after the BST was isolated from the
PCS (i.e.. following reflood). In order to decide
which of the two alternatives represents the best-
estimate scenario, the following observation
needs to be made.
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Table 3. Measured and calculated transient and postiransient release fractions.

Transient data Posttransient data
Estimated transient
release fractions based Calculated transient Measured release
Speci on deposition or BST  release fractions based  fractions computed for
P data on the F1 sample line the PCS
Xenon 20017 < 0.054 Not measured
Krypton 20.020 < 0.047 >0.09
lodine 0.030 0.052 0.123100.135
Cesium 0.0080 0.029 0.156
Barium 0.0084 0.0022 0.082
Tellurium 0.0054 0.00025 0.029

Based on the F1 steam mass flow rate data
and PIE of the bundle, steam exited the CFM
during the entire transient and there was no
indication of a steam flow path through the
insulating shroud: therefore, steam-starved
conditions did not occur for the entire CFM.
However, due to the partial blockage that formed
within the CFM, the steam flow distribution
probably resuited in some regions of the bundle
being steam-starved, thereby, limiting the metal-
water reaction during the transient. This
conclusion is also supported by PIE observations
of the oxidation pattern within the CFM. As a
result of the steam flow distribution within the
CFM, not all the CFM steam was converted to
hydrogen. Based on Figure 7, the average steamn
mass flow rate exiting the CFM during the high-
temperature portion of the traasient (from 1500 to
1778 s) was about 13 g/s. If all 1024 g of
hydrogen were produced during the transient, then
the average inlet steam mass flow rate for the
CFM should have been 46 g/s (33 g/s of water
converted to hydrogen plus 13 g/s exiting the
CFM). This would have meant that the average
steam mass exiting the core would have been 464
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/s (9.8x46 + 13, where 9.8 = PFM/CFM flow area
ratio). This implies that the flow rate entering the
LPIS line should have been 479 g/s (464 g/s core
flow plus 15 g/s in-leakage from the reflood assist
bypass system). However, the calculated LPIS flow
rate of 479 g/s is not consistent with the average
measured LPIS mass flow rate of 164 g/s
determined from Figure 8 (between 1500 and
1778 ).

From the above analysis, it appears that most
of the hydrogen gas generated during the LP-FP-2
Experiment was not produced during the transient,
but rather was generated after the BST was isolated
from the PCS (i.e., following reflood). In other
words, most of the CFM oxidation probably
occurred during reflood. 1f this did happen, then a
thermal excursion w.cin u'e CFM must have also
occurred. Evidence of a rapid temperature
excursion during ret'vod is discussed in the
Experiment Analysis Reyort (Carboncau 1989).



4.6 Conclusions

Review of the centerline thermocouple data
indicates that peak transient fuel temperatures
ranged from 2300 to 2700 K. At these estimated
temperatures, fuel melting should not have
occurred within the CFM. However, examination
of the CFM does show that fuel melting did
occur at the 0.77-m elevation, with peak
temperatures of about 3120 K. These two
observations suggest that peak bundle
temperatures did not occur during the transient.

Based on the F1 sample line mass flow rate
data, steam exited the CFM during the entire
transient. Therefore, the CFM was not steam-
starved. However, due to the partial blockage
that formed during the high-temperature portion
of the transient (1500 to 1778 s), flow conditions
within the CFM were not uniform and some
regions above the blockage were probably
steam-starved, thereby limiting the metal-water
reaction during the transient. During this time
period, the best-estimate average steam mass
flow rate exiting the CFM was approximately 13
g/s, and the average steam mass flow rate for the
LPIS line was 164 g/s. The amount of hydrogen
gas measured in the B 05 + 11 g, and
the calculated amount of uydregen in the PCS
was 819 + 364 g. Therefore, the total amount of
hydrogen produced during the LP-FP-2
Experiment was 1024 + 364 g, which is
equivalent to the oxidation of approximately
58% of the CFM zircaloy. This result agrees with
the PIE estimate of 58% total oxidation. Based

Highlights of the Measured Data

on the average LPIS and CFM steam mass flow
rate data, it appears \hat there was not sufficient
steam passing through the CFM during the
transient to account for all of the 1024 g of
hydrogen calculated to have been produced. Due
to the limited steam mass flow rate through the
CFM during the transient and the eventual
hydrogen distribution (20% BST and 80% PCS),
it appears that most of the hydrogen gas
produced during the experiment vwas generated
after the BST was isolated from the PCS (e.g.,
during reflood).

The primary fission product chemical forms
transported through the LOFT system during the
LP-FP-2 transient were Agl and CsOH. Csl was
not present in significant concentrations. These
conclusions are based on observations from the
upper plenum coupon and LPIS line data. The
observation that CsI was not present during the
experiment is based primarily on the upper
plenum coupon data, which show large
concentrations of silver and iodine but almost no
cesium.

The transient releases of volatile fission
products ranged from 2 to 5% of the initial CFM
inventory. The pri.nary re: son for the small
transient releases appears to e associated with
the initially large grain structure of the fuel
(approximately 14 um) and the smaller-than-
expected peak fuel teinperatures (< 2700 K). The
major release of volatile fission products (9% to
14% of the CFM inventory) appears in the PCS
shortly after reflood.
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5. POSTIRRADIATION EXAMINATION

Following the successful completion of the
LP-FP-2 Expeniment, it was decided to perform a
PIE (postirradiation examination) of the fuel
bundle to provide additional information to assist
in determining the factors that may have
influenced the thermal-hydraulic and fission
product behavior. The PIE also expanded the
scope of this experiment to include material
behavior and interactions occurring within a fuel
bundle during a severe core accident. Due to the
size of the LP-FP-2 fuel assembly, the results
from these examir. ‘ions provided an in:portant
link between smai..r scale severe fuel damage
experiments (Knipe et al. 1986; Martinson et al.
1986; Martinson et al. 1989; Petti et al. 1989)
and the Three Mile Island accident (Broughton et
al. 1989)

The objectives of the PIEs were to provide
data on (a) the final distribution of fuel and
control rod materials; (b) the posttest
metallurgical and chemical form of materials; (c)
the maximum temperatures achieved as a
function of position in the fuel bundle; and (d)
fission product distribution in both fueled and
nonfueled materials. This section suinmanzes the
data that were obtained to successfully meet all
these objectives.

A schematic cross-section through the
LP-FP-2 fuel bundle is shown in Figure 16, The
fuel assembly consisted of 100 UQ, fuel rods
with zircaloy cladding, eleven
silver-indium-cadmium (Ag-In-CA\ control rods
with stainless steel cladding surrounded by
zircaloy guide tubes, six empty zircaloy guide
tubes, and various instrumentation tubes. ZrQ,
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Figure 16. Cross section through the LP-FP-2 bundle
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Postirradiation Examination

insulation was sandwiched between a zircaloy
inner liner and the zircaloy outer shroud. The
fuel was 9.744 wt.% enriched and 94.7% ol
theoretical density. Additional fabrication details
are provided elsewhere (Jensen et al. 1989).

Both nondestructive and destructive
examinations of the center fuel bundle were
performed. The nondestructive examinations
included visual examinations of the exterior
surface, gross and isotopic gamma scans of the
overall fuel bundle, and neutron radiographs at
two perpendicular orientations through the fuel
bundle. The fuel bundle was then sectioned to
provide 21 transverse cross-sectional surfaces.
These were quartered and polished to provide 84
samples for examination and photography, of
which 42 samples were examined in detail on the
metallograph. Approximately 30 small core bore
samples were obtained from these
m.etallographic samples for scanning electron
microscope/wavelength dispersive
spectroscopic (SEM/WDS) examination, as well
as elemental and radiochemical analyses.

This section summarizes the major results
from these PIEs. Additional detailed information
is provided elsewhere (Jensen et al. 1989).
Related information on other aspects of this
¢experiment are also provided elsewhere
(Carboneau et al. 1987, 1989, and 1990 Modro
and Carboneau 1990), as are comparisons of the
LP-FP-2 results with other severe core damage
integral tests (Hobbins 1990).

5.1 Qualitative Analysis

This section describes in general the overall
condition of the LP-FP-2 fuel bundle following
irradiation. This description is primarily based
upon visual examinations, gross and isotopic
gamma scans, neutron radiography, and
representative metallographic cross sections
through the fuel bundle. This is followed by
descriptions of specific types of material
behavior, such as control rod behavior, zircaloy
and fuel behavior, and melt behavior. These
descriptions are based primarily upon the
detailed metallography and SEM/WDS
examinations.
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Visual Examinations. The LP-FP-2 CFM was
vertically lifted out of its underwater storage
location in the Test Area North (TAN) water pit
for visual examinations in January 1986. The
fuel bundle was slightly discolored, and marginal
oxidation of the zircaloy shroud was apparent in
the area just above core midplane (Carboneau,
1987). A portion of the shroud in the northeast
comer had cracked and broken off, exposing the
Zr0O?2 insulation layer. It is not clear whether the
broken shroud occurred during irradiation or
after the test when the module was removed from
the reactor and transported to the TAN water pit.

Ceramic debris was observed in the upper
end box. Subsequent analyses indicated this
debris was fuel and melt particles that were
blown upward by the large amount of steam
generated during the reflood stage.

Examinations of the bottom of the CFM
indicated that no material had relocated out the
bottom.

Gross and Isotopic Gamma Scans. Gross
and isotopic gamma scans of the LP-FP-2 fuel
bundle were conducted in September 1986 to
provide some early insights into the posttest
intemal condition of the fuel bundle. Many of the
conclusions and observations from these
examinations (Jensen et al. 1989) were supported
by subsequent examinations. However the
reasons for observed behavior are now better
understood, and two particularly pertinent facts
from these examinations are discussed here.

It was observed during the gamma scans that
significant amounts of material had been
relocated from the upper portion of the bundle on
the eastern side. Although this was later observed
in the neutron radiographs and the
metallographic cross sections, the significance of
the gamma scan observation is that, since the
module was always in the vertical position until
after the gamma scans were completed, fuel
handling did not significantly affect the posttest
distribution of material in the fuel bundle.



Only a small fraction of the total fission
product bundle inventory was released and
deposited in the upper support structure above
the fuel bundle.

Neutron Radiography. Neutron radiography
was performed at Argonne National Laboratory-
West (ANL-W) in September 1987 at two
perpendicular orientations over the entire fuel
bundle and a portion of the upper suppor
structure. A schematic representation of the CFM
damage state is shown in Figure 17. Axial
elevations are referenced from the bottom of the
25 instrumented fuel rods, which wore 0.1 m
above the bottom of the CFM. The Fottom of the
instrumented fuel rods was 2.54 ¢cm above the
bottom of the 75 uninstrumented fuel rods. This
reference system is used throughout this section.

Six distinctive regions were identified from
the radiographs, and representative
metallographic cross sections are used in the
following discussion to illustrate these various
regions.

Region 1 (< 0.1 m). The region below
approximately 0.1 m encompasses the bottom
spacer grid and below. The material in this region
was intact, and only m‘nor amounts of control
rod droplets had relocated and solidified in this
region. A representative quarter section of the
transverse section through the lower spacer grid
is shown in Figure 18. Some of the insulation
on this sample, and other samples from the lower
half of the fuel bundle, fell out during bundle
sectioning and handling of the samples. It is
known to have been intact because the inner liner
was still intact in these regions, and the neutron
radiographs showed the insulation to be intact
prior to sectioning.

Region 2 (~0.1 to 0.23 m). Relocated
material solidified in the region above the bottom
spacer grid, forming a large blockage from
approximately 0.1 to 0.23 m. This blockage was
composed of metallic melts and small fuel
debris. The metallic melts were primarily
composed of silver-zirconium (Ag-Zr), with
smaller amounts of iron (Fe), chromium (Cr),
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and nickel (Ni) mixed in. A representative
quarter section through this blockage region is
shown in Figure 19. The relocated material was
generally not hot enough to damage the rods in
this region, with the exception of a few rods near
the center of the bundle.

Region 3 (~0.23 to 0.44 m). The rod
array was essentially intact throughout this
region, with only small amounts of metallic melt
between the rods. Only two fuel rods near the
center of the fuel bundle had failed. A
representative quarter section is shown in
Figure 20.

Region 4 (~0.44 to 0.85 m). Relocating
material resulted in the formation of a large
blockage throughouti this region. The second
spacer grid was at the lower extent of this
blockage region, and metallic melt and fuel
debris much like that found in the lower
blockage region had accumulated on this spacer
grid. However, unlike the situation at the lower
spacer grid, the relocated material at this spacer
grid was hot enough to cause significant
liquefaction as a result of Ni-Zr eutectic
interactions. A representative quarter section
threugh the second spacer grid is shown in
Figure 21. The spacer grids impeded material
relocation; and, as discussed later, the largest
flow blockagecs were located through, or just
above, the two remaining spacer grids,

Above the second spacer grid, the relocated
material was composed of high temperature
(U,Zr)O, ceramic melt. The full cross section
through the middle of this ceramic blockage
region is shown in Figure 22, The ceramic melt
surrounded the remaining fuel rod remnants
except in the central region, where temperatures
were sufficient to completely melt the fuel and
oxidized cladding (> 3120 K). Temperatures in
this region are discussed in more detail later, but
the metallographic evidence indicates that a
temperature gradient existed, with lower
temperatures towards the periphery of this
ceramic melt region. This suggests the formation
of a solidified crust of (U,Zr)O, surrounding a
central pool of molten (U.Zr)O,. much like what
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Figure 17. Schematic of CFM damage state.
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Figure 18. Quarter cross section through bottom spacer grid (0.03 m).
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Figure 19. Quarter cro-s section through lower blockage (0.22 m).
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Figure 22. Full cross section through ceramic upper blockage (G.77 m).

occurred during the TMI-2 accident (Broughton
et al. 1989).

In the region above the second spacer grid,
the inner liner was completely liquefied and melt
was able 1o penetrate into the insulation. Zircaloy
oxidation also became significant above this
elevation, and essentially all the remaining
zircaloy at and above 0.66 m was completely
oxidized. Cladding ballooning and rupture also
became significant above the second spacer grid.
refiecting the increased cladding temperatures
associated with zircaloy oxidation. At and above
the 0.58 m elevation, ail the control rods had

completely failed. releasing all the Ag-In-Cd
control material above this location.

Region § (~0.85 to 1.15 m). The rod
array in this region above the upper blockage
exhibited extensive cladding ballooning and
rupture. Rod-to-rod contact and fusion of
oxidized cladding remnants was observed.
Relocated (U,Zr)O, ceramic melt surrounded
some of the fuel rods and partially blocked the
flow channels. A representative quarter section is
shown in Figure 23

Region 6 (~1.15 to 1.70 m). This region
consisted primarily of a rubble bed of iuel pellets

NUREG/CR-6160
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Figure 23. Quarter cross section above the upper blockage (1.04 m).

without any intact cladding to restrzain them.
Ceramic melts, from molten zircaloy cladding
and the upper tie plate, had flowed down around
the fuel debris. A lot of material was missing on
the eastern side of the CFM, including much of
the insulation. Some fuel pellet stacks (without
any intact cladding) remained intact on the
western side of the module. As described
previously, comparison of the gam.na scan
results with the obsesved material distribution
indicates that posttest handling did not affect the
posttest configuration within the module; the
solidified ceramic melt held the fuel debris in
place. A representative quarter section through
this region is shown in Figure 24.

Upper End Box Region (1.70 to ~1.8
m). Relocated material was observed in the
upper end box during both the visual
examinations and in the subsequent neutron
radiographs. Figure 25 shows & representative
quarter section through the middie of the
stainless steel upper ti¢ plate. The upper tie plate
was only intact on the periphery of the bundie; in
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the center, it had liquefied and oxidized. Intact
fuel pellet fragments were also observed in thig
area. As described in more detail in Carboneau et
al. (1989), the liquefaction and oxidation of the
upper tie plate, and the relocation of melt and
fuel debris to this region, could only have
occurred during the reflood period. During the
transient, the temperatures and steam mass fiow
rates were 100 low to account for the observed
behavior; but during the reflood period, both the
temperature and steam mass flow rates increased
dramatically.

5.2 Qualitative Material
Descriptions

This section discusses the behavior of
specific categories of materials. Supporting
information and photographs are found in Jensen
et al. (1989).

Spacer Grids. The LP-FP-2 CFM contained
five Inconel 718 spacer grids. Only the bottom
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spacer grid was still completely intact at the
completion of the experiment. The second
highest spacer grid was partially intact, and the
other three spacer grids had completely liquefied.
Relocating material accumulated at the second
spacer grid, which suggests that the spacer grids
served as traps for relocating material until they
ultimately failed. Both of the large blockage
regions were located just abov: the two
remaining  spacer  grids.  Representative
photographs of the two remaining spacer grids
were presented in Figures 18 and 21.

