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ABSTRACT

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 Engineering Laborato ry. The overall technical
objective of the test was to contribute to the understanding of feel rod behavior, hydrogen
generation, and fission product release, transport, and depo sition 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 reactoc The
simulated transient was a V-sequence loss-of-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/RELAP5 computer code, are pn:sented.
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EXECUTIVE SUMMARY

Experiment LP-FP-2 was the second fission The purpose of the fuel pmconditioning ..

product (FP) release and transport test performed phase was to subject the CFM fuel rods
in the Loss-of-Fluid Test (LOFT) facility. This to a minimum bumup, generate the long-
experiment was initiated on July 9,1985, and lived fission product inventory, and
was the eighth and final experiment performed establish sufficient decay heat to ensure
under the sponsorship of the Organization for that there would be enough energy to
Economic Cooperation and Development heat the CFM above 1400K following
(OECD). Experiment LP-FP-2 provided reflood.
Information on the release, transport, and
deposition of fission products and aerosols The pretransient phase finished the.

during a V-sequence accident scenario that planned irradiation, generated the short-

resulted m, severe core damage. The specific V- lived fission product inventory, and
f

sequence loss-of-coolant accident (LOCA) established the initial thennal-hydraulic'

scenario was a simulated pipe break in the low boundary conditions for the experiment.

pressum injection system (LPIS)line, attached to The transient phase of the experiment.

the hot leg of the LOFT broken loop piping, started with reactor scram and ended
The intact loop cold leg (ILCL) break line served with closure of the LPIS line 1778 s I

as the primary blowdown pathway prior to later. The transient was terminated when j
fission product release During fission product the extemal temperature on the CFM

,

s
"

release, only the LPIS line was open; therefore, shmud reached 1517 K, at which time
fission products released from the center fuel reflood of the reactor was initiated.
module (CFM) were transponed and deposited in
the reactor vessel (RV) upper plenum, the LPIS The posttransient phase of the experi-.

line, and the blowdown suppression tank (BST). ment began with closure of the LPIS line

and included reflood (> 1783 s). The

Experiment Overview Posttransient phase continued for 44
days, during which time the concentra-

3

tion of fission products in the BST and 1The LP-FP-2 core consisted of four square primary coolant system (PCS) were
(15 by 15 design) and four triangular-shaped

. measured. i
peripheral fuel modules, and a centrally located
fuel module. The CFM consisted of 11 control The actual pretransient irradiation history pro-
rods,100 prepressurized (2.41 MPa) fuel rods duced a total bumup for the CFM, of 448 * 25
enriched to 9.744 weight % 2nU, and 10 mwd /tU, a cesium-to-iodine (Cs/I) ratio of 4.2,
instrumented guide tubes. The CFM was and total core decay heat of 684.5 kW at 200 sec-
separated from the peripheral fuel assemblies by onds into the transient.
a 0.025-m-thick, zircaloy clad, zirconium-oxide
insulated therraal shroud. The center bundle One of the principal objectives of
design enabled the CFM fuel rods to heat up to Experiment LP-FP-2 was to provide on-line and
temperatures above 2100 K while maintaining Postexperiment data concerning airbome and
the peripheral bundle fuel rods below 1390 K. deposited fission products and aerosol

concentrations. These measurements were
The LP-FP-2 Experiment consisted of four obtained from several instruments that

distinct phases: (a) fuel preconditioning, (b) encompassed the fission product measurement
pretransient, (c) transient, and (d) posttransient system. The fission product measurement system
(or postreflood). (FPMS) consisted of three basic subsystems: (a)

four gamma spectrometers and one gross gamma

xi NUREG/CR-6160
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detector (b) a deposition sampling system; and control rods (defining t = 0.0). The primary
(c) steam / aerosol samplinglines, coolant pumps (PCPs) were then turned off at i

'

~10 seconds. After the PCS flow had decreased
The four on-line gamma spectromete's (G1, to 190 kg/s (22 seconds), the CFM control rods

G2, G3, and G5) and the gross gamma detector were unlocked and allowed to fall into the CFM.
(G6) were strategically located at five different At 24 seconds, the control rods were fully
sampling locations. Each of the gamma inserted into the core. The ILCL break line was

Idetectors was designed to be operated remotely opened at 33 seconds, and the LPIS line was
238and could be calibrated using a Th source opened at 222 seconds. The core started heating

mounted on a collimator wheel. up at 662 seconds, when the liquid level
decreased in the peripheral bundles. The CFM

The deposition sampling system consisted of began heating up at 689 seconds. The ILCL
six stainless steel coupons in the upper plenum, break was closed at 736 seconds, however, it was

located in pairs at three separate elevations, and reopened at 878 seconds, to accelerate the PCS
two deposition spool pieces in the LPIS line. At depressurization rate.
each of the three elevations, both coupons were
exposed to the fluid stream flow during the Besides reopening the ILCL break, the
preconditioning and transient phases of the power-operated relief valve (PORV) was opened

experiment. Before reflood, one coupon at each at 882 seconds. After system pressure dropped
elevation was to be isolated from the primary below 1.38 MPa, the ILCL and PORV lines were

coolant system (PCS), to protect it from closed, at 1022 and 1162 seconds, respectively.

posttransient deposition or removal of fission Fission products were first detected in the F1 and

products. The two deposition spools, located F2 lines at about 1200 seconds. Metal-water
near the inlet and outlet of the LPIS line, were reaction began at about 1450 seconds, and
designed to provide a measurement of the PCS control rod rupture occurred at ~1500 seconds.

deposition of fission products during the The hottest measured cladding temperature
preconditioning and transient phases of the reached 2100 K by 1504 seconds. The transient

experiment. Since the LPIS line was isolated continued until the outer shroud wall tempemture

before reflood, these spool pieces were protected limitation of 1517 K was reached at 1766
from reflood water. seconds. At this time, the transicnt was

terminated by closing the LPIS line break and
The remaining instrumentation in the FPMS initiating emergency core cooling system

consisted of two aerosol / steam sampling lines (ECCS) injection (reflood).
and an aerosol filter on the LPIS outlet, upstream
of the BST. The aerosol / steam sampling Liquid water entered the core at about 1790
instrumentation was designed to provide a seconds, and the peripheral fuel modules
continuous sampling of vapor and aerosols quenched soon afterward. However, the CFM did

during the transient phase of the experiment. The not quench quickly. In fact, evidence indicates
F1 sample line, situated 180 cm above the lower that a ragiid temperature excursion occurred
tie plate and directly above the CFM, and the F2 within the CFM during reflood, caused by
sample line, siturated outside the upper plenum, enhanced metal-water reactions. The plant was

joined before the BST to form a single line maintained in a quiescent state for 14 days while

(designated F1+F2), which passed the G2 data were taken, using the on-line FPMS and

gamma spectrometer. The LPIS filter, designated thermal-hydraulic measurement systems. Also,
F3, collected aerosol material (~0.4 pm or several grab samples (both liquid and vapor)
larger) at the end of the LPIS and immediately were taken from the BST and PCS. During the

upstream of the BST. early part of the posttransient period, the PORV
was cycled twice to prevent PCS

The LP-FP-2 transient was initiated by overpressurization, and a feed-and-bleed
scramming the reactor with the peripheral operation on the steam generator was initiated.
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Significant Thermal-Hydraulic Measurements of deposition on coupons

and Fission Product Results placed in the upper plenum and protected from |
washing during reflood showed that much larger i

Thennoccuple responses in the CFM and at quantities of silver (Ag) and I were present than
Cs. Based on these observations- andthe upper tie plate indicate that the highest

temperatures were reached during reflood and thermodynamic calculations oa the stability ofI

that temperatures in the region of ceramic species under the LP-FP-2 conditions, it is

blockage in tN bundle remained hot for several Postulated that the primary chemical form of I

hundred seconds following reflood. Additionally, being transported from the CFM was AgI.

posttest measurements and analyses of the Thermodynamic calculations show that AgI is

locations of noble gases, volatile fission favored at temperatures below 1800 K when

products, and hydrogen suggests that there is a large excess of Ag in the vapor state

approximt.tely 70% of noble gases and volatile relative to I (Hahn and Ache 1984). These
fission products released during the experiment conditions were met in the LP-FP-2 Experiment

were released during reflood and 80% of the because of the dispersion of Ag due to the burst

hydrogen generated during the experiment was failure mode of the silver-indium-cadnu,um (Ag-

produced during teflood. In-Cd) control rods at the low system pressure m
this experiment.