SEM/WDS examinations of areas of typical
interaction between melts and spacer grids
revealed the presence of a Zr-Nb phase along the
grain boundaries of the intact spacer grid. The
previously molten region adjacent to the intact
spacer grid was a complex mixture of zircaloy

components [Zr, titi (Sn)] interacting with the
Inconel components [Ni, Fe, Cr, niobium (Nb),
moiybdenum (Mo), titanium (Ti)], with small
amounts of Ag from the control rods.

As shown in Figures 26 and 27, the Zr-Ni
and Zr-Fe phase diagrams indicate that liquid
phases between these elements can form at
temperatures as low as 1220 to 1233 K. A series
of eutectic melts can also form between Zr and
Ni over wide compositional ranges at
temperatures between 1233 and 1443 K. Since
the majority of Inconel 718 is nickel (~50 wt%),
this suggests that rapid liquefaction of the spacer
grids can be expected at temperatures of
approximately 1400 to 1500 K, well below the
1720 K melting point of Inconel 718. This is
consistent with the SEM/WDS examinations,
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Figure 26. Ni-Zr phase diagram.
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which show Zr interacting with the Inconel to
form eutectic and multiphase compounds.

Control RoJd Eehavior. The LP-FP-2
Experiment utiliz=d 11 Ag-In-Cd control rods.
These rods used 304 stainless steel cladding, and
each was contained within a zircaloy guide tube.
All the control rods were intact at the second
spacer grid elevation (0.46 m), but all had failed
at the next elevation examined (0.58 m).
Approximately 70% of the available control
material (10 kg) was therefore released to the
bundle either as an acroscl spray, when the
cladding initially failed, or later as a melt.
Approximately 8 kg of Ag were therefore
available to interact with other bundle
constituents. The Ag-Zr phase diagram shown in
Figure 28 indicates that Ag can dissolve up to 67
atom% Zr above 1400K, and that eutectic
phases can form as low as approximately
1200 K. This indicates that Ag would be
expected to liquefy the zircaloy cladding at
temperatures well below the 2030 K melting
point of zircaloy. As described latcr, the
accumulation ¢ f large amounts of Ag-Zr bearing
melts in the lowor region of the bundle indicates
that this liquefaction process resulted in
significant amounts of early material relocation
in LP-FP-2.

Molten Ag-In-Cd control material was
observed within the partially liquefied remains of
its stainless steel cladding. Examination of the
cladding inner surface indicated that the molten
control material did not interact with the
cladding. However, metallic melts that flowed
down the exterior of the cladding did interact
with the stainless steel. An intergranular
interaction zone was apparent on the outer
surface of the cladding, and the liquefaction of
the stainless steel had resulted in the formation of
a eutectic melt structure. SEM/WDS
examinations of this area revealed the presence
of low melting point Zr-Ni intermetallic phases
along the grain boundaries. The eutectic melt
structure was also composed primanly of Zr and
Ni, with smaller amounts uf Fe and Cr mixed in.
This behavior is consistent with the Zr-Ni phase
diagram shown in Figure 26, indicating that
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Zr-bearing melts were responsible for the
liquefaction of the stainless steel cladding.

Another example of melt interactions with
stainless steel cladding was subjected to SEM/
WDS examination, which revealed a Zr-Ni
intergranular interaction zone and eutectic melts
similar to the previous example. However, these
photographs &:so showed the multiphase metallic
melt structure breaking apart in a laminar
structure. Similar laminar structures were
observed in the lower blockage region, indicating
that some of the material in the lower blockage
formed ir this manner.

Zircaloy Behavior. At the bottom of the CFM,
the zircaloy cladding was in the as-fabricated
condition, but recrystallized zircaloy was
apparent at and above the 0.12 m elevation. The
presence of recrystallized zircaloy indicates
temperatures in excess of 925 K. Minur
amounts (< 100 ppm) of Zr hydrides were also
observed in the recrystallized regions. At higher
glevations (0.27 to 0.58 m), prior-beta zircaloy
structure was nresent, indicating temperatures in
excess of 1245K. At and above the 0.66 m
elevation, essentially ali the remaining zircaloy
cladding was fully oxidized to ZrO,. (The only
unoxidized zircaloy was on a few rods in one
comer near the very top of the fuel bundle.)
Minor amounts of zircaloy oxidation were
observed below the 0.66 m elevation on the
surface of some of the fuel rods and guide tubes.
The lowest extent was on some of the centrally
located fuel rods at the 0.12 m elevation.

Cladding ballooning and rupture became
significant above the second spacer grid. The
oxidized cladding shells in this region came into
contact and fused together in many instances.
The axial transition in the degree of cladding
ballooning was associated with a transition in the
amount of zircaloy oxidation. This suggests that
the exothermic zircaloy oxidation process caused
cladding temperatures to increase and resulted in
enhanced ballooning and rupture in these regions
of the pressurized fuel rods.
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At and above the 0.58 m elevation, fully
oxidized cladding shells were all that remained
of the zircaloy. During the transient, the ouler
surface of the cladding fully oxidized to ZrO,,
which melts at 2960 K. Under this was a layer
of partially oxidized alpha-Zr(0), which melts 2t
approximately 2245 K: and beneath this was the
unoxidized zircaloy, which melts at 2030 K. As
temperatures in the bundle increased, primarily
as a result of the exothermic zircaloy oxidation
process, the unoxidized zircaloy on the cladding
inner surface melted and was ab.e to flow
downward. On lower cross sections, this melt
was observed filling the fuel/cladding gap and
penetrating along cracks in the fuel. This molten
zirccloy was also able to escape from ruptured
portions of the fuel rods.

In regions where the zircaloy cladding was
not completely oxidized, relocating metallic
melts containing Ag were able to interact with
the cladding and cause liquefaction below the
melting point of the zircaloy. An example of this
was found a\ the 0.43 m elevaticn, just below the
second spacer grid. This example showed the
formation of the laminar-type eutectic structures
observed in the lower blockage region. These
Ag-Zr laminar structures from zircaloy/melt
interactions appear very similar to the
Zr-Ni-Fe-Cr laminar melt structures from
stainless steel/melt interactions, which suggests
that both of these interactions were responsible
for the early relocation of materials.

The zircaloy inner liner remained intact up
through the 0.46 m elevation, but was partially
liguefied at the 0.58 m elevation and completely
gone at above the 0.66 m elevation. The molten
liner and other metallic melts were able to
penetrate into the insulation in these regions.

Examinations of the zircaloy shroud
indicated only intermittent small oxide layers in
the hotter regions near core midplane. Prior-beta
zircaloy was observed in the region from 0.77 to
1.14 m, indicating temperatures in excess of
1245 K. This agrees with peak thermocouple
measurements of 1620 K in this region
(Carboneau et al. 1989). Examination of the
cracked region of the shroud did not reveal any
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unusual features or evidence of overtemperature
conditions.

Behavior in the Lower Blockage Region.
The material in the lower blockage region was
primarily composed of Ag-Zr-Fe-Cr-Ni metallic
melt and fuel debris. Small amounts of oxidized
cladding remnants and other metallic melts were
also present. The eutectic metallic melt in this
region resulted from liquefaction ol zircaloy,
stainless steel, and Inconel. Some laminar melt
structure was also observed separating from the
liquefied portion of the zircaloy cladding.

This lower blockage region solidified in an
egg-shaped form with a central cavity region
containing only the intact fuel rods. Although the
outer crust of this blockage had extensive
porosity on a microscopic scale, it was
sufficiently agglomerated that the epoxy was
unable to penetrate into the central cavity region.

Ceramic Meit Behavior. Cerar .. melt was
not located below the second spacer grid. Most
of the (U,Zr)O, ceramic melt solidified in a large
mass to form an upper blockage, which extended
from approximately 0.58 w0 0.88 m. SEM/WDS
quantitative analysis confirmed that the ceramic
melt was fully oxidized (U,Zr)0,. (U,Zr)O, melt
was also present around individual rods and fuel
debris above the upper blockage. Near the top of
the bundle, some of the ceramic melt contained
oxidized melt from the stainless steel upper tie
plate in addition to (U,Zr)O,.

A typical ceramic melt structure was glassy
in appearance, with some cracking and porosity.
In one case, the (U,Zr)O, melt was hot enough to
melt the oxidized cladding on one side of the fuel
pellet, but not quite hot enough to completely
dissolve all the oxidized cladding remnants on
the other side of the pellet. Temperatures in
excess of 2810 K are required to create molten
(U,Zr)0,, with temperatures above 2960 K
required to melt oxidized ZrO, cladding.
Temperatures were less than the 3120 K required
to melt the UO; fuel. The melt penetrated along
cracks in the fuel, and some grain growth in the
center of the fuel pellet was observed.



Fuel Behavior. Several factors affected the
behavior of the fuel in the LP-FP-2 Experiment.
The different aspects of fuel behavior are divided
into four categories: (a) grain size, (b) fuel
reduction by metallic melts, (¢) fuel
fragmeniation and powdering, and (d) fuel
liquefaction and melting.

Grain Size. The nominal as-fabricated fuel
grain size was 14 um. A total of 107
measurements were made in typically
representative fuel over the entire axial length of
the fuel assembly. These measurements indicated
an average grain size of 14 um, with a 2-sigma
standard deviation of + 4 um, indicating that
grain growth did not occur in the majority of the
fuel. However, grain growth was observed in the
center of some of the fuel pellets in the hotter
portions of the tundle. Thirty measurements in
these grain growth regions indicated an average
grain size of 27 um, with a 2-sigma standard
deviation of 17 um.

Fuel Reduction by Metallic Melts.
Areas of enhanced grain boundary separation
and fragmentation were associated with the
presence of metallic melts. There was evidence
that this phenomenon was not simply a thermal
effect, because in some instances, where ceramic
and metallic melts were both in contact with the
fuel, the grain boundary separation was limited
to the areas near the metallic melt. This may be
due to reduction of the fuel by the Zr-bearing
metallic melts, resulting in slightly
hypostochiometric fuel along the adjacent grain
boundaries. As shown in the U-O phase diagram
in Figure 29, this could result in the formation of
a U-rich liquid phase along the grain boundarics
at temperatures above approximately 1470 K.
The presence of such a film could result in grain
boundary separation and fragmentation, and
similar dissolution and breakup of the fuel has
been previously observed (Hofmann et al. 1988).
In that instance, molien zircaloy contained in a
UO; crucible resulted in partial disintegration of
the crucible. However, any metallic U that may
have formed on the grain boundaries in
Experiment LP-FP-2 as a result of this process
would have oxidized to UO, by the time this
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sample was prepared and examined and would
be indistinguishable from the rest of the fuel,

Several SEM/WDS samples were examined
to investigate this phenomenon. No second
phase material was ever found in the separated
grain boundary regions. These examinations did
show that the melt was indeed metallic (low in
oxygen), that the melt contained significant
amounts of Zr (the only major bundle constituent
capable of reducing the fuel), and that U was
segregated in the melt. These results are
consistent with fuel reduction. In all cases, the
metallic melt did not penetrate into the grain
boundary separation regions, which indicates
that the melt solidified before the grain boundary
separation occurred.

Fuel Fragmentation and Powdering.
Fuel fragmentation and powdering (the breakup
of fuel into individual grains) was observed
throughout the LP-FP-2 fuel assembly on failed
fuel rods that were exposed to water during
reflood. It was not observed on intact portions of
fuel rods (in the lower portion of the bundie) or
fuel rods that were completely surrounded by
melt material that restrained the fuel. This
suggests that the thermal shock to the fuel during
reflood contributed to breakup of the fuel;
however, fuel fragmentation and powdering also
occurred prior to reflood because fuel debris was
intermixed with the melt material in the lower
blockage. Fuei that had experienced grain
boundary separation would have been
particularly susceptible to fuel fragmentation and
powdering,

Fuel Liquefaction and Melting. Areas of
fuel with a foamy morphology were observed on
the periphery of some fuel pellets in the midcore
region and above. On the outer periphery of the
foamy fuel region, the grain structure was
obliterated, whereas farther inward, a grain
structure was still apparent in the foamy fuel.
Elemental dot maps from SEM/WDS
examinations of a similar sample indicated the
presence of Fe, Cr, and Ni in the fuel. Review of
U-Fe-O phase diagrams indicates that eutectic
interactions can take place between these
materials, although the data are very limited,
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Figure 29. U-O phase diagram.
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which suggests rthat the observed foamy fuel
morphclogy may be due to fuel liquefaction by
Fe oxides.

The foamy fuel regions discussed above
were no longer surrounded by any molten
material. However, purous fuel regions were also
observed on some fuel pellets in the high
temperature upper slockage region which were
surrounded by (U,Zr)O; ceramic melt. Elemental
dot maps from SEM/WDS examinations of a
similar area indicated that these porous fuel
regions did not contain any Fe oxides or other
elements. This suggests temperatures very near
the 3120 K melting point of the fuel. The lack of
oxidized ZrO, cladding shells in these regions
further indicates temperatures above the 2960 K
melting point of ZrO,. This behavior was
observed on many of the fuel pellets in the center
of the ceramic upper blockage region and was a
prime indicator of melt temperatures in this
region.

5.3 Quantitative Data Analyses

This section discusses the flow blockage and
material redistribution measurements, provides
estimates of oxidation and hydrogen generation
and peak bundle temperatures, and discusses the
results from the radiochemical and elemental
analyses of the retained fission product samples.

Flow Blockage and Material
Redistribution. The cross-sectional areas of
various types of materials at each metallographic
elevation were measured to provide axial
distributions. Interpolation of these values
provided integral volumes of materials. Density
and elemental analyses of bulk samples were
then used to estimate material compositions in
the melt regions and to calculate material
balances for U and Zr Details of the
measurement techniques and uncertainties are
described eisewhere (Jensen et al. 1989);
however, in general, the uncertainties were
< 15%.

Intact and Fragmented Fuel. For these
purposes, the term intact fuel refers to fucl pieces
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of sufficient size that they could be accurately
characterized, generally on the order of 1/4 1o 1/8
the size of a fuel pellet. As used here, this term is
not meant to infer that the fuel was not cracked
or fragmented; it is only meant to describe a
categorical type of material observed
metallographically. The term fuel fragments
refers to a category of material consisting of fuel
particles that were too smail 1o accurately
reproduce using manual planimetry techniques.
This category generally consisted of an
agglomeration of very small fuel particles that
could not be individually distinguished from the
cross-sectional photographs. However, higher
magnification photographs showed significant
amounts of open porosity separating the
individual particles; consequently, the measured
cross-sectional areas were reduced i half and
the remainder was added to the measured open
flow values.

The axial distribution of intact and
fragmented fuel is shown in Figure 30, as well as
the as-fabricated values. Below the second
spacer grid, the fuel was essentially intact. (The
bottom two elevations passed through the end
caps of the instrumented fuel rods.) Above the
second spacer grid (0.58 m) near the bottom of
the large ceramic melt region, a lot of the fuel
was not surrounded by any relocated melt
matenal. Cladding ballooning and rupture in this
region left the exposed fuel unrestrained and
susceptible to fragmentation. Above this region
(0.58 to 0.88 m), there was very little fragmented
fuel; most of the fuel rods were surrounded by
the ceramic melt, which held them in place.
Above the upper blockage region, the array of
ballooned and ruptured fuel rods was held
together by cladding remnants and ceramic melt,
which surrounded the individual rods and
minimized fuel fragmentation. However, above
this region, the cladding had been completely
stripped from the fuel, ailowing a debris bed of
intact and fragmented fuel particles to form. The
fuel from the upper portions of the bundle
relocated downward and congregated on top of
the remaining rod stubs.
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Figure 30. Fuel distribution.
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Zircaloy. Zircaloy components included fuel
rod cladding, guide tubes, lock rings surrounding
the guide tubes at spacer grid locations, and the
zircaloy inner liner. The posttest axial
distribution of these components is shown in
Figure 31, along with the as-fabricated values.

The zircaloy cladding, guide tubes, and lock
rings were essentially intact below the second
spacer gr.d. Melting of the cladding inner surface
and fragmentation of the oxidized cladding shells
accounted for the decrease in the amount of
zircaloy above the szcong spacer grid. At and
above the (.66 m elevation, all of the zircaloy
was fully oxidized to ZrO,, except for a minor
amount at the 1.45 m elevation. Very little
zircaloy remained in the high temperature
ceramic melt region (0.58 to 0.85 m) or in the
uppermost region of the bundle: however, a
significant amount of cxidized cladding
surrounded rod stubs in the region between the
upper blockage and the debris bed (0.96 to 1.14
m).

The inner liner, which separated the rod
array from the insulation region, was also intact
below the second spacer grid. However, it was
completely liquefied at and above the 0.66 .
elevation except for a minor amount in one
corner at the 1.45 m elevation (the same region a
minor amount of unoxidized zircaloy was
Inated).

Controi Rod Materials. The postiest
distribution of Ag-In-Cd control rod alloy
contained in its stainless steel cladding is shown
in Figure 32. The stainiess steel cladding was
generally intact below the second spacer grid,
with partial liquefaction occurring near the
second spacer grid. Release of all trol
material from all 11 control ccurred
between the 0.46 and 0.58 m elevai s,

Insulation. It was necessary to measure the
amount of insulation present at each elevation
because the inner liner had melted in the upper
portion of the fuel bundle and the insulation was
able to fall out and relocate into the fueled
portion of the bundle. This significantly affected
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the open flow distribution in the upper portion of
the bundle. Melt was also able to penetrate into
ihe low density (~20%) ZrO; insulation where
the inner liner had melted. The amount of this
melt material had to ve accounted for in the Zr
mass balance estimates for the bundle and for
subsequent estimates of the amount of zircaloy
oxidation in the bundle. As described below, the
distribution of the melt penetration into the
insulation also provides some insight into the
sequence of events that occurred during this
experiment.

The data for the intact insulation (area
unaffected by melt penetration) and the melt/
insulation areas are shown in Figure 33. These
data show that all the insulation was intact and
unaffected by any melt below the second spacer
grid in the regions where the inner liner remained
intact. Melt penetration into the insulation
occurred throughout the central portion of the
fuel bundle, with the greatest amount in the
region above the ceramic melt blockage. Only
very minor amounts were observed in the
topmost regions of the bundle. A possible
explanation for this behavior may be that the
inner surface of the inner liner was oxidized in
the central portion of the bundle, much like the
outer surface of the fuel rod cladding in this
region. As temperatures increased, the oxide
layer on the inner liner would have subsequently
held molten unoxidized zircaloy adjacent to the
insulation and allowed the melt to penetrate into
the insulation. Thus is analogous to melting of the
unoxidized inner surface of the fuel rod cladding.
The upper extent of the melt penetration into the
insulation also corresponds to the upper extent of
oxidized cladding remnants (see Figure 31). The
oxidized cladding remnants at these upper
elevations were also limited to exterior positions,
near the inner liner, which suggests that steam
was diverted to these exterior bundle positions
after one or both of the blockages had formed.
These data all suggest that zircaloy oxidation of
intact rods and liner extended only to the 1.2 m
elevation. Above this elevation, the zircaloy
cladding and liner was liquefied and relocated
before an oxide layer could develop. This
liquefaction would have started on the inner
surface of the inner iiner; hence, melt would not
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be held against the insulation and have an
opportunity to penetrate into the insulation. This
liquefaction probably resulted from dissolution
of the zircaloy by Ag released upon control rod
failure, and later perhaps resulted from simple
melting of the unoxidized zircaloy.

Ceramic Melt. Most of the ceramic melt in the
LP-FP-2 CFM was composed of (U,Zr)0,, with
relatively small amounts of bundle constituents
mixed in. The exception was near the top of the
fuel bundle, where the stainless steel upper tie
plate had melted, relocated, and oxidized. The
material distribution data for the ceramic melt
are shown in Figure 34. The melt was only
found above the second spacer grid, with the
greatest accumulation between approximately
0.66 and 0.88 m. In this region, the melt formed
a large solidified mass; whereas above this, the
melt was limited to isolated regions around the
remaining rod stubs and fuel debris.

Eutectic Metallic Melt/Fuel Debris. This
material was primarily composed of an
agglomeration of very small eutectic metallic
melt particles (primarily Ag, In, Zr, Fe, Cr, and
Ni), fuel grains and fragments, and small
amounts of other assorted fuel bundle debris
(cladding remnants, larger metallic melt droplets,
and fuel fragments). On a microscopic scale,
there was also considerable porosity between the
particles. As shown in Figure 35, this material
formed the lower blockage region just above the
bottom spacer grid. It also accumulated on the
second spacer grid.

Metallic Melts. Most. if not all, of the metallic
melts at and below the second spacer grid
consisted of droplets of Ag-in-Cd control rod
alloy. Above this elevation, the majority of the
metallic melts consisted of multiphase elemental
mixtures. As shown in Figure 36, the amount of
these melts was relatively small; and their
distribution was very imegular throughout the
fuel bundle. The large increase in metallic melt
near the top of the fuel bundle is due to metallic
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melts relocating from the upper tie plate and
other portions of the upper end box.

Open Flow. The measured open flow axial
distribution is shown in Figure 37. Near the
bottom of the CFM was the lower blockage
region, consisting primarily of eutectic metallic
melt and fuel debris. The solid line in this region
is based solely on the material present, whereas
the dotted line takes into account the fact that
there was a cavity region within the lower
blockage without steam access. The flow area
reduction in this region corresponds to 86% of
the area within the inner liner, assuming that
steam was diverted around the lower blockage.

The secord greatest flow area reduction was
through the second spacer grid and corresponded
to 78% of the area within the inner liner. The
reduction in open flow due to the presence of the
large solidified ceramic melt can be seen in the
region from (.58 to 0.88 m. Above this ceramic
melt region, the open flow increased: the region
consisted of ballooned and ruptured rod stubs
surrounded by small amounts of ceramic melt.
The decrease in open flow at 1.2 m was due to
tuel debris resting on top of the rod stubs, and the
increase in open flow above this reflects the loss
of material from this region.

Integration of the as-fabricated and posttest
open flow measurement data indicates an 11%
reduction in the open flow volume (using the
solid line in Figure 37). This corresponds to a
15% volume expansion of the material initially
contained within the inner liner. This is a result
of the porosity within the various melt regions.
The reduction in the open flow volume is 12%, if
it is assumed that steam was diverted around the
lower blockage (using the dotted line in
Figure 37).

Integral Material Distribution Data.
Interpolation of the cross-sectional measurement
data provided integral volumes of material in the
bundle. These data are provided in Tables 4 and
5, along with upper and lower limits based on the
uncertainties in the measurement data. These
limits assumed that all the measurement data for
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Table 4. Integral volumes of material in LP-FP-2 cxperiment.

Pretest Lower limit Nominal Upper limit
Material (em?) (cm?) (cm?) (cm?)
Fuel
Intact 8919 (79%) 10025 (89%) 11133 (99%)
Fuel fragments 495 (4%) 688 (6%) 908 (8%)
Total 11273 9414 (84%) 10713 (95%) 12041 (107%)
Zircaloy
Cladding 4163 1363 (33%) 1575 (38%) 1806 (43%)
Liner 2207 758 (34%) 767 (35%) 776 (35%)
Control material
Ag-In-Cd 1475 386 (26%) 442 (30%) 498 (34%)
Stainless steel 319 88 (28%) 88 (28%) 88 (28%)
Spacer grid 366 124 (34%) 126 (34%) 129 (35%)
Insulation
Intact 25974 (91%) 27251 (95%) 28528 (100%)
Melt/insulation 1495 (5%) 1760 (6%) 2024 (7%)
Total 28585 27469 (96%) 29011 (101%) 30552 (107%)
Table 5. Integral volume of melt and debris in LP-FP-2 Experiment.
Lower limit Nominal Upper limit
Matenal (cm?) (cm?) (cm3)
Ceramic melt 6070 6744 7418
Metallic melt 1181 1389 1598
Eutectic metallic melt/fuel debris 2517 2796 3076
Miscellaneous debris 10 20 30
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a given component were biased high or low;
thus, these limits are very conservative.

The integral results indicate that much more
zircaloy liquefied than fuel and approximately
70% of the control rod material was released to
the bundle. All the insulation is generally
accounted for, which indicates that very little, if
any, was dissolved in the melt regions. This
suggests that the insulation relocated after the
bundle had cooled, perhaps even during
subsequent handling of the fuel bundle. The
largest volume of melt was in the ceramic melt
regions.

Posttest Mass Balances for Uranium and
Zirconium. Core bore samples were obtained
from representative regions within the fuel
bundle, and elemental analysis was performed on
these samples to provide bulk compositional
information. Density measurements were also
performed on the core bore samples from the
ceramic melt and eutectic metallic melt/fuel
debnis samples to enable estimates to be made of
the total amount of material distributed in these
regions. From these data, it was possible to
calculate material balances for the major bundle
constituents of U and Zr, as well as provide
information on the distribution of U and Zr in the
fuel bundle. The Zr distribution data were
subsequently used to calculate Zr oxidation and
hydrogen generation, and the overall mass
balances for these elements provided an intemal
consistency check on the material distribution
measurements and methodology.

Details of the analysis methodology are
described elsewhere (Jensen et al. 1989), and
only the final results are presented in Tables 6
and 7. For the nominal conditions, the material
balance overpredicts the amount of U but
accurately predicts the amount of Zr. The
overprediction i the U mass balance may be
partially due to vvcicstimating the amount of
fuel present at each metallograpl ic cross section
due to the inclusion of fuel vracking and
separation of the fuel. These data suggest that the
lower estimated values for the cross-sectional
and integral volumes of intact and fragmented
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fuel may be more accurate. However, the overall
good agreement in these material balance
calculations indicates that the material
distribution measurements and methodology
provide a reasonable approximation of the actual
conditions.

These data also provide information on the
amount of molten U and Zr and the partitioning
of these elements among the various melts.
Approximately 63 wt% of the zircaloy was
liquefied; however, only about 15 wt% of the
fuel was liquefied. Most of these liquefied
materials were located in the ceramic melt
region, although significant amounts of Zr were
located in the eutectic metallic melt in the lower
blockage and in the melt that penetrated the
insulation. This reflects the dissolution of
unoxidized zircaloy by Ag to form the lower
blockage and the melting of the inner liner.

Oxidation and Hydrogen Generation.
Oxidation of zircaloy, stainless steel, and Inconcl
components each contributed to hydrogen
generation in the LP-FP-2 Experiment. The
zircaloy oxidation was calculated from the PIE
data using two methods--subtraction of
unoxidized Zr from an upper oxidation limit and
addition of oxidized Zr in the various regions of
the bundle. The first method was considered to
provide the best-estimate values; the second
method also provided information on the
distribution of oxidized Zr, as well as a
comparison check with the first method. These
distribution data were useful for developing a
bundie scenario of events, based upon when the
Zr in the various regions probably oxidized.
Oxidation of molten stainless steel and Inconel
components was also estimated from the PIE
data, to provide an estimate of the total amount
of hydrogen generated in LP-FP-2

Best Estimate of Ziic aloy Oxidation
and Hydrogen Ge: eration. The best
estimate of the zircaloy oxidation was calculated
by establishing an upper limit and then
subtracting the unoxidized amounts of Zr in the
various melt regions. This was considered to be

NUREG/CR-6160
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Table 6. Uranium mass balance in LP-FP-2 Experiment.

Location Low z;t)imate % Nominal estimate Upper(eg.r;timatc
Ceramic melt 14,000 (14%)* 18,000 (15%)* 22,000 (16%)"
Eutectic melt/fuel debris 2,100 (2%) 2,300 (2%) 2,600 (2%)
Metallic melt 380 (.3%) 960 (1%) 2,100 (2%)
Intact fuel 79,000 (79%) 92,000 (77%) 100,000 (74%)
Fuel fragments 4,500 (4%) 6,300 (5%) 8,300 (6%)
Posttest total 100,000 (100%) 120,000 (120%) 140,000 (140%)
Pretest total 100,000 (100%) 100,000 (100%) 100,000 (100%)
4% 0 20 40

a Percentages are normalized to posttest total.
Table 7. Zirconium mass balance in LP-FP-2 Experiment.

g moaston Low :;t)xma.c & Nominal estimate Upper (;.r;mnate
Ceramic melt 9,100 (28%)* 12,000 (29%)* 16,000 (32%)*
Euiectic melt/fuel debris 4,900 (15%) 400 (13%) 6,000 (12%)
Metallic melt 1,500 (5%) 3,000 (7%) 5,200 (10%)
Melt/insy'* ‘ion 4,100 (13%) 5,600 (14%) 6,900 (14%)
‘ntact cladding and liner 13,000 (40%) 15,000 (37%) 16,000 (32%)
Posttest total 33,000 (80%) 41,000 (100%) 50,000 (122%)
Pretest total 41,000 (100%) 41,000 (100%) 41,000 (100%)
4% -20 0 22

a Percentages are normalized to postiest total.
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superior to the method described in the next
section because of reduced uncertainties.

The upper limit for zircaloy oxidation was
determined from measurements of the amount of
oxidized cladding and guide tube remnants in the
bundle, assuming that all the previously molten
zircaloy had fully oxidized. The amount of
hydrogen generated as a result of zircaloy
oxidation was calculated based upon the
following chemical equation:

Zr+2H,0 - ZrO, + 2H, (EQ1)

Thus, for every mole of molten Zr or intact
Zr0,, 2 moles of H, could be produced. From
this, an upper limit of 1226 g of hydrogen from
zircaioy oxidation was calculated.

Determination of the amount of unoxidized
Zr in the melt regions was based upon density
measurements and elemental analysis of core
bore samples from the various melt regions, to
provide the total amount of Zr present, along
with SEM/WDS examinations to determine the
extent of unoxidized Zr in those regions.
Additional details on the methodology are
described elsewhere (Jensen et al. 1989).

Table 8 summarizes the results of this
analysis. The estimated amount of hydrogen
from zircaloy oxidation was 862 g, with lower
and upper limits of 575 and 1064 g, respectively.

Postirradiation Examination

For the nominal case, this corresponds to an
oxidation of 49% of the Zr in the inner liner,
cladding, and guide tubes, with the lower and
upper limits corresponding to 32 and 60%. The
large uncertainties are due to the conservatism
incorporated in minimizing and maximizing
these estimates. However, as discussed in the
following section, good agreement between these
calculations and two alternative methods
indicates that there is a high probability that the
actual amount of hydrogen is near the nominal
estimate.

Hydrogen Generation Based Upon
Total Oxidized Zirconium. An alternative
method for calculating the amount of zircaloy
oxidation is based upon summing up the
oxidized Zr in the various regions, as opposed to
subtracting the unoxidized Zr from an upper
limit. This method has larger uncertainties
associated with it, but it has the advantage of
providing information on the distribution of
oxidized Zr. This information can be used in
conjunction with postulated bundi. scenarios to
provide information on heat generation in the
various regions of the bundle at various times
during the experiment. It also provides a check
on the amount of zircaloy oxidation and
hydrogen generation calculated in the previous
section.

The estimated amounts of liydrogen
generated from Zr oxidation in the various

Table 8. Best estimate of hydrogen generation from zircaloy oxidation.

Hydrogen (g)
Location Lower Nominal Upper
Upper limit from zircaloy oxidation 1226
Unoxidized zirconium in eutectic metallic melt -197 -118 -54
Unoxidized zirconium in melt/insulation -226 -114 42
Unoxidized zirconium in metallic melts -228 -132 -66
Total hydrogen from zircaloy oxidation 575 862 1064

NUREG/CR-6160
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Table 9. Hydrogen generation from zircaloy oxidation in various regions of LP-FP-2

Hydrogen® (g)
Location Lower Nominal Upper

Oxidized ZrO, cladding shells 36 63 93

Eutectic metallic melt 54 118 197
Ceramic melt in large blockage (< 0.92 m) 225 327 471
Ceramic melt above large blockage (> 0.92 m) 175 195 214
Melt/insulation 56 133 229
Total from zirconium 546 836 1204

a. These values were calculated using alternative methods than those used 10 estimate the hydrogen from zir-

caloy oxidation in Table 8,

regions of the fuel bundle are summarized in
Table 9. The total amounts are in very good
agreement with the hydrogen estimates given in
Table 8. The greater limits shown in Table 9
reflect the increased uncertainties associated with
calculating the amount of oxidized Zr in the
ceramic melt region, as opposed to calculating
the amount of unoxidized Zr in the smaller
metallic melt regions using the first method. The
conservatism incorporated in determining the
lower and upper limits in Table 9 is apparent in
comparing the upper limit of 1204 g of hydrogen
with the absolut. 1 °1 bundle upper limit of 1226
g estimated in u.» previous section. Since there
are significant amounts of unoxidized Zr in the
various melt regions, this comparison indicates
that the upper and lower limits are, indeed, very
conservative.

The results in Table 9 indicate that very little
oxidation was associated with oxidized zircaloy
cladding shells. Most of the zircaloy oxidation
was associated with previously molten zircaloy
in one form or another. The oxidation of the
cladding shells had to have occurred relatively
carly in the experiment before significant
material relocation, because these oxidized shells
were surrounded by the melts. /t can also be
assumed that the oxidation of the Zr in the
eutectic metallic melt regions probably occurred

NUREG/CR-6160
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during the transient. This is based upon their
position low in the bundle, where they would
have been exposed to any steam flow before the
rest of the bundle; the probability that they
experienced their hottest temperatures as they
were relocating to form the lower blockage; and
the fact that these would be the first regions
quenched by reflood. The data from the melt/
insulation regions indicate that a significant
amount of the Zr in these regions was
unoxidized. This is probably due to the relatively
lower temperatures in these regions of the
bundle. These data also indicate that the greatest
amount of oxidized Zr was located in the ceramic
melt regions, particularly in the large mass that
made up the upper blockage. The partitioning of
the Zr oxidation and hydrogen generaiion in
these various regions provides some valuabie
information on the possible sequence of bundle
events, when these data are compared to
measured and calculated hydrogen
concentrations in the BST and the PCS. These
comparisons are described in detail elsewhere
(Carboneau 1990, Modro and Carboneau 1990).