The stainless steel upper tie plate at the top
of the CFM sustained severe damage due to Although research has shown that H B033

melting and foaming oxidation. The damage to can react with CsOH to produce CsB0 , the2

the upper tie plate indicates that much of the deposition pattem of Cs in the upper plenum is

energy produced during reflood was deposited in more compatible with calculations of the j

a narrow axial zone at the top of the fueled chemisorption of CsOH than for condensation of |
CsB0 . In addition, boron (B) was not detected

iregion. 2
on the protected coupons that contained Cs.

'

Of the highly volatile fission products iodine |
(I) and cesium (Cs), 3.0% and 0.80%. The oxidic fission products cerium (Ce) and

respectively, of the bundle inventories were strontium (Sr) were strongly retained (57% and

mieased during the transient; and approximately 88%, respectively) in samples of ceramic melts.

60% of these releases were deposited on the The volatile fission products I and Cs were

upper plenum surfaces. Of the lower-volatility retained at about 15% of inventory in these
fission products barium (Ba) and tellurium (Te), samples. The medium volatility metal antimony

0.84% and 0.54%, respectively, of the bundle (Sb) was retained at about 24%, and the
inventories were released; 93% of the Ba and relatively low volatility metal ruthenium (Ru)

76% of the Te were deposited on upper plenum was retained only to about 10%. There is
surfaces. During the transport of these fission evidence of the accumulation of Sb in metallic

meks.products to the collection tank, the fractions
deposited in the long, small-diameter, simulated
LPIS line (the fission product release pathway in Summary of Severe Core
a V-sequence) leading to the tank were, for I, Damage Results
0.10; for Cs,0.27; for Ba,0.10; and for Te,0.20.
Measurements of aerosol size and composition The LP-FP-2 Experiment simulated the early
indicated that these fission products were stages of a V-sequence (an interfacing systems
transported through this pipe on aerosols LOCA) and was initiated by mactor scram and a
(approximately 0.3-pm in diameter) composed PCS blowdown that reduced the system pressure
mainly of tin (Sn) from the zircaloy cladding. to 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 Above the ceramic blockage is a region in

of coolant remaining in the lower head beneath which rod-like geometry is present. The
the core. The heatup in the central bundle caused cladding of the fuel rods has ballooned and has

melting of core compoxnM and relocation and been fully oxidized. Melts, mainly ceramic, fill

freezing of melts into partir.1 flow blockages in the space j etween the fuel and the ballooned

the core. (This scenario was carefully avoided cladding an I also, to some degree, are present in

in the remainder of the core by preferential flow channels. Some fuel fragments have been

enrichment of the test bundle fuel, causing the lost through openings in the ballooned cladding.
The (U,Zr)O ceramic melts generally originatedCFM to nm at a higher power rating and hence at 2

a higher decay heat rate than the peripheral fuel.) locally from the dissolution of UO by molten2

zircaloy. However, some of this melt containing
dissolved UO may have relocated downward,The lower blockage in the LP FP-2 test is 2

made up primarily of molten metals that and some may have relocated to this region from

relocated downward and froze at the location of above. Steam access to this region converted the

the lower spacer grid. The metals are zirconium metallic melts to ceramics. Restraint from
(Zr), from control rod guide tubes and fuel rod oxidized cladding shells and ceramic melts
cladding; iron (Fe), nickel (Ni), and chromium within the ballooned rods and in the flow
(Cr), fmm control rod cladding and spacer grids; channels between rods was apparently adequate

and Ag,In, and Cd from the control rod alloy. to prevent large-scale fragmentation of the fuel
The Ag In, and Cd were sometimes found stacks in this region upon reflood.

alloyed with Zr and other times were found in
ingots having a composition essentially At the top of the LP-FP 2 center fuel bundle

unchanged from the as-fabricated control rod is a rubble bed of fuel fragments containing no

alloy. In addition to metals in the lower blockage, cladding remnants and only small amounts of
some fuel fragments were also present. The previously molten materials, mainly ceramic.
lower blockage caused a 78% reduction in the as- The absence of cladding remnants suggests that

fabricated flow area. zircaloy melted and relocated downward in the
bundle. Without restraint from cladding and ;

An upper blockage occurred at the location surface tension from wetting of melts, fuel
of the second spacer grid, causing a 63% fragments were free to crumble from pellet
reduction in flow area. This blockage consisted stacks to form a rubble bed, especially upon
of metallic alloys and a small amount of reflood,

previously molten ceramic debris at the lowest
elevation, with increasing ceramic content Both blockages occurred at spacer grids in

(becoming the dominant phase) at higher the LP-FP-2 CFM. The spacer grids apparently

elevations within the blockage. The metallic provide an impediment to the flow of melt and
alloys were the same as those found in the lower additional surface area for heat transfer, thereby

blockage at the first spacer grid. The ceramic enhancing the probability of melt solidification

debris is primarily (U,Zr)O , which resulted and debris accumulation in regions where the
2

from the dissolution of UO in molten zircaloy, temperature is below the freezing temperature of
2

steam oxidation of this metallic-ceramic melt, the debris.

and melting of UO and ZrO -2 2

.
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ACRONYMS

BST Blowdown SuppresionTank
CFM Center Fuel Module
ECCS Emergency Core Cooling Systems

FPMS Fission Product Measurement System
HPIS High Pressure Injection System

.
ILCL Intact Loop Cold Leg

' INEL Idaho National Engineering Laboratory
. LOCA Loss Of Coolant Accident ,

LOFT Loss of Fluid Test
LPIS Low Pressure Injection System
OECD Organization for Economic Cooperation and Development
PBF Power Burst Facility
PCS Primary Coolant System -
PCP Primary Coolant Pump
PIE PostIsradiation Examination
PORV Power Operated Relief Valve
SFD Severe Fuel Damage Experiments
SEM Scanning Electron Microscope
TAN Test Area North
TMI-2 Three Mile Island Facility, Unit 2.
WDS Wavelength Dispersive X-ray Spectroscopy
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Summary of important Results.
and SCDAP/RELAPS Analysis i

for OECD LOFT Experiment LP-FP-2

1. INTRODUCTION

This report summarizes significant technical participating in the Project were Austria - !
findings from the LP-FP-2 Experiment Finland, Federal Republic of Germany, Italy,
sponsored by the Organization of Economic Japan, Sweden. Switzerland, the United
Cooperation and Development (OECD). It was Kingdom, and the United States [U.S.

.

the second, and final, fission product experiment Department of Energy (DOE), NRC, and the
conducted in the Loss-of-Fluid Test (LOFT) Electric Power Research Institute (EPRI)]. The ~
facility at the Idaho National Engineering experimental program of the OECD LOFT
Laboratory (INEL). Project, conducted from February 1983 to July

1985 at the INEL, compnsed eight experiments:
1.1 Background six thermal-hydraulic expenments (three small--

break LOCA, two large-break LOCAs, and one
The LOFT facility at the INEL simulated a loss-of-feedwater experiment); and two fission

typical commercial 4-loop pressurized water product experiments. The detailed results from
reactor (PWR) core, primary coolant system these experiments provided valuable new
(PCS), and emergency core cooling system evidence on thermal-hydraulic issues and an
(ECCS). Details of the f&cility are provided in important national data base for computer code
Appendix A. The original purpoce of LOFT was verification. Following the completion of the
to identify the physical phenomena and the OECD LOFT Project, the LOFT facility was
course of events of a large-break loss-of-coolant decommissioned.
accident (LOCA) in a nuclear plant not provided
with designed safety systems and with no 1.2 Experiment LP-FP-2
operational mitigation of the consequences.
However, as a direct consequence of the small- OECD LOFT Experiment LP-FP-2 was the
break LOCA that occurred at the Three Mile second fission product release and transport test
Island Unit 2 (TMI-2) nuclear power plant in performed in LOFT and was initiated on July 9,
1979, the mission for LOFT was changed to the 1985. Experiment LP-FP-2 provided information i