Oxidation of Stainless Steel and
inconel Components. In addition to the
zircaloy, major portions of the type 304L
stainless steel upper tie plate were molten and/or
oxidized. An example of this is shown in



Figure 25 on page 35. Based upon area fraction
measurements, and SEM/WDS examinations
that indicated Fe and Cr were oxidized in these
regions, it was possibie to estimate the amount of
hydrogen generated from this source. Similar
calculations were performed to estimate the
hydrogen generated from the oxidation of Fe and

Table 10. Oxidation of nonzircaloy components.
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Cr in the molten stainless steel cladding and
Inconel spacer grids. Details are provided
elsewhere (Jensen et al. 1989).

The hydrogen contribution from these
sources is shown in Table 10. A total of 163
+ 83 g of hydrogen was calculated from these

Location

Oxidation of stainless steel upper tie plate
Oxidation of molten stainless steel cladding

Oxidation of molten spacer grid

Total hydrogen from nonzircaloy components

Hydrogen
®
Lower Nominal Upper
51 103 155
20 40 60
9 20 31
80 163 246

Table 11. Best estimate of total hydrogen production in LP-FP-2 Experiment.

Location

Upper limit from zircaloy oxidation

Unoxidized zirconium in eutectic metallic melt

Unoxidized zirconium in melt/insulation
Unoxidized zirconium in metallic melts
Total hydrogen from zircaloy

.~ .4ation of upper tie plate

Oxidation of molten stainless steel cladding

Oxidation of molten spacer grid

Total hydrogen from nonzircaloy components

Total hydrogen generation in LP-FP-2

Hydrogen
@

Lower Nominal Upper
1226
-197 -118 -54
-226 -114 42
-228 -132 -66
575 862 1064
51 103 155
20 40 60
9 20 31
80 163 246
655 1025 1310
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sources, of which the oxidation of the upper tie
plate was the most significant.

Total Hydrogen Generation and
Discussion of Results. The best estimate of
the total oxidation and hydrogen generation in
the LP-FP-2 fuel bundle is the sum of the
contributions from the zircaloy and nonzircaloy
components. These data are summarized in Table
11, which indicates that 1025 g of hydrogen were
generated in the nominal case, with lower and
upper limits of 655 and 1310 g, respectively.
This is in excellent agreement with an
independent analysis based upon grab samples
from the BST and calculated amounts in the
PCS, which indicated 1024 + 364 g of hydrogen.
Details of this independent analysis are provided
elsewhere (Carboneau, 1989 and 1990; Modro
and Carboneau 1990), but the results are
summarized here to demonstrate the good
agreement between the two different analyses.

The amount of hydrogen calculated to be in
the BST, based upon grab samples, was
205 + 11 g. The amount in the PCS, based
upon pressure and temperature measurements
and calculated gas compositions, was 819 ¢+ 364
g. These values provide an indication of the
amount of hydrogen generated during the
transient and the reflood period, because the BST
was isolated just prior to reflood.

The data on the distribution of oxidized Zr
indicated that nominally 181 g of hydrogen were
generated from the cladding oxide shells and the
oxidized Zr in the lower blockage. As discussed
previously, these materials had to have oxidized
during the transient. This value is in very good
agreement with the 205 = 11g found in the BST,
which must have been generated during the
transient. Correspondingly, 818 g of hydrogen
were estimated to have been generated from the
ceramic melt regions, the melt which penetrated
the insulation, and the oxidation of the
nonzircaloy components (Tables 9 and 10). This
is also in excellent agreement with the 819 g of
hydrogen estimated to be in the PCS, most of
which had to have been generated during reflood.
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In summary, the results of two independent
analyses show excellent agreement as to the
partitioning of the hydrogen generation between
the transient and refiood periods and in regards to
the total amount of hydrogen generated (1024
versus 1025 g). Excellent agreement was also
found between two alternative methods of
estimating the zircaloy oxidation and hydrogen
generation from the PIE data (836 versus 862 g).
The agreement among all these values suggests
that the best-estimate nominal values closely
reflect the actual conditions and provide a greater
degree of confidence in the data than the separate
estimates with their individually large
uncertainties would imply.

Estimate of Fuel Bundle Peak
Temperatures. Temperatures within the fuel
bundle were estimated based upon
metallographic observations of changes in the
zircaloy microstructure and the presence of
molten materials and their interaction with other
materials. Thermocouple data obtained during
the experiment provided information up until
failure and shunting occurred. However,
cladding thermocouples in this experiment
generally failed at around 2000 to 2200 K; and
only a limited number of fuel centerline
thermocouples were available to provide higher
temperature data (up o 2970 K). Consequently,
metallographic examinations provided the only
data on peak temperatures in many regions of the
fuel bundle.

The axial profile of peak bundle averaged
temperatures in Experiment LP-FP-2 is
presented in Figure 38. The primary purpose of
this temperature distribution is to provide
modelers of this experiment with a single
cross-sectional average temperature to
beachmark their codes. Localized temperatures
at a given cross section varied above and below
these peak bundle average temperatures. Details
of how this profile was determined are described
elsewhere (Jensen et al. 19€3), and only a
summary of the methodology is provided here.

At and below 0.36 m, the peak bundle
averaged temperature could be determined from
changes in the zircaloy microstructure
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Figure 38. Peak bundle averaged temperature distribution.

(recrystallization above 920 K and the formation
of prior-beta microstructure above 1245 K).
From 0.43 to 0.46 m, the peak bundle average
temperatures were based upon material
interactions with the spacer grid (primarily Zr-Ni
eutectic interactions, which become significant
above approximately 1400 to 1500 K).

From 0.58 to 0.88 m, the peak bundle
averag- temperatures were based upon material
weignted temperatures for the various regions in
the ceramic meit. For example, Figure 22 on
page 33 shov's the entire cross section through
the 0.77 m elevation through the middle of the
ceramic upper blockage region. In the center of
this ceramic melt, temperatures were sufficient to
cause fuel melting (> 3120 K); but on the
periphery of the melt. the temperatures were
above the melting point of (U,Zr)O, (2810 K)
but below the melting point of the oxidized ZrO,
cladding remnants (2960 K). Fuel centerline
thermocouple readings supported these
temperatures and also indicated that peak
temperatures were approximately 2200 K in the
peripheral regions of the bundle away from the
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ceramic meit regions. Average temperatures for
each of these temperature regimes were weighted
by the amount of material present to calculate the
peak bundle average temperature at each cross
section.

in the region above 0.88 m, the temperatures
were difficult to estimate from the
metallographic data because there were very few
indicators and the range of possible temperatures
was relatively large. Consequently, temperature
ranges were based on interpolations between
temperatures in the high temperature ceramic
blockage and the upper tie plate. The peak
bundle average temperature of 1700 K for the
uprer tie plate was based upon the fact that the
stainless steel plate had melted in the central
regions but was still intact on the periphery;
consequently, the peak bundle average
temperature straddled the 1720 K melting point
of the stainless steel. Although the temperature
profile must decrease at some point in this
region, large uncertainties arise as to the actual
shape of the profile; i.e., whether there is a
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smooth transition or whether there is an abrupt
change at some puint

Retained Fission Product and Elemental
Analysis. Thirty core bores (approximately 6
and 10 mm in diameter) were drilled from
specific regions in the metallographic samples
for radiochemical analyses. The objective of
these analyses was t0 determine the distribution
of core materials and the retention of fission
products in various materials.

Elemental analysis (using inductively
coupled plasma spectroscopy) was performed for
the 27 elements that made up the principal
components of the bundle: however, only the
major constituents of U and Zr were present in
sufficient quantities to allow for extrapolation of
the data to bundle inventories. This information
was used in conjunction with the material
distribution data to estimate integral volumes of
material and to provide mass balance
information, as described previously. The Zr
distribution data were also used to determine the
distribution of zircaloy oxidation in the fuel
bundle.

The radionuclide concentrations were
determined from 1sotopnc amma Spectroscopy
for 1°°'“A} 144eg 6 § Jge 'E‘:x
34Mn, 144pr, l°3Ru. 10"Ru. and 125Sb. beta
gcctroecopy for %°Sr; and neutron activation of

%I and subsequent gamma spectroscopy for
1301 The fissile/fertile content was also measured
by neutron activation/delayed fission neutron
analysis.

Details of these analyses are described
elsewhere (Jensen et al. 1989); however, the
major conclusions and observations are
summarized as follows:

« Sn apparently concentrated in the
metallic melts, as evidenced by Sn/Zr
ratios greater than the as-fabricated
zircaloy.

e Fuel and control materials were
positively identified in the upper end
box, confirning results from the
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metallographic and SEM/WDS
examinations that these materials were
transported to this region. The fuel
materials exhibited low retention of all
major fission products, which suggests
high temperatures or optimum release
conditions.

« Antimony (Sb) accumulated in the
metallic melt phases in the lower portion
of the bundle.

e (s was generally retained within intact
and fragmented fuel. Iodine was retained
in the intact fuel pellets; however,
significant losses were calcuiated in
fragmented fuel at temperatures of
approximately 2200 w0 2600K.
Significant losses of both Cs and 1 were
measured in partially liquefied fuel.

« Significant losses of both Cs and I were
measured in the ceramic melt samples,
ranging from essentially complete
release 1o less than 50% retention. These
fission product releases could not be
correlated solely to peak temperature,
which indicates that other factors (such
as time at temperature and surrounding
materials) affected the release.

5.4 Summary and Conclusions

The major results and conclusions from the
PIEs of the LP-FP-2 fuel bundie are summarized
in this section.

The material relocation and stratification in
the LP-FP-2 fuel bundle resulted in low meiting
point metallic melts near the bottom, a high
temperature (U.Zr)O, ceramic melt region above
this, and a debris bed of fuel pellets near the top.
This is very similar to material relocation and
stratification found in smaller scale integral
severe fuel damage tests and observed in
examinations of the TMI-2 core (Petti et al.
1989; Broughton et al. 1989; Hobbins 1990).

Material interactions between Ag and
zircaloy resulted in liquefaction of the zircaloy
well below the melting point of the zircaloy.



The Zr in these Ag-Zr melts interacted with the
stainless steel cladding on the control rods and
the Inconel spacer grids to cause liquefaction of
these materials. Ag-Zr, Zr-Fe, and Zr-Ni
interactions can all cause liquefaction of these
materials above approximately 1200 K, but they
become particularly significant above ~1400 to
1500 K.

The distribution of oxidized cladding shells
indicates that the upper extent of significant
cladding oxidation, prior to massive material
relocation, was approximately 1.04 to 1.14 m.
Above this elevation, the cladding shells were
limited to a few rods on the periphery of the
bundle. Upon control rod failure, Ag aerosols
were released, which liquefied the unoxidized
zircaloy in the upper portion of the bundle. The
resultant melt relocated to form the lower
blockage, diverting steam flow to the periphery
of the bundle. The presence of these materials
near the bottom of the fuel bundle, and the
relatively low temperatures required for their
liquefaction, indicates that these were the first
materials to massively relocate during the
transient.

The largest flow blockages (78 to 86%) were
located through or just above the two remaizing
spacer grids. This indicates that the sps .r grids
tended to impede material relocation.

Integration of the posttest open flow
measurement data indicated that the total volume
of open area within the fuel bundle was reduced
by 11% as a result of porosity trapped in the
various melt regions. This corresponds to a 15%
volume expansion of the material initially
contained within the inner liner.

Fuel grain boundary separation was
associated with the presence of metallic melts.
This suggests that fuel reduction may have
occurred adjacent to these metallic melts,
resulting in the formation of a liquid U phase
along these grain boundaries. The effect was not
observed where high temperature ceramic melts
were in contact with the fuel. Fuel fragmentation
was also observed in areas that were not
surrounded by any melt material, which suggests
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that the thermal shock associated with reflood
may have contributed to fuel fragmentation.

Foamy fuel structures occurred as a result of
Fe oxides liquefying the fuel. However, porous
fuel structures were also observed on fuel pellets
surrounded by the high temperature ceramic
melt, and SEM/WDS examinations confirmed
that this was pure UO,. This indicates that peak
temperatures near e center of the ceramic upper
blockage exceeded fuel melting (> 3120 K).

The nominal grain size for most of the fuel
was the same as in the as-fabricated condition
(14 um), although :ome grain growth did occur
in the center of -« me of the fuel pellets in the
hotter regions of tae fuel bundle. The grain size
in those regions averaged 27 um. The relatively
large as-fabricated grain size and general lack of
grain growth may have been an important factor
in the small release of Cs and I from intact fuel
pellets in this experiment.

The PIEs identified fuel debris and melt
materials in the upper end box, as well as
extensive melting and oxidation of the upper tie
plate. The relocation of these materials, and the
damage to the upper tie plate, could only have
occurred during the reflood period, when steam
mass flow rates and temperatures were sufficient
to have caused the observed behavior.

Approximately 63% of the zircaloy cladding
and inner liner had liquefied, as compared to
approximately 15% of the fuel. Most of the
molten material was contained in the ceramic
melt region, and Zr was the most abundant
element in this region. Large amounts of Zr were
also present in various metallic melts.

The best estimate of the hydrogen generated
from zircaloy oxidation was 862 g. This
corresponds to 49% of the zircaloy claading and
inner liner. An altemnative methodology resulted
in an estimate of 836 g, showing good agreement
between the two estimates. An additional 163 g
of hydrogen was nominally estimated to have
been generated from oxidation of stainless steel
and Inconel components, resulting in a
best-estimate total of 1025 g of hydrogen. This
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total ic also in excellent agreement with
measurement data based upon grab samples
taken from the BST, which indicated 205+ 11 g
of hydrogen, and from an estimated amount of
819+ 364 g in the PCS, for a total amount of
1024 g (Moaro and Carboneau 1990; Carboneau
et al. 1989). Analysis of the PIE data also
indicated that 181 g of hydrogen were nominally
generated during the transient phase from the
oxidation of zircaloy cladding and the material in
the lower blockage. This is in reasonable
agreement with the 205 g in the BST, which is
indicative of the amount of hydrogen generated
during the transient since this tank was isolated
from the system just prior to reflood. The
hydrogen that resulted from the oxidation of the
ceramic melt material, the melt that penetrated
into the insulation, and the oxidation of the
molten stainless steel and Inconel components,
totals 818 g, which agrees with the 819 g
estimated to be in the PCS, where ail the
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hydrogen generated during reflood would have
migrated (Modro and Carboneau 1990;
Carboneau et al. 1989). These data indicate that
most of the hydrogen in the LP-FP-2 test was
generated during the reflood period.

Cesium was gercrally retained within intact
and fragmented fuel pellets. lodine was retained
in the intact fuel pellets: however, significant
losses were calculated in fragmented fuel at
temperatures of approximately 2200 to 2600 K.
Significant losses of both C: and I were
measured in partially liquefied fuel. Significant
losses of both Cs and I were measured in the
ceramic melt regions, ranging from essentially
complete release to less than 50% retention.
However, fission product release in these melt
regions could not be correlated solely to peak
temperature, which indicates that other factors
(such as time at temperature and the nature of the
surrounding material) probably affected fission
product release.



6. SCDAP/RELAPS ANALYSIS

This section describes an analysis of the
OECD LOFT LP-FP-2 Experiment using the
SCDAP/RELAPS computer code [Allison 1993).
This analysis has had three objectives. The first
was to confirm event timing and condition
estimates from both on-line and post-irradiation
examination (PIE) measurements. Of particular
interest was the timing and magnitude of: (a)
ballooning; (b) control rod melting; (¢) metallic
melting; (d) ceramic melting; (e) hydrogen
production; and (f) fission product release. There
was also significant interest in the code’s
prediction of oxide condition during reflood. The
second objective was to establish the influence of
key experimental and modeling parameters on
the progress of the transient. The third objective
was to assess the early phase core damage
progression models in the code.

The SCDAP/RELAPS analysis is presented
in four sections, a discussion of (a) the input
model; (b) the transient analysis; (c) the reflood
analysis; and (d) an assessment of SCDAP/
RELAPS.

6.1 Input Model

There is a long history of analysis of the
OECD LOFT LP-FP-2 Experiment with
SCDAFP/RELAPS. Several analysts with multiple
input models have used many versions of the
code to analyze the experiment (Adams et al.
1985: Carboneau et al. 1989 Guntay et al. 1991).
In the course of performing these calculations, a
number of modifications have been made 1o the
original LP-FP-2 model. These revisions were
made to permit the code to handle the transient
more smoothly and to better represent a
particular aspect of the facility. For the analysis
described here, the author has endeavored to
make the best use possible of the previous
analyses. This has consisted of reviewing the
analyses and utilizing the best of the model
revisions.