,

investigation of small break LOCAs with on the release, transport, and d.eposition of j
operational safety systems and operator fission products and aerosols during a V- i

intervention to minimize the consequences. The sequence accident scenario that resulted in
t.xperimental program, sponsored by the U.S. severe core damage. The specific V-sequence
Nuclear Regulatory Commission (NRC) and LOCA scenario was a simulated pipe break in
conducted from 1976 to 1982, included a number the Low Pressure Injection System (LPIS) line,
oflarge- and small-break LOCAs and anticipated attached to the hot leg of the LOFT broken loop
transients and contributed significantly to the piping. Experiment LP-FP-2 is a major data
existing data base for these types of accidents. source for fission product release and transport

i

from failed fuel and severe core damage .l
The OECD LOFT Project was sponsored by phenomena in a large fuel bundle,

an intemational consortium, which collaborated
on a program to use the LOFT facility for a The experimental results, fission product
program of safety experiments ofinterest to the data, postirradiation examination (PIE), and code l
international community. The OECD countries verification efforts for the LP-FP-2 Experiment !

1 NUREG/CR-6160
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| Introduction

have been documented in great detail in a LP-FP-2 system configuration and test conduct are 1

number of reports and papers. This report presented. This is followed by highlights of the
summarizes the most significant results and measured data and PIE and SCDAP/RELAP5 code
conclusions contained in these documents, which verification and experiment analysis. Finally,
are listed bibliographically at the end of the significant results are interpreted and related to other

|
report. First, brief descriptions of the LOFT severe core damage progression events and

conclecina: ::: presented.

|

|

,

.

!

|
|

i

!

|
[

!

!
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2. SYSTEM DESCRIPTION

The LOFT facility and the LOFT LP-FP-2 2.2 Fuel Bundle and Test Train
Experiment test train, fuel bundle, and fission Design
product monitoring devices are described briefly ~

;
in the following sections. A more detailed de-

The nuclear core of the LOFT. PWR
scription of the LOFT facility and nominal de-

contained nine fuel assemblies identical to
sign characteristics of Experiment LP-FP-2 are commercial fuel assemblies except that the fuel
provided in Appendices A (Fell and Modto rods were half length. The fuel rods used in these
1990) and B (Carboneau et al.1989). assemblies were 10.7 mm in diameter and |

contained 4.05 wt% enriched UO fuel. Four of - |2

2.1 Facility Description the peripheral or outer assemblies were typical 15
by 15 PWR fuel assemblies, while the four comer
assemblies were truncated to triangular shape

The LOFT test facility was designed to (see Appendix A).
represent the major components and system
response of a commercial PWR. The facility was . As noted above, a specially designed CFM,
large-scale (1/50th volume of a full-sized PWR),- shown in Figure 2, was installed in place of the
with a reduced-length core (1.67 m) prototypical _ central fuel bundle for Experiment LP-FP-2. This

of full-size PWR bundles. The experimental module (an 11 by 11 fuel assembly) consisted of ;

- system consisted of five major subsystems, which 11 control rods,100 prepressurized {2.41 MPa)
were instrumented so that variations in the system fuel rods enriched to 9.744 wt% 3 U, and 10 l

could be measured and recorded during the instrumented guide tubes. The fuel rods were

course of a simulated LOCA. These subsystems separated from the outer fuel assemblies by a
. 0.025-m thick, zircaloy-clad, zirconium-oxide
meluded: (a) the reactor vessel, (b) the intact loop

nsulated thennal shroud, that replaced the outer(representing three loops of a Westinghouse 4-
two rows of fuel mds in a typical fuel assembly.

loop PWR), (c) the broken loop (representing the The center bundle design enabled the CFM fuel
founh loop) and blowdown suppression system rods to heat up to temperatures above 2100K,
(BST), used to collect effluent from the PCS, (c) while maintaining the peripheral bundle fuel rods
and the ECCS. To simulate the thermal-hydraulic below 1390K, thus restricting core damage to
phenomena as accurately as possible, volume within the CFM. It also assured that fission

~

,

scaling (1/50 scale) was used to best duplicate in pmducts released during the experiment flowed j
real time the flow regimes for the saturated only into the upper plenum of the test facility and
blowdown and refill /reflood that occur during a facilitated removal of the damaged core from the
large-break LOCA. reactor vessel, decontamination, and recovery of

fuel.