Primary Coolant System Model. The
primary system model for the current analysis is
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similar to LOFT facility models that have been
developed in the past, with several revisions
intended (o establish a best-estimate thermal-
hydraulic model. The most significant of these
modifications are:

a. The downcomer model was changed to a
split (two-channel) downcomer model
and was renodalized to allow volume
boundaries to have the same elevation as
core volume boundaries. Analysts have
oscillated between the use of single
channel and split downcomer models.
Advocates of the single-channel
downcomer claim calculational
simplicity with minimal impact on
hydraulic response during a large break.
However, the reactor vessel mass
inventory is sufficiently critical during
the small- break portion of this
calculation that the split downcomer
model has been reinstituted. The
downcomer elevations were renodalized
because previous calculations have
shown that when the downcomer and
core have different elevations,
oscillations in liquid level can occur.

b. The upper plenum structure surface
areas were modified to reflect detailed
surface area calculations (Carboneau et
al. 1987, Appendix P). Also the upper
plenum thickness was modified to reflect
estimates of the upper plenum structural
mass. This modification was introduced
to better simulate the fission product
transport phenomena observed during
the transient.

¢. RELAPS heat structures reprasenting the
center fuel module (CFM) high-,
medium-, and low-power fuel rods,
control rods. guide tubes, and thermal
shroud were all replaced with SCDAP
components. Also, the RELAPS single-
channel model of the CFM was replaced
with a three-channel model. This allows
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significantly better simulation of core
blockage and relocation and their impact
on coolant flow diversion.

d. RELAPS heat structures representing
peripheral module fuel rods were
replaced with SCDAP components
representing high- and average-power
fuel rods.

The SCDAP/RELAPS model of the LOFT
reactor vessel is shown in Figure 39, while the
ex-vessel PCS is shown in Figure 40. This
nodalization, representative of a Westinghouse 4-
loop plant, models all components in the PCS,
such as the intact and broken loops, steam
generator and secondary system, and reactor
vessel.

Core Model. The reactor core was modeled as
four separate channels, one representing the
peripheral fuel bundles and three representing
the CFM, as shown in Figure 41. The center fuel
module (CFM) was modeled using nine SCDAP
components, as shown in Figure 42.

The center fuel module fuel rods were
modeled with six components. These six
components were divided into three pairs of rods,
each pair representing a bank of fuel rods
different oriyy in power. This was necessary
because th:se rods were enriched o0 10%,
causing significant thermal neutron depletion,
and therefore a depression in the radial power
profile of approximately 13%. A pair of identical
fuel rod components were used to model each
bank, because it has become a standard practice
to bound the oxidation response with a pair of
components, the first modeling oxidation limited
only by steam availability, and the second
modeling oxidation limited by the diffusion of
steam through a hydrogen boundary layer.
Although modeling these bounding phenomena
had little impact on the analysis of the transient
phase of LP-FP-2, it can impact the results if
significant quantities of hydrogen are being
generated by the oxidation process. Three
additional components were used to model the
Ag/In/Cd control rods, the guide tubes, and the
zircaloy-lined insulating shroud surrounding the
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CFM. Figure 42 illustrates the CFM
nodalization, showing the three banks of fuel
rods, as well as the locations of the guide tubes
and Ag/In/Cd control rods. The thermal shroud
surrounding the CFM was, of course, modeled as
a separate component.

As discussed earlier, the CFM was divided
into three parallel flow channels, each
surrounding a single group of fuel rods. In the
past (Carboneau 1989), the thermal-hydraulic
representation of the LOFT core used a hot-
channel approach. This approach consisted of
using one hydraulic channel to model flow
conditions for the average flow channel and a
second hydraulic channel to model flow
conditions in the hottest channel. This hot-
channel approach had been used successfully in
the past to model large- and small-break
experiments. Unfortunately, because of the
implied assumption that 21l fuel rods within the
same flow channel behave independently of one
another, this approach has been shown to be
inaccurate during any transient where fuel rod
geometry changes (Coryell 1992). Basically, as
the flow through the unit cell around a fuel rod is
disrupted, additional coolant fiow is diverted into
adjacent channels, making them less likely to
undergo geometry change. This violates the
assumption that each fuel rod within the
hydraulic channel is independent. For this
reason, the CFM was divided into three parallel
flow channels. Since the peripheral modules
experienced no deformation, the assumption of
independence remains valid; and the hydraulic
model was left unchanged, with one channel
representing all modules.

Initial Conditions. Reactor conditions at the
start of the transient were established in the usual
manner used with RELAPS in that the initial core
power was defined and a set of steady-state
controllers were applied to the primary coolant
pumps, pressurizer spray and heaters, feed
system, and secondary system. Several hundred
seconds of null transient were then peavimed
with the model 1o allow the steady-state
controllers to bring the system to an equilibrium
condition.
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Table 12. Comparison of calculated and measured initial conditions.

Parameter Measured value Calculated value

Primary coolant system

Core delta T (K) 11.7+414 11.35

Primary system pressure (MPa) 1498+ 0.1 15.08

Hot leg temperature 571.6+08 570.5

Cold leg temperature (K) 5599+ 1.1 559.9

Loop mass flow (kg/s) 475+ 2.5 475.01
Reactor vessel

Power level (MW) 268+ 14 26.8

Decay heat at 200 s (kW) 684.8 695.19

Maximum linear heat generation (kW/m) 426436 430
Secondary system

Secondary pressure (MPa) 6.38 £ 0.08 6.09
Pressurizer

Liquid volume (m®) 0.57 +0.03 0.57

Steam volume (m®) 0.37 £0.03 0.37

Water temperature (K) 6169+ 2.1 605.9

Pressure (MPa) 15.1+£0.1 15.05

Liquid level (m) 1.06 + 0.06 1.06
Boron suppression tank

Pressure (kPa) 9543 100

After reaching equilibrium, the thermal and
hydraulic conditions (mass flow, intemnal energy.
pressure, and so on) and initial temperature
distributions for heat structures and SCDAP
components were transferred into a second input
deck, through the use of PYGMALION, a utility
available to all RELAPS newsletter subscribers.
Table 12 compares the initial measured and
calculated hydraulic conditions for several
significant parameters.

Boundary Conditions. Boundary Conditions
for experiments in the LOFT facility were
usually very well defined, because experiments
in this facility were routinely used for thermal-
hydraulic code development or assessment. The
boundary condition with the greatest uncertainty
in experimental facilities is nearly always
environmental heat losses. LOFT environmental
heat losses, however, have been parametrically
defined over a series of 26 experiments, covering
a wide range of break sizes and are therefore
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well-characterized. The heat losses during the
LP-FP-2 transient were modeled as three
separate quantities, from the reactor vessel, the
steam generator, and the intact loop piping.

The remaining boundary conditions for the
OECD LOFT LP-FP-2 Experiment were,
unfortunately, not as well defined as previous
LOFT experiments. Because the objectives of
this experiment were directed exclusively
towards early phase severe core damage
phenomena and fission product transport,
definition of thermal-hydraulic boundary
conditions was sacrificed to provide added
confidence in meeting the core damage
objectives. The primary analytical difficulty is
that the intermediate size break on the intact loop
cold leg, through which 80% of the system
coolant inventory was expelled, was merely a
non-instrumented. non-orificed pipe. Although
maximizing early coolant depletion, as intended,
the lack of an orifice at this break has forced all



subsequent analyses to rely on secondary
indications, such as time of core uncovery, to
characterize the PCS mass balance.

Radial and axial power profiles were
measured with traversing in-core probes (TIP's),
and decay heat has been well defined by detailed
reactor physics calculations. Pressure in the BST,
the simulated containment, was modeled as a
constant. Although pressure in an effluent tank
13 times as large as the PCS will increase
marginally as the system experiences blowdown,
it has no significant effect on primary system
response.

The remaining boundary conditions,
specifically the specification of significant
thermal-hydraulic events such as valve and pump
operation, were modeled using a RELAPS
control system based primarily on the measured
timing of each operation. The specification of
these events to the facility control room were
based upon system pressure, and attempts were
made early in the analysis of this experiment to
specify operator action based upon pressure.
However, in a transient such as the interfacing
systems LOCA which this experiment simulated,
when the system pressure decreases slowly, it
was determined that a small discrepancy in
pressure could significantly impact the timing of
valve operation. Wherever possible, then, the
effects of operator actions were simulated based
upon the experiment time.

6.2 Transient Analysis

SCDAP/RELAPS has been used to analyze
the LP-FP-2 Experiment as early as the
experiment’s planning stages. However, in the
seven years since the experiment, a number of
significant improvements have been made to
SCDAP/REL.APS? For this reason, an analysis
of the experiment was performed with the
objective of assessing the state of the code
against experimental and identifying parameters
which are key to the analysis.

a. SCDAP/RELAP5/MOD3, configuration control
version Bae.
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System Thermal-Hydraulic Behavior. In
most severe accident analyses, the uncentainty in
the thermal-hydraulic behavior of the PCS
dominates the uncertainty of the analyses. This is
emphasized in the analysis of the LP-FP-2
Experiment because the experiment focused
exclusively on early phase severe accident
phenomena prior to corium relocation into the
lower vessel.

As was mentioned in the discussion of
boundary conditions, the primary difficulty in
analyzing the LP-FP-2 Experiment has always
been the evaluation of the primary system mass
balance. The best-estimate analysis presented
here has been no exception. It has not been
difficult in the past to tune the loss coefficients on
both the intact loop cold leg break and the
simulated LPIS line such that the PCS pressure is
matched exactly. Unfortunately, for all system
models used to date, this causes the system to
retain too much fluid in the reactor vessel,
thereby delaying the start of core uncovery by as
much as 500 seconds. Two hypotheses have been
advanced to explain the inability of the model to
predict both system pressure and ¢ » of core
uncovery: first, that the mass balance has been
correctly tracked but has been distributed
incorrectly about the system; or, secondly, that
the distribution is roughly correct but that the
input model does not correctly characterize the
reactor vessel internals and has therefore caused
the energy deposition to the coolant to be too
low. Although it should be possible to modify the
input model to examine these two hypotheses,
the additional resources required would not
significantly benefit the assessment of severe
accident code models, which remains the
primary goal of this analysis. In order to evaluate
the severe accident models, more emphasis was
placed on correctly predicting the time of core
uncovery than on duplicating system pressure.
Figure 43 compares the calculated and measured
system pressure during the transient phase of the
experiment,

Figure 44 shows the core dryout time as a
function of elevation above the bottom of the
active core. This figure illustrates that SCDAP/
RELAPS predicts that the top of the core is low
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Figure 45. Calculated and estimated LPIS mass flow rate.

enough in power that it is initially cooled by
steam/entrained liquid until the liquid level drops
to an elevation of 0.9 m. The code tracks core
dryout very well until valve cycling causes
perturbations in the liquid level. The code
predicts core dryout in the bottom-most portion
of the core later than measured.

One of the locations where estimates of
coolant system mass flow is available is in the
simulated LPIS line. This mass flow has been
estimated from pressure, temperature, and
differential pressure data associated with the
LPIS venturi, [Carboneau 1989). The result of
this estimate is compared to the mass flow
calculated for the simulated LPIS line by
SCDAP/RELAPS in Figure 45. As seen in this
figure, the predicted flow rate during the later
phase of the experiment is less than the expected
value. Since the driving force for this flow is the
pressure differential between the reactor vessel
and the simulated containment, such an
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underprediction is consistent with the
underprediction of system pressure.

One of the key parameters in an assessment
of the ability of SCDAP/RELAPS to predict core
damage phenomena is the core temperature
history. Figure 46 compares the calculated
cladding response with that measured at the 10
inch elevation. As seen in this figure, the time of
core uncovery at the bottom of the core is late
and the core heatup rate is too fast. This
difference in thermal response is caused by the
discrepancy in the vessel liquid inventory just
discussed. Figure 47 compares the calcuiated
cladding temperature at the 27 inch elevation
(the peak power zone) with that measured during
the experiment. This figure shows that the time
of core uncovery at the center of the core is
predicted very well. The cladding heatup rate is
also predicted very well until 877 s, when the
operators began a series of valve operations to
lower the system pressure to prevent fission
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Figure 46. Calculated and measured cladding temperature at the 10 inch elevation,
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Figure 47. Calculated and measured cladding temperature at the 27 inch elevation.
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71 NUREG/CR-6160




SCDAP/RELAPS Analysis

3000 w ¥ v Al T T 1
; Center channel j
i MO <. b e g

2500 - uter channe

2000

1500 2

Temperature (K)

1000

500

B

.
0"
o

ol

#
o
........
et

....
ot
oe®

IllﬁllAJllLllJlllll

T [ S

500

product instrumentation damage. This valve
operation (reopening of the intact loop cold leg
break and PORV) caused some cooling of the
thermocouples. Whether this measured cooling
was representative of what occurred throughout
the core or only on the instrumented rods is
unknown, but the current combination of input
model and code was unable to model it. Figure
48 compares the calculated cladding temperature
with that measured at the 42 inch elevation.
Although the instrumentation in this part of the
core did not survive to experience the early
severe accident phase of the experiment, early
indications show that the calculated cladding
behavior is within the uncertainty of the
measurement. It should be noted on all
comparisons to experimental data that as the
thermocouple indicates rapid oxidation rates and
temperatures in excess of 1800 K, the instrument
is probably no longer tracking local cladding
Tesponse.
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Figure 49 illustrates the radial temperature
across the center fuel module at the 42 inch
elevation. This node is the highest temperature
node, and is the node at which cladding rupture
is predicted. The response at this elevation is just
as expected, with the core heatup beginning
universally across the module at the same point
in time, the response remaining very similar until
radiation heat transfer and fuel rod geometry
changes begin to cause distinctions across the
module. At approximately 1150 s the fuel rod in
the center channel is predicted to rupture. This
matches the first measurement of fission product
gap release of 1200 s. After fuel rod rupture at
this elevation, SCDAP/RELAPS models double-
sided oxidation at the failure elevation. After
1500 s, core damage and blockage due to
material relocation cause the middle channel to
heatup less rapidly than the channels on either

e of it. At approximately 1550 s, the cladding
in the average channel is completely oxidized at
this location and the lack of oxidation heat
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Figure 50. Calculated and measured outer shroud temperatures at the 42 inch elevation.

generation causes the component to cool to the
coolant temperature. At approximately 1665 s
the Ag/In/Cd control rods are predicted to fail.
This is only slightly later than the estimated
failure time of 1520 s, indicated by relocation o.
mo’ten material to the lower portions of the core.

Figure 50 shows a comparison between the
calculated and measured response on the outer
surtace of the flow shroud at the high core
temperature elevation (42 in.). This comparison
indicates that the heat conduction through the
flow shroud is underpredicted. This
underprediction is probably caused by the
uncertainty in the time-of-failure of the shroud
liner and the consequent uncertainty in the time-
dependent thermal conductivity of the ZrO,
insulation as coolant penetrated the insulation.
The same underprediction of CFM heat loss
through the thermal shroud is shown on all
elevations of the shroud. An underprediction of
heat loss was expected at the top and bottom of
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the core, due to the fact that SCDAP/RELAPS
can only mode’ a single thermal conductivity for
all elevations of the shroud, when in reality the
designers specified different density ZrO, at the
top and bottom of the shroud.

In summary, SCDAP/RELAPS is modeling
the thermal and hydraulic response of the core
reasonably well. Even though dryout at the
bottom-most portion of the center fuel mo . e is
being predicted slightly late, it has little effect on
the transient analysis, and the boundary
conditions to the core damage models are
accurately tracked.

Key Transient Parameters. One of the
objectives of this analysis was 1o identify
modeling parameters which had an impact on the
calculated response during the transient phase of
the LP-FP-2 Experiment. Two parameters were
identified during this portion of the analysis (1)
the threshold for double-sided oxidation, and (2)
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the oxidation limiting model.

It is interesting to note that early calculations
of the LP-FP-2 transient allowed double-sided
oxidation to occur over 100 great a length of the
fuel rod. This model uses a threshold local hoop
strain to determine whether or not double-sided
oxidation is occurring. Early calculations used a
threshold hoop scrain of 2%, resulting in too
rapid a heatup below the peak temperature node
and delayed the heatup at higher elevations due
to steam starvation. It also caused a significant
over-prediction of the transient hydrogen
generation. The current calculation uses a
threshold local hoop strain equal to the rupture
strain, thereby allowing double-sided oxidation
only at the ruptured node. This increase in the
threshold for double-sided oxidation may be an
artifact of either the low bumup fuel, or the non-
prototypical fuel rod pre-pressurization.
However, this analysis suggests that the default
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threshold for double-sided oxidation be
increased to the rupture strain.

One of the parameters which was identified
as potentially impacting the calculated transient
response was the type of oxidation limit imposed
on the fuel rods. SCDAP/RELAPS has
traditionally allowed the zircaloy cladding to
oxidize at a rate limited only by the availability
of steam. A recent extension has added the
capability of limiting the oxidation rate by the
limit of steam diffusion through a hydrogen
boundary layer. The analysis described here
modeled the fuel rods in each coolant channel
with a pair of fuel rod components which were
identical except for the oxidation rate limit
imposed. The results of this bounding analysis
are shown in Figure S1. As could be expected the
difference in the oxidation limiting models does
not become apparent until rapid oxidation
begins, and even then the LOFT core is
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Figure 52. Calculated hydrogen production.

sufficiently steam rich that the diffusion limit
does not lag significantly behind the steam
availability limit.

Transient Damage Progression. The ability
of SCDAP/RELAPS to predict core damage
during the transient phase of LP-FP-2 has been
and will continue to be of keen interest to the
code developers. A facility which provided
experimental evidence of core damage during the
early phases of a severe accident is invaluable to
the code development and assessment process.

One of the more interesting parameters to
characterize the integral response of a damaged
core is the hydrogen production rate, both
because of it's significa .ce to the risk evaluation
process and because it represents an integral
measurement of core respons¢ . Figure 52 shows
the hydrogen production calculated by SCDAP/
RELAPS for the transient portion of the
experiment. The cumulative hydrogen
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production during the transient portion is
predicted to be approximately 270 g. This
compares very well with the estimated transient
production of 205+ 11 g.

Figure 53 illustrates the overall condition of
the LOFT CFM just prior to the initiation of
reflood. This figure illustrates the condition of
the three primary fuel rod groups, as well as the
Ag-In-Cd control rods. As seen in this figure, all
three fuel rod groups have ballooned and failed
at axial node eight, which represents the hottest
portion of the CFM. This corresponds with
measurements of the temperature at the 42 in.
elevation As is typical in damage progression in
the LOFT core, this elevation is just above the
peak power zone. It can be observed that the
cladding ballooning is as localized as the axial
nodalization will allow, and that there has been
no significant fuel rod damage other than
localized deformation and cladding failure. No
significant ceramic fuel rod melting has been
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Figure 54. Cladding outer radii.

predicted to occur. This core condition coincides
quite well with posttest examination of the
bundle, although it does no adequately describe
the eutectic formation which is believed 1o have
occurred when molten absorber material was
sprayed onto adjacent fuel rods.

Figure 53 also illustrates the predicted
control rod damage. As shown, all of the Ag-In-
Cd absorber material has melted and voided axial
zones five through nine. All experimental data
support the theory that the central region of the
Ag-In-Cd control rods melted and generated
sufficient intemal pressure to breach the stainless
steel sheath as well as the zircaloy guide tube.
The molten absorber material was then sprayed
onto adjacent hot fuel rod cladding, causing fuel
rod metallic melting by eutectic formation as
well as providing a cloud of vaporized absorber
material for fission product transport. A
significant portion of the absorber material was
observed to relocate to the bottom of the fuel
module, where it resolidified approximately 0.15
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to 0.3 m above the coolant ievel. Since SCDAP/
RELAPS does not have the capability of
modeling the phenomena of absorber material
spraying onto adjacent fuel rods, the code
predicted that the relocating absorber material
would flow down the outside of the guide tube to
the bottom of the fuel mo* . - and solidify in the
volume just above the _ olant level. Since
RELAPS predicted the coolant level to be
slightly lower than measured, the calculated
solidification occurred slightly lower than
measured.

The ability of the code to predict fuel rod
ballooning and rupture is illustrated in Figure 54,
which shows the fuel rod cladding outer radius
predicted for each of the three fuel rod g oups,
each of which were within a separate flow
channel in the CFM. Previous analysis (Coryell
1992) has shown that the capability added to
SCDAP/RELAPS to model multiple flow
channels within a single enclosure can impact the
phenomena observed during the early phases of a

NUREG/CR-6160




SCDAP/RELAPS Analysis

severe accident, If the CFM is modeled as a
single hot channel, as has been done in the past,
flow diverted by the deforming fuel rods is
channeled into the peripheral module, thereby
imposing coplanar blockage and overestimating
the CFM flow blockage. Now that the radiation
enclosure representing the CFM can enclose
multiple flow channels, flow diverted by
deforming fuel rods in one channel is directed
into an adjacent flow channel within the CFM,
thereby causing additional cooling in that
channel and reducing or delaying the
deformation in that channel. This capability also
allows the code to model cold wall effects, due 10
the presence of the cold walls of the shroud.
Although no measurements were made of fuel
rod cladding deformation, an indirect measure of
channel blockage can be inferred by the fact that
sufficient coolant flow was maintained through
the CFM to maintain zircaloy oxidation.

6.3 Reflood Analysis

One of the objectives of the analysis
described here was to examine the ability of the
code to model the core damage progression
during the reflood phase of the LP-FP-2
Experiment. During the LP-FP-2 Experiment,
the CFM experienced an oxidation excursion
sufficient to drive fuel rod temperatures above
the melting point of ceramic UO, (3100 K). It
has been estimated that approximately 60% of
the zircaloy oxidation/hydrogen production that
was experienced during this experiment occurred
during the reflood phase of the experiment. This
application of SCDAP/RELAPS to the LP-FP-2
reflood is sufficiently challenging to the code that
it has been of significant iniciest to both code
developers and program participants.

Thermal-Hydraulic Response. The ability
of SCDAP/RELAPS Mod3 to model the thermal-
hydraulic response of the LOFT system during
the reflood phase has dramatically improved
since the EASR calculation (Carboneau 1989)
was performed. The most significant
improvement is the addition of the capability of
modeling non-condensables, which occurred in
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the transition between MOD2.5 and MOD3.

One of the models within earlier versions of
SCDAPRELAPS  which the  LP-FP-2
Experiment cast doubt upon was the durability of
the oxide shell around the fuel rod cladding.
Experimental evidence indicates that the
protective oxide shell can experience sufficient
stress, particularly during reflood conditions, that
the shell spalls and fresh zircaloy surface is
exposed to steam. LP-FP-2 measurements
indicate that significant fractions of unoxidized
zircaloy were exposed to the high-temperature
steam atmosphere at the time of reflood. It seems
likely that the additional zircaloy was available
for oxidation because (a) a portion of the CFM
had experienced some degree of steam starvation
during the transient phase and (b) additional
fresh zircaloy surface was exposed at the time of
reflood due to oxide shattering. In the past the
code has had no mechanism to expose additional
zircaloy at the time of reflood, since the only
failure mechanism for the protective oxide shell
was that of reaching the oxide failure
temperature. A task was undertaken to extend the
ability of the code to model reflood by the
addition of a model to shatter the oxide shell
under reflood conditions [Coryell and Katsma,
1992]. The new model is detecting the conditions
necessary to shatter the oxide, and is exposing
fresh cladding surface for oxidation during
reflood.

Although the new oxide shattering model
does comrectly predict shattering when reflood
reaches the core components, SCDAP/RELAPS
provides sufficient cooling to limit the oxidation
excursion, and terminate the transient prior to
ceramic melting. This may be caused by inherent
assumptions of stability in the heat transfer
correlations which are violated by the chaotic
conditions of reflood, as is illustrated in Figure
55. This figure illustrates the chaotic flow
conditions that exist between 1780 s, when
reflood reaches the core, and 1800 seconds,
when the flow stabilizes. In order to assess the
ability of the code to model the oxidation
excursion, an input option to shatter all in-core
oxide upon reflood initiation was used. The
maximum cladding thermal response to this
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Figure 58. Cumulative hydrogen production during reflood.

oxidation excursion is shown in Figure 56, which
shows the reflood response of Component 1 at
the 42 inch elevation. As reflood exposes fresh
zircaloy an oxidation excursion begins which
drives the fuel rod to melting, at which point the
oxidation calculation is terminated.

Reflood Damage Progression. Figure 57
shows the condition of the core after reflood. As
illustrated by this figure, there has been some
fuel rod melting and fragmentation, with a
subsequent relocation and resolidification into a
porous debris bed in node three at the center of
the fuel module, and node four at the outer edge
of the module. All fuel rods above this location
are predicted to have fragmented during reflood,
forming a rubble debris bed.

The code prediction of hydrogen production
during reflood is shown in Figure 58. As shown
in this figure the cumulative hydrogen
production predicted for this analysis is
approximately 980 g. Although slightly low, this
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value is within the uncertainty of the total
hydrogen production for this experiment,
estimated to be 1024 + 364 g.

6.4 Assessment of SCDAP/
RELAPS

The analyses of severe accident transients
continues to be dominated by uncertainties in the
thermal-hydraulic conditions. The ability of
SCDAP/RELAPS/MOD3 to predict core
temperatures remains as reliable as that
experienced by SCDAP/RELAPS/MOD?2.5,
provided the thermal-hydraulic boundary
conditions are realistic. The mechanics of heat
conduction and oxidation are handled in a
manner that produces results within the
uncertainties encountered during the LP-FP-2
Experiment. Each core damage phenomena
observed during the transient portion of the
experiment was triggered within the correct
temperature range with the possible exception of
the onset of rapid oxidation. The codes late
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prediction of this onset may be just an artifact of
the LOFT thermocouple effect, which would not
be applicable to uninstrumented fuel rods.
Transient thermal results tracked observed
phenomena quite well, with the exception of
phenomena related to the eutectic interaction
between control rod absorber material and
zircaloy. The lack of a model examining the
interaction between Ag and zircaloy has not
significantly impacted the prediction of
temperatures but would significantly impact any
fission product transport analysis. The impact on
fission product transport is significant because a
cloud of vaporized control rod material would be
created at the same time and location as massive
cladding disruption, causing significant
interaction between iodine and the vaporized
absorber material.

The ability of SCDAP/RELAP5/MOD3 to
model hydrogen production and transport has
improved since MOD2.5, although this
phenomenon is highly dependent on the
reliability of the hydraulic prediction. SCDAP/
RELAPS/MOD3 has accurately predicted core
damage progression within the limits of the
hydraulic calculation for this analysis. The onset
of cladding deformation and its subsequent
failure appear to be predicted within reasonable
uncertainty. As previously mentioned, the lack of
a model to examine the potential for spraying
molten control rod absorber material onto
adjacent rods will cause the code to underpredict
the amount of zircaloy eutectic formation, prior
to melting, but appears to impact only the fission
product transport analysis in the LP-FP-2
analysis.

One of the objectives of this task was to

perform an assessment of the ability of SCDAP/
RELAPS/MOD3 to examine core damage
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progression during the reflood poriion of the
LP-FP-2 Experiment. The hydrodynamic portion
of the code has made significant advances in
modeling the thermal and hydraulic response of a
reactor to reflood conditions, although the heat
transfer conditions during the chaotic reflood
phase are not well understood. It should also be
noted, that difficulties are still encountered when
non-condensable quality approaches unity. The
model for the shattering of the cladding oxide
upon reflood does appear to be working
correctly, and can provide an oxidation
excursion. There is insufficient experimental data
to determine if the oxidation excursions are
typical of the physical response, but the integral
measurements, such as hydrogen production and
debris formation, appear to match experimental
guantities within the experimental uncertainty.

6.5 Conclusions

The ability of the SCDAP/RELAPS code to
model both the transient and reflood phases of
the LP-FP-2 transient has improved dramati~ally
over the years since the experiment was
performed. It now seems likely that if the input
model can provide reasonably realistic boundary
conditions, the severe accident models within
SCDAP/RELAPS are capable of yielding best-
estimate results, without resorting to the use of
user-specified input parameters which may lie
outside the defensible range of the parameters.
The uncertainty in the LP-FP-2 transient analysis
is dominated by uncertainties in the thermal-
hydraulic response of the primary coolant system
(PCS). and the greatest uncertainty remains the
experimental uncertainties, such as the break
flow. A lack of instrumentation on the most
significant break flow path, the intact loop cold
leg break line, has led to the necessity for
parametric studies of break flow resistance.



7. RELATIONSHIP TO SEVERE ACCIDENT DATA BASE

This section discusses how the LP-FP-2
Experimental results relate to those obtained in
other severe fuel damage experiments and
through analysis to the damaged TMI-2 reactor
core.

7.1 The Relationship of LP-FP-2
Test Results to Other Severe
Accident Data

The accident at TMI-2 stimulated research to
understand how such severe accidents progress,
how to mitigate their consequences, and how to
terminate them. Of central importance in
addressing the above concems is the behavior of
the fuel and fission products during an accident.
The LP-FP-2 Experiment was the last of several
integral in-pile experiments conducted at the
INEL to investigate severe accident phenomena.

This section summarizes results from the
LP-FP-2 Experiment that are important to
understanding severe accident phenomena and
provides a consistent interpretation with results
obtained in the severe fuel damage (SFD) test
series carried out in the Power Burst Facility
(PBF) at the INEL and results from the
examination of the damaged core of the TMI-2
reactor. Melt progression, the effect of spacer
grids, energy and hydrogen generation upon
reflood. damage to core support structures,
fission product transport and deposition, and the
retention of fission products in high-temperature
melts are considered.

Experimental Conditions. Information on
the scale and experiment/accident conditions
among the LOFT LP-FP-2 Experiment
(Carboneau et al. 1989; Jensen et al. 1989), the
PBF-SFD tests (Knipe et al. 1986; Martinson et
al. 1986; Martinson et al. 1989; Petti et al. 1989;
Osetek 1987), and the TMI-2 accident
(Broughton et al. 1989) presented in Table 1°
indicates that the LP-FP-2 Experiment has much
in common with the TMI-2 accident; namely,
decay heating, reflooding, excess steaming rate,
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control materials, and low bumup. Differences
include the lower system pressure and much
smaller scale of the LP-FP-2 Experiment relative
to the TMI-2 accident. The SFD-ST test shares
the method of cooldown (reflooding) and an
excess steam supply rate (incoming steam not
totally converted t0 hydrogen by reaction with
zircaloy in the bundle) with the LP-FP-2
Experiment and the TMI-2 accident. All the
experiments listed in Table 12, as well as the
TMI-2 reactor, contained Inconel spacer grids.
The SFD experiments were conducted at a
system pressure (6.9 MPa) within the range of
pressures measured in the TMI-2 accident (5 to
15 MPa) and greater than the pressure during
bundie heatup and damage in the LP-FP-2
Experiment (1.1 MPa). Two of the SFD
experiments utilized fresh fuel irradiated to only
trace levels to produce measurable quantities of
short-lived fission products prior to the transient,
and two contained fuel rods previously irradiated
to high exposures (30 GWdAU). All four SFD
experiments were heated by fissioning (fission
power from the driver core), as opposed to decay
heat in LP-FP-2 and the TMI-2 accident. Three
of the SFD tests were terminated with a slow,
power-controlled cooldown. The cooldown in
Test SFD 1-1 was with steam, whereas in Tests
SFD 1-3 and SFD 14 it was with argon. One
SFD experiment, SFD -4, contained Ag-In-Cd
control matenals: but the coclant in this
experiment did not contain the HyBO, present in
the LP-FP-2 Experiment and the TMI-2 accident.
Due to the central location of the test bundle in
the LOFT core, the bypass flow area relative to
the flow area within the bundle was much larger
in the LP-FP-2 Experiment (80%) than in TMI-2
(1.5%) and the PBF-SFD tests (0.5%).
Although small relative 1o the TMI-2 core, the
LP-FP-2 bundle was considerably larger in scale
than the SFD tests. The two SFD tests of
particular interest for comparison with LP-FP-2
and TMI-2 are SFD-ST (reflooded) and SFD 1-4
(contained Ag-In-Cd control rods).

Relationship to Studies in PBF and TMI-2.
The damage zones produced in the LP-FP-2

NUREG/CR-6160
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Table 13. Experiment/accident conditions and scales.

Attribute SFD-ST SFD1-1 SFD1-3 SFD14  LP-FP-2 TMI-2
Geometry
Number of rods 32 32 32 32 121 39,825
Rod length (m) 0.91 091 091 0.91 1.87 4.0
Bypass (%) 0.5 0.5 05 0.5 80 1.5
Heating method Fission Fission Fission Fission Decay Decay
Cooldown method Reflood Siow Slow Slow Refiood Reflood
Steaming rate Excess Limited Limited Limited Excess Excess
Pressure (MPa) 6.9 6.8 6.8547 695 1.1 5-15
Fuel bumup (GWdAU)  Trace Trace 30 30 045 3
Control rod material None None None Ag-In-Cd  Ag-In-Cd Ag-In-Cd

+H3BOy  + H3BO3
Spacer grids Inconel Inconel Inconel Inconel Inconel Inconel
Time above 2100K (s) 750 315 1000 1425 270 3600
NUREG/CR-6160 84



CFM are very similar to those produced in the
PBF-SFD tests and in the TMI-2 core despite
Quite large differetices in scale, system pressure,
steam supply, water elevation in the vessel,
bypass flow area, fuel bumup, duraion of
transient, method of heating, and method of
transient termination. In Tests SFD-ST, SFD 14,
LP-FP-2, and the TMI-2 accident, a metallic
blockage formed at the lower spacer grid, a
ceramic blockage occurred above the lower
blockage, and a rubble bed of fuel fragments
rested on top of the ceramic blockage. In the
PBF-SFD tests and in the TMI-2 accident, the
lower metallic blockages occurred near the level
of the coolant. However, in the LP-FP-2
Experiment, the water level was below the fuel
bundle; and the metallic blockage occurred well
above the water level in a region where the
temperature was less than the solidification
temperature of the relocating melt.

The ceramic blockages in the PBF-SFD tests
and the LP-FP-2 test appear to be precursors of
the large ceramic molten pool that formed in the
TMI-2 accident. The additional time at
temperature in the accident evidently contributed
to the larger mass (about 45% of the core) of
ceramic melt in the TMI-2 reactor vessel. The
rubble beds of fuel fragments above the ceramic
melt formed with either excess or limited steam
supply conditions and with either reflooding or
slow power reduction methods of transient
termination. The common factor appears to be
the loss of restraint of the fuel due to the melting
and relocation of its zircaloy cladding.

The particle size distribution in the rubble is
set primarily by the crack distribution within fuel
stacks in the fuel rods prior iv the transient.
Cracks in the fuel pellets develop as a result of
thermal stresses in the fuel pellets during power
changes in the reactor, particularly during reactor
start-ups and shutdowns. The largest fragments
(about 2 mm) occurred in the SFD-ST test as a
result of a minimum of power cycling and a slow
heatup in a steam-rich environment. The
minimum power cycling produced relatively
coarse crack patterns, and the slow heatup
~nhanced oxidation prior to zircaloy melting and
resulted in oxygen-rich zircaloy melts that were
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wet and thereby tended to glue fragments
together. In the TMI-2 core, the debris bed
consisted of fuel fragments that were mainly
about 1 mm in size. The particle sizes in the
loose rubble in the SFD 1-4 and LP-FP-2
Experiments were intermediate between the
above two cases.

The metallic blockages in SFD-ST, SFD 14,
LP-FP-2, and TMI-2 occurred at the lowest
spacer grid. An analysis of the influence of
spacer grids on trapping relocating debris
indicates that if the spacer grid is at a
temperature below the solidification point of the
relocating melt, it can strongly influence trapping
of the debris (Gasser et al. 1990). The spacer grid
provides an increased mass for heat transfer
(80% of that of the fuel rod cladding), an
increased surface area for heat transfer (220% of
that of the fuel rod cladding), and a decreased
cross-sectional flow area. (The largest diameter
of a drop that can pass without impacting a solid
surface is 3 mm with a spacer grid versus 8 mm
without.)

Despite the large flow blockages of the
LP-FP-2 bundle and the large bypass available
for steam flow, extensive oxidation of zircaloy
occurred. The bypass flow around the LOFT
CFM was 80%, compared to a bypass flow of
1.5% for TMI-2 and 0.5% for PBF; yet the
zircaloy oxidation (58%) was comparable to
other experiments (64% in SFD-ST and 32% in
SFD 1-4) and to the TMI-2 accident (50%).
Thus, the LP-¥P-2 Experiment is confirmation of
observations made from earlier experiments that
flow blockages do not prevent continued zircaloy
oxidation and hydrogen production (Cronenberg
et al. 1989).

The production of energy and hydrogen
during reflood of a damaged fuel bundle or core
is not unique to the LP-FP-2 Experiment. An
analysis of the increase in system pressure
measured during the B-loop pump transient in
the TMI-2 accident and the associated energetics
suggests that up to 32% of the hydrogen
generated in the accident may have been
produced during this event (Kuan et al. 1989).
Hydrogen peaks following redood have also
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been measured during SFD-ST and in the CORA
(Hagen et al. 1989) out-of-pile severe fuel
damage test (in which a temperature excursion
was also measured).

As in the case of LP-FP-2, localized damage
occurred to structures immediately above the
fueled region in the TMI-2 accident. The
stainless steel upper core support plate sustained
localized melting and foaming oxidation. An
assessment of possible mechanisms and the
energetics associated with the damage to the
upper core support plate in the TMI-2 core
suggests that the damage likely occurred during
the B-loop pump transient as a result of high-
temperature steam and hydrogen generated by
zircaloy-steam reaction (Kuan et al. 1989),

Because the fission product release pathway
in the TMI-2 accident was through water and, in
addition, the reactor was reflooded, little
information on fission product deposition in the
RCS is available. Also., quantitative
measurement of total fission product deposition
on the deposition rod (simulated plenum
surfaces) in the SFD 1-4 test was unreliable.
However, quantitative measurement of fission
product deposition was made in the LP-FP-2
Experiment with deposition coupons that were
protected from wash-off during reflood and
within the LPIS line that was closed off prior to
refiood. The fission product deposition measured
in the upper | enum of the LOFT reactor was
considerable (-65%) for I and Cs, where the
residence time was about 7 seconds and surface
temperatures were about 650 K, but was much
less in the LPIS line (10-27%), where the
residence time was only 0.2 seconds and wall
temperatures were about 520 K.

The formation of Agl in the LP-FP-2
Experiment was not unexpected based on
thermodynamic considerations (Hahn and Acie
1984), the burst mode of control rod failure at
low system pressure (Petti 1989a). and the low
fuel burnup. No other integral-effects in-pile
experiments have generated these conditions, so
the LP-FP-2 Experiment is unique in having
confirmed the theoretical expectaticns for the
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formation of Agl as a dominant chemical form of
1 under specific conditions.

The general features of fission product
retention in ceramic melts are common to the
SFD 1-4 experiment, the LP-FP-2 Experiment,
and the TMI-2 accident (Hobbins et al. 1991). Sr
and Ce are stable as low-volatility oxides soluble
in the ceramic melt and are understandably
present at large fractions of inventory levels.
Other medium- and low-volatility fission
products (Sb and Ru) are largely absent from the
ceramic melt phase, but are found concentrated
in metallic phases within the melt. Small, but
significant, amounts (2% - 15%) of the volatile
fission products I and Cs remain in the ceramic
melts.

Summary and Conclusions. The LP-FP-2
Experiment extended severe accident experience
into the realm of a large-break LOCA and
permitied measurements of core melt
progression phenomena under low system
pressure in a decay-heated bundle and fission
product transport through a scaled upper plenum
and a simulated LPIS line. The principal damage
zones observed under small-break LOCA boiloff
conditions in PBF-SFD tests and in the TMI-2
accident were confirmed under large- break
LOCA blowdown conditions in the LOFT
LP-FP-2 Experiment. A coolant level within the
core is not necessary for the formation of
blockages within the core due to the
solidification of relocating melts, As in previous
experiments and the TMI-2 accident, spacer
grids were found to collect relocating debris and
act as preferential sites for the formation of flow
blockages. The LP-FP-2 Experiment, having a
much larger bypass flow than previous
experiments or the TMI-2 core, provided
excellent confirmation of the inability of flow
blockages to prevent continued zircaloy
oxidation and hydrogen production in a core melt
accident.

As in the TMI-2 accident, considerable
energy and hydrogen were produced during the
reflood in the LP-FP-2 Experiment. Hydrogen
generation upon reflood has been measured in
the SFD-ST test and in the CORA-12 test in



which a temperature excursion as a result of
reflood was also measured. The energy produced
in the LP-FP-2 CFM during reflood caused
melting within the bundle, and the hot effluent
gases caused localized melting and foaming
oxidation of the stainless steel tie plate directly
above the fuel bundle. The narrow axial zone of
stainless steel damage above the fueled region in
LP-FP-2 is comparable to the localized melting
and foaming oxidation in upper end boxes and
the upper core support plate in the TMI-2 reactor.
This evidence suggests that energy produced by
steam oxidation during reflood is deposited
within the fueled region and within a narrow
axial region above the fuel.
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The LP-FP-2 Experiment demonstrates that
fission product deposition can be significant
where temperature and flow conditions permit, as
was the case in the LOFT upper plenum.
However, when residence times are very short, as
in the case of the LPIS line, deposition is
minimal. lodine behaves as Agl in the LP-FP-2
Experiment and confirms theoretical predictions
for the specific conditions (low system pressure
and low fuel burnup) that prevailed in this
experiment. Cesium behaves as CsOH rather
than CsBO; even though H3BO3 was present in
the coolant. The retention of fission products in
melts in the LP-FP-2 Experiment is consistent
with results from the SFD 1-4 test and the TMI-2
accident and confirms that small, but significant,
amounts of I and Cs are retained.
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The LP-FP-2 experiment provided

8. CONCLUSIONS

information on the release, transport, and
deposition of fission products and aerosols
during a V-sequence large-break LOCA accident
scenario that resulted in severe core damage. The
following are the most significant conclusions
derived from posttest analysis:

8.1 Core Damage Progression

All measurements, observations, and
analyses of the LP-FP-2 data indicate
that most of the CFM damage occurred
during the reflood phase of the
experiment.

The highest temperatures in the CFM
(> 3120 K) were reached during reflood
and were caused by rapid metal-water
reaction.

8.2 Distribution of Fuel and
Control Materials

The stratification of material in LP-FP-2
was similar to that observed in TMI-2
and the SFD senies of experiments in
PBF,; i.e., metallic melts, ceramic melts,
and a debris bed were formed.

The presence of spacer grids impeded
material relocation, resulting in the
greatest flow blockages.

Upward material relocation to the upper
end box region occurred during reflood.

Approximately 15% of the fuel and 63%
of the zircaloy cladding and liner were
liquefied

Approximately 70% of the control rod
alloy (Ag-In-Cd) was released to the fuel
bundie.

The large amount of silver detected in
the upper plenum suggests that the
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control rods failed by overpressure and
sprayed silver onto adjacent rods.

8.3 Hydrogen Production

Approximately 205 g of hydrogen were
detected in the BST. and 819 g are
estimated to have been trapped in the
PCS. The total amount of released
hydrogen was ~1024 g, which is
equivalent to an oxidation of 58% of the
CFM. This estimate agrees with that
determined by PIE.

Most of the 1024 g of hydrogen released
during the experiment are believed to
have been released during reflood.

The distribution of hydrogen is similar to
the noble gas distribution; i.e., 20% of
the hydrogen and 18% of the noble gases
were found in the BST; and 80% of the
hydrogen and 82% of the noble gases
were found in the PCS.

8.4 Fission Product Behavior

The primary fission product chemical
species were Agl and CsOH.

The major release of fission products
occurred during reflood.

The BST fission product inventory
accounted for 2% of the krypton; 1.7%
of the xenon: 1% of the iodine; and
0.23% of the cesium detected. The
release fractions to the PCS following
reflood were 9% for xenon and krypton;
13% for iodine; and 16% for cesium.

The primary reason for the small
transient release fractions is probably
due to the initially large grain structure
of the fuel (approximately 14 um) and
the limited fuel temperatures (< 2700 K).
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Conclusions

8.5 SCDAP/RELAPS Code
Comparisons

SCDAP/RELAPS MOD3 is now able to
predict the behavior of the facility during
the reflood phase, although the code still
predicts far oo much cooling during the
core quench. However, the code is
capable of predicting the renewed
heating and melting, changes in
geometry, and dramatic increases in
hydrogen production.

SCDAP/RELAPS MOD3 modeled key
components of the transient phase of the
experiment well.

Although the dryout times and heatup of
the CFM are impacted by the
uncertainties in break flow, the
calculated and observed behavior
appear to be within the experimental
uncertainties of the measurements and
test thermal-hydraulic boundary
conditions. Default values were used for
all damage progression models.Reflood
significantly increased core damage.
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8.6 The Relationship of LP-FP-2
Test Results to Other Severe
Accident Data

The principal damage zones observed
under small-break LOCA  boiloff
conditions in the PBF SFD tests and in
the TMI-2 accident were confirmed
under large-break L.OCA blowdown
conditions,

The LP-FP-2 experimen. provided
excellent confirmation of the inability of
flow blockages to prevent continued
zircaloy oxidation and hydrogen
production in a core melt accident.

Fission product deposition can be
significant where temperature and flow
conditions permit; however, when
residence tmes are very shor,
deposition is minimal. The retention of
fission products in melts is consistent
with results from the SFD 1-4 test and
the TMI-2 accident and confirms that
small, but significant, amounts of iodine
and cesium are retained.
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Appendix A

The LOFT Facility

A-1. Facility Description

The LOFT experimental facility was a 50
MW(t), volumetrically scaled, pressurized water
reactor (PWR) system. The LOFT facility was
designed to study the engineered safety features
(ESF) in commercial PWR systems as to their
response¢ 10 the postulated loss-of-coolant
accident (LOCA). With recognition of the
differences in commercial PWR designs and
irherent distortions in reduced scale systems, the
design objective for the LOFT facility was to
produce the significant thermal-hydraulic
phenomena that would occur in commercial PWR
systems in the same sequence and with
approximately the same time frames and
magnitudes. Experiments conducted in the LOFT

Figure A-1. Scale comparison of LOFT facility

facility provided “integral” system data for
assessment of analytical licensing technigues and
for identification of unexpected thresholds or
events that may occur during a LOUCA. The term
integral implies that the entire system is modeled
and the entire LOCA sequence is camried out as
Opposed to separate effects tests in which specific
phenomena, components or single systems are
studied during a particular phase of the LOCA.

Figure A-1 shows the LOFT facility in
companson with the ZION commercial nuclear
reactor and the Semiscale experimental facility.

The LOFT facility was also intended for
experiments and acquisition of data on
operational transients that may occur in a
commercial or generic reactor. Such transients as
loss of feedwater, loss of primary coolant flow,
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Figure A-2. Axonometric projection of the LOFT system.

and loss of steam load may lead to pressure relief
valve setpoints being exceeded. Relief valves
then actuate and vent primary system coolant.
Improper relief valve operation can lead 1o loss-
of-coolant transients as occurred at Three Mile
Island.

The LOFT Experimental Facility shown in
Figure A-2 is described in detail in Refercnce
A-1. The facility consisted of five major systems:

1. Primary Coolant System.

2. The Reactor System that contained the
1.68-m high nuclear core.

3. Blowdown Suppression System.

4. Emergency Core Cooling System.

5. Secondary Coolant System.
These systems were instrumented extensively 10
measure the system paramelers.

The LOFT Primary Coolant System, shown in
Figure A-2, consisted of an intact loop containing
active components to simulate three unbroken
loops of a four-loop PWR, a reactor vessel
containing a nuclear core, and a broken loop 10
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simulate the single broken loop of a PWR. The
broken loop contained passive steam generator
and pump components (simulators) and did not
have appreciable flow prior to loss-of-coolant
experiment (LOCE) initiation. The pump and
steam generalor simulators contained orifice
plates to simulate the pressure drops of their
counteparts. The broken loop terminated in two
quick-opening blowdown valves which simulate
the pipe break. The break area was sized with
orifice plates located at the break planes.

The reactor system (Figure A-3) contained a
1.68-m nuclear core that was about one-half the
length of typical reactor cores (3.7 m long) in
commercial plants. However, this was the only
compromise made in the nuclear fuel for the
LOFT core. PWR fucl rod assemblies were used
in the geometry shown in Figure A-4. The
triangular comer assemblies were partial square
assemblies and had reactor control rods in the
guide tubes. The center fucl assembly was the
most heavily instrumented assembly with
instiuments placed in the vacant guide tubes as
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well as on the fuel rods. The LOFT fuel
assemblies were complete with upper and lower
end boxes and fuel rod spacer grids al five
elevations. More specific detail of the LOFT core
design is contained in Reference A-1.

The LOFT nuclear core can be considered a
segment of a generic PWR core which is
subjected to the same transient or off-normal
conditions that a generic PWR would undergo in
the event of a LOCA or opera:ional transient.
Thus, the core geometric size, peaking factors,
and power generation lead to primary coolant
system volumes via the criteria of maintaining, as
close as possible, the coolant volume-to-total core
power ratio in order to create the same transient
and off-normal conditions that a generic PWR
core would be subjected to. This view of the
LOFT model was explicit in the early planning
and design.

The Blowdown Suppression System was
designed to simulate the containment back
pressure in large PWR's during LOCA events. It
consisted of a large pressure suppression vessel,
downcomers and a header connected to the
primary system via the quick-opening blowdown
valves (see Figure A-2).

The Emergency Core Cooling System (ECCS)
consisted of the same three systems cu:rently in
commercial PWR's--the high pressure injection
system (HPIS), the accumulators, and the low
pressure injection system (LPIS). The systems
were actuated similar to their generic

counterparts and injected scaled amounts of
emergency core coolant typical of the ECC
delivery behavior in commercial PWR's. The
LOFT ECCS had the capability of injecting ECC
to any of several locations including the intact
loop hot or cold legs, and the reactor vessel
downcomer, lower plenum, or upper plenum. An
identical backup ECCS was also available which
functioned separately from the ECCS used in a
LOCE.

The Secondary System was designed to
remove the heat transferred into the steam
generator to the environment. This system,
however, could not be controlled for full
simulation of secondary system response in large
PWR's.

A-2. LOFT Facility Scaling

The LOFT facility was scaled to generic
PWR's by maintaining ihe systern and
component coolant volume-to-tGial-power ratio
whenever poszible. A Inherent in scaling are
some compromises of geometric similarity.
Scaling compromises must be such as to not
adversely affect the requirements for typicality,
defined in Table A-1, that must exist between the
LLOFT facility and the generic PWR. The LOFT
scale model of the generic PWR that resulted is
summarized in Table A-2, which contains
comparisons of geometric and physical
parameters between LOFT and commercial

Table A-1. Typicality requirements for the LOFT model design.

Item

System volume to core power ratio

Reason

Distribution of energy

Break area to system volume ratio

Depressurization of event
time similarities

Length-to-diameter ratios
(system resistance)

Pressure drop balance

Elevation

Pressure distribution

Surface area to volume ratios

Heat transfer distribution

Core power distribution

Thermal response
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Table A-2. Comparison of LOFT and commercial PWR.
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LOFT TROJAN
ltem V?f‘:;’;" Total (%) | Total (%) V?“T‘:g"
Reactor Vessel
Outlet Plenum 0.95 12.51 15.95 55.47
Core and Bypass 0.31 4.12 7.50 26.0 o
Lower Plenum 0.71 9.32 8.58 29.73
Downcomer and Inlet Annulus 0.69 9.00 5.89 20.42

Subtotal 34.95 37.95
Intact Loop*

Hot Leg Pipe 0.35 4.60 1.94 6.71
Cold Leg Pipe 0.37 4.85 2.08 7.2
Pump Suction Pipe 0.33 4.38 309 10.70
Steam Generator 1.45 18.97 26.40 91.49
Pump 0.20 2.60 1.96 6.80

Subitotal 35.'0 35.47
Broken Loop

-

Cold Leg to Break” 0.16 2.16 1.72 597
Vessel to Steam Generator 0.15 1.98 0.65 2.24
Steam Generator 0.52 6.88 8.80 30.50
Pump 0.05 0.72 0.65 2.27
Additional Volume
Part of Outlet Plenum 0.19 246 N/A N/A
Part of Inlet Plenum 0.22 2.83 N/A N/A
Pressurizer 0.96 12.62 147 50.97
Total 7.63 100.00 100.00 346.60
a. TROJAN values are for three loops combined.
b. Includes pump suction piping.
A-7 NUREG/CR-6160
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Table A-3. Comparison of LOFT core to commercial PWR core.

Item TROJAN

Length (m) 1.68 3.68

Inlet flow area (m*) 0.16 4.96

Coolant volume (m?) 0.295 20.227
Maximum linear heat generation rate (kW/m) 394 394
Coolant temperature rise (K) 322 322

Power (MW) 36.7 35405
Peaking Factor 2.34 1.60
Power/coolant volume (MW/m"*) 124.4 175.0
Core volume/system volume 038 057

Mass flux (Kg/s-m?) 1248.8 3707.3
Core mass flow/system volume (Kg/s—m3) 25.6 51.7

PWR's. The comparison between the scaled
LOFT core and a commercial PWR core is shown
in Table A-3. The physical parameters listed in
Table A-2 and Table A-3 are for nominal
operating conditions in the Westinghouse four-
loop ZION PWR and in the LOFT model prior io
the LOCE designated L2-3.

A-3. Instrumentation

The LOFT facility was augmented with an
extensive “experimental” measurements
sysiem™! in addition to i normal PWR
instrument systems for reactor operation and
control. The following parameters were measured
with the experimental instrumentation:
iemperature, pressure, differential pressures,
density, coolant velocily, coolant momentum
flux, liquid levels, pump speed, and neutron {lux.

State measurements of the coolant in the
primary system provided the capability of
following the redistribution of mass and energy in

NUREG/CR-6160
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the primary coolant system following the
initiation of a transient. Extensive thermal
measurements in the nuclear core provided
detailed information on the thermal response of
the fuel cladding and fuel centerline
temperatures. Nuclear measurements in the core
assisted in determining the initial or steady state
energy distribution. The philosophy followed on
measurement locations in the nuclear core, as
shown in Figure A<, was 10 instrument one-half
of the core on a circularly symmetric basis with
emphasis on the center fuel assembly. The intent
was 10 permit determination of the thermal and
mechanical effects of instrumentation on the fuel
rods during post-irradiation analysis. Utilizing
circular symmetry simplified the core structure
by permitting identical fuel assemblies 10 be used
in fucl assemblies 2, 4, 6, in assemblies 1 and 3,
and in assemblies 7 and 9.

Experimental measurements were also located
on the ECC systems, the secondary coolant
sysiem, the pressure suppression sysiem, and on
components such as pumps, valves, and control



rod drive mechanisms for mechanical operation
measurements during a transient.

Temperatures were measured in LOFT using
three types of thermocouples: Type K - chromel
versus alumel; Type S - platinum versus platinum
10% rhodium; Type T - copper versus constantan.
There were two groups of mechanical design of
the thermocouples: the grounded spade junction
and the grounded weld junction. The spade
junctions were used as metal surface temperature
measuring devices and the grounded weld
junctions thermocouples were primarily used as
coolant temperature measuring devices.

Pressure measurements were made by two
types of transducers: free field and standoff
absolute. The free field transducers were used for
the subcooled portion of the blowdown. This type
of transducer is characterized with very fast
response time but is also sensitive to temperature
changes. The standoff transducers were used for
pressure measurements during the two-phase pan
of the transient, since they are iess temperature
sensitive, but slower in response.

Differential pressure was measured using
transducers similar to the standoff absolute
pressure transducers with the diaphragm
separating the high and low pressure fields.

Coolant density was measured in the hot and
cold legs of the primary system using three beam
gamma densitometers. A 22Ci %°Co, source was
used. The source was collimated into three beams
as indicated in Figure A-5. Nal scintillation ceils
with photomultiplier tubes were used as
detectors. There was also a fourth detector used 1o
measure the background radiation thereby
allowing it to be subtracted from the actual
measurement. The density measurcment with the
three beams allowed recognition of flow regimes
in the piping and could be used to infer liquid
level measurements.,

Coolant velocity, momentum flux and flow
direction were measured using drag disk-turbine
(DDT) assemblies. Such assemblies located in the
hot and cold legs of the primary coolant piping
consisted of three drag disk and turbine groups
and a thermocouple as shown in Figure A-6. The
drag disk device consisted of cylindrical drag
body and a linear variable differential transformer

Appendix A

to detect motion. The drag disk measured coolant
momentum flux and indicated flow direction. The
turbine was a six bladed turbine with graphite
bearings and eddy current coil to pick up blade
movement. Additional drag disk turbine
assemblies were installed at the inlet and outlet of
the core. The DDT turbine was calibrated to
measure velocity in either direction.

Liquid level in the 1ieactor vessel was
measured at several locations using electrical
conductivity probes consisting of several
electrodes at various intervals in a tube. The tube
was perforated at each electrode to provide good
communication between the electrode and
surrounding fluid. The absence of liquid was
determined by measuring the electrical
conductivity of the surrounding fluid.

The primary coolant pump speed was
monitored with a transducer consisting of an eddy
current pickup coil mounted in the pump bearing
cavity on the elevation of a tachometer plate
mounted to the shaft with radial slots. The direct
current readout was converted to revolutions per
minute.

Displacement transducers were used in LOFT
to measure the dynamic vertical motion and
thermal displacement of the central fuel assembly
in the core. The device used a linear variable
differential transformer with two coils and a
floating core attached to the upper core support
structure sleeve. The transducer core was
attached to the upper core support structure.

The neutron flux was measured with two types
of transducers: scanning and fixed location
detectors. The scanning detector, a traversing
incore probe, provided graphs of the axial flux
distribution at four different locations in the core.
The fixed detectors used ®°Co neutron flux
detectors for fast responsc. These detectors are
called self-powered gamma detectors, because
they use the current gencrated by decay of cobalt
to indicate power level.

A-4. OECD LOFT Experimental
Configuration

For each experiment, the facility was
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Figure A-6. Drag and Disk-Turbine (DDT) assembly.
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configured according to the experiment
objectives. The following indicates system
changes that were made for individual
experiments. A standard LOFT large-break
LOCA and anticipated transients configuration is
assumed. Also, special instrumentation used in
fission product Experiments LP-FP-1 and
LP-FP-2 is presented.

A-4.1 Experiment LP-FW-1:

Standard LOFT configuration, as shown in
Figure A-2.

A-4.2 Experiment LP-SB-1:

The configuration of the LOFT primary
system {or Experiment LP-SB-1 is shown in
Figure A-7. The break location was in the hot leg
of the intact loop between the steam generator

Appendix A

the break piping connecting the midplane of the
intact loop hot leg to the blowdown suppression
tank. The break piping and the relative location of
the instrumentation in the line are shown in
Figure A-8.

A-4.3 Experiment LP-SB-2:
Same as Experiment LP-SB-1.
A-4.4 Experiment LP-SB-3:

The configuration of the LOFT Facility for
Experiment LP-SB-3 is shown in Figure A-9. The
break location was in the cold leg of the intact
loop between the primary coolant pumps and the
reactor vessel. The break nozzle was in a pipe that
conc.ected the intact loop cold leg to the
blowdown suppression tank. Figure A-10 shows
the configuration of the break piping and the

and the reactor vessel. The break nozzle was in relative  location of the  experiment
experimenial
measuiemani
stavion
densiomeier
- ECC cold lag
ngechion localon
.‘g...“,g
I
i\
t
U
INELALPSE AP 38T 1500 Asacior vessel

Figure A-7. LOFT system configuration for Experiments LP-SB-1 and LP-SB-2.
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instrumentation.
A-4.5 Experiment LP-02-6:

Standard LOFT configuration, Figure A-2. A
new center fuel module was provided with
prepressurized fuel pins.

389 cm
: (1.53 in)
061 cmR i
(024 in. 1.27 em
(0.50 in.)
4.78 cm
(1.88 in.) s?
Break nozzie Insert ~
Detall "A’ :

A-4.6 Experiment LP-LB-1:

Standard LOFT configuradon, Figure A-2.
Center fuel module with unpressurized pins.

A-4.7 Experiment LP-FP-1:

Standard LOFT configuration, Figure A-2
For this experiment a special center fuel meJule

From PC-2, intact loop
hot leg

Gamma densilometer spool plece
DE-PC-S04A, B
DE-PC-SO4ABD, BBD

Cv-P139-57

Cv-P139:58

To BST

Break nozzie
(see Detail ‘A")

1.25 in. dia.

S

3 in. dia.

INELLP-SO VLP-§B.2 12502

Figure A-8. Experimental spool piece configuration for hot leg break piping.
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Figure A-9. LOFT configuration for small break experiment LP-SB-3.
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Figure A-10. Break piping configuration.
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was manufactured with a zircaloy shroud. This
fuel moaule included 24 fuel rods enriched to 6
weight% 2351 (regular fuel enrichment in LOFT
was 4-weight% —°U). Figure A-11 shows a
cross-section of the center fuel module and
indicates the instrumentation in the module.
Twenty-two of these were prepressurized at cold
conditions to 2.41 MPa.

A special fission product measurement system
(FPMS) was designed for this experiment. The
FPMS consisted of three basic systems: the steam
sample system, which was operated during the
transient phase of the experiment; the gamma
detection system, which was operated during the
12 hour post-transient phase, and the deposition
coupons, which collected samples during both
phases. Figure A-12 shows the FPMS
schematically.

The steam sample system had four sampling
locations:

e S1 - in upper plenum about 7 cm above
the center fuel module upper tie plate
and directly below the upper plenum
ECC injection port.

« S2 - in the center fuel module, 171 cm
above the top of the lower tie plate.

BLCL ABCDEFGHI JEKELMNO BLHL
-, |

oS3 - two samples drawn from center fuel
module 115 cm above the lower tie plate.

e S4 - broken loop hot leg upstream of the
steam generator simulator,

The sample lines were routed from the sample
points 1o the instrumentation and processing
eqiipment mounted on a movable skid. The lines
were heat traced and kept to a minimum length to
maximize the fission product transport 1o the
instrumentation. The instrumentation on the skid
included gross gamma detectors, flow meters,
iodine species samplers, steam condensers, liquid
traps and  temperature  and  pressure
measurements.

The deposition coupons were located in the
reactor vessel upper plenum on three elevations:
15. 61, and 165 cm above the upper tie plate. On
each elevation were two coupons and both were
exposed to the reactor environment during the
heatup phase. One coupon at each elevation was
isolated and sealed prior to initiation of reflood.
while the second coupon remained exposed.

Three gamma spectrometers were used in the
experiment to provide a real time quantitative
measurement of the radio isotopes present in the
LOFT system during the 12 hour post-transient

1 e Enriched test rods (8%)
2 - s3
——
G 1]
s TTeT = s
< il [ot=Tein1 |
1B cla| v el |6 IR by Unpressurized, removable rod
3 olt| | el ¥ Standerd enriched LOFT
7 e A5 """ tuel rod. unpressurized (4%)
52 G ¢l G G Flow shroud (Zr)
] e s Cledding thermocouples
10 @,¢ MY Centarline thermocouple in rod
" LI, . - P iteh In rod
12 T3 - T ressure switch in ro
13 e G G G Guide tubs
14
WML 16 | iLCL P51 0L Y

Figure A-11. Central fuel assembly instrumcntation locations.
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S5 Sieam sampie
FPMS LPFP 8
Figure A-12. Fission product sampling locations.
sampling period. The sample points are shown in Important changes were made to the LOFT
Figure A-12. facility in order to conduct the LP-FP-2
) Experiment. These changes included removal of
A-4.8 Experiment LP-FP-2: the broken loop cold leg piping and the simulated
g ; i steam generator, removal of the blowdown valves
The configuration of the LOFT facility for and the blowdown header, installation of a
Experiment LP-FP-2 is shown in Figure A-13. simulated LPIS line at the broken loop hot leg, a
-u::n MA-

Figure A-13. LP-FP-2 LOFT system configuration.
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special center fuel module and addition of the
fission product measurement system (FPMS).

The simulated LPIS line (shown in Figure
A-14) was scaled to represent correctly a LPIS
line of a commerzial power plant. The required
scaling parameters included the break path flow
area and LPIS line length. Break area scaling
provided representative thermal-hydraulics, and
specifically, similar coolant velocities for
transport of fission products and aerosols. LPIS
pipe length scaling was necessary 10 provide
similar residence times for transport and retention
phenomena in the LPIS piping. The scaling
rationale is described in Appendix A of the
EASR A

Design of the center fuel module for
Experiment LP-FP-2 is shown in Figure A-15.
The outer two rows of fuel rods in the standard 15

by 15 array were replaced with a shroud that
provided thermal insulation aad hydraulic
separation of the remaining 11 by 11 array of fuel
rods from the peripheral modules. The shroud
consisted of zircaloy walls with zirconium oxide
ceramic intenal insulation. The fuel rods within
the CFM were enriched to 9.74 weight% 235U.
The purpose of increasing the enrichment was 10
provide at least three minuies of cladding
temperatures above 2100 K before the periphcral
fuel rods reach the damage limit of 1462 K.

The fission product measurement systein,
illustrated in Figure A-16, consisted of three basic
subsystems: (a) four gamma spectrometer
systems and one gross gamma detector, (b) a
deposition sampling system, and (¢) filter sampie
systems.

The four on-line gamma spectrometers and the

Steam temperalure TE-BLHO0S
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Veniwni
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. |
~
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spoal b o sama/

g | fank *

wall temperature TE-BLH-004

D, (Beposiwon sampis) spo0!
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Figure A-14. LOFT simulated LPIS line.
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Figure A-15. LOFT center fuel module design.

G6 gross gamma monitor were located at five
different sample locations: (a) G1 sampled from
the reactor vessel lower plenum or, altematively,
from the intact loop hot leg; (b) G2 sampled from
the blowdown suppression tank vapor spaces
during the post-transient, and from the combined
F1+F2 sample lines during the transient phase of

Acrosol mm\

Mautan B scen bt (W)
Conieol rod 0 guide-tubs

the experiment; (c) G3 sampled from the
blowdown suppression tank liquid space; (d) G5
sampled from the simulated LPIS line during the
transient and post-transient; and (e) G6 sampled
the Fl line ai the top of the reactor vessel. The G4
detector was used during Experiment LP-FP-1
and was not used in this experiment. Each gamma

Gamma
spectromets:

Upper plenum 2
O o
HEHE N = DR,
o D" generator
F
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Gross
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Figure A-16. LOFT LP-FP-2 FPMS instrumentation.
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spectrometer was designed to operate remotely
and could be calibrated using a =~ source
mounted on a collimator wheel. With the
exception of G5 and G6, this system operated
only during the post-transient phase.

The deposition sampling system consisted of
six stainless steel coupons and two deposition
spool pieces. Two coupons were located at each
of three elevations above the central fuel module
(for a total of six coupons, collectively designated
D1). At each elevation, both coupons were
exposed to the fluid stream during the transient.
One coupon at each elevation was to be isolated
from the PCS prior to initiation of reflood whiie
the other coupon remained exposed to the fluid.
However, the protective cover did not seal around
the lowest level coupon and contact with reflood
water occurred. The other coupons functioned as
planned. The two deposition spool pieces, located
instrumentation line header, were designated D2
and D3 respectively. These spool picces were
designed to provide a measurement of the
primary coolant system surface deposition of
vi atile fission products durin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>