Important changes were made to the LOFT
The nuclear core was insened into a reactorfacility m order to conduct the LP-FP-2

Experiment. These changes included removal of vessel that contained an annular downcomer, a
lower plenum, lower core suppon plates, and an

the broken loop cold leg piping and the simulated
upperplenum (see Appendix A).The downcomer

steam generator, removal of the blowdown valves
was connected to the cold legs of the intact and

and header, installation of a simulated LPIS line
broken loops, and the upper plenum was

at the broken loop hotleg, installation of a special connected to the hot legs. For the LP-FP-2
central fuel module (CFM), and addition of the Experiment, the broken loop was a. passive
fission product measurement system (FPMS). system that simulated a pipe break. The ECCS in
The configuration of the LOFT facility for the experiment, arranged as in a power plant,
Fxperiment LP-FP-2 is shown in Figure 1. consisted of a high-pressure injection system

3 NUREG/CR-6160
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i LP-FP 2 Center Fuel Sundle

|A |B|C|D|E|F|G|H|1 | J | K | L | M | N | O|
! !

: Zircaloy Zirconium oxide ceramic

;

: .T
| T /
| 1 0 0 00 0 0 0 0 0 0@

0 0 0 0 0 @ O 0 0 0 0i <

: T 0 00 0 0 0 0 00 0 0
; I 9 0 0 0 0 0 0 0 0 00
i 1 0 0 0 0 0 0 0 0 0 0 0

00 0 0 0 0 0 0 0004 '

-
. 0 0 0 0 0 0 0 0 0 0 0i *

1 9 0 0 0 0 0 0 0 0 0C
-

| 0 0 0 0 0 0 0 00 0 0
0 0 0 0 0 0 0 0 0 0 0! '= g
0 0 00 0 0 060 03; '=

| 1 h AtL.L
J 15

} Guide tube

j Fuel pin

Neutron flux scan tube (tip)

control rod in guide-tube 7.esr4
,

i
;

4

! Figure 2. LOFT center fuel module design.
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System Description

(HPIS), accumulator system, and an LPIS. The high-quality thennal-hydraulic instrumentation

simulated LPIS pipe was connected to the end of consisted of:

the broken loop hot leg and pmvided a path for Thennocouples surface-mounted on 79*

fission products to enter the BST. The fuel rods at either two, three, or four ele-
characteristics of the LPIS could be vaded during vations
the experiment to attain desired conditions. No Thennocouples mounted on guide tubes,*

attempt was made to scale the ECCS operation upper and lower tie plates, and structural
for this experiment to represent commercial PWR components
operations; full accumulators with sufficient Self-powered neutron detectors, which*

volume to bring the primary coolant system to a also pmvided a valuable indication of
fully recovered state, were directed to the local core voidage
downcomer and lower plenum as well as the cold Conductivity probes to detect liquid*

leg. This ECC injection, caused the system to ievel
reflood significantly faster than would b Pressure and differential pressure trans-+

possible in a commercial PWR. ducers

Gamma densitometers, coolant flow |
* '

2.3 Instrumentation transducers, momentum flux transduc-
ers, and flow rate transducers.

Instmmentation used in the OECD LOFT The FPMS was designed and fabricated for

Facility had been developed over a period of three use in detecting, identifying, and collecting
decades using expertise from around the world. radioisotopes in the PCS, the LPIS, and the BST.

To be sure that all measurements taken dudng the Figure 3 shows a schematic of the FPMS
test were accurate and of the best quality, only instmmentation location and sample lines. The

state-of-the-art instmmentation was used. This FPMS consisted of three basis subsystems: (a)

F2

Aerosol sampler g
intact loop-

, ,,,,
D 6 c

Upper plenum
Deposition sample O o'z

| l' Steam- --

C' generatorD2 c
F1

' G6 '

Gd _ Gamma iCFM C'---O j
V~ spectrometer ,

- - e i

+ ', Core '--o-

D3 i e ' ' * * *O '
"

! G1F3
n ,

G) / |
Suppression vessel C v i

G3
%' .:? '. . ...'d. .b e O 7-**7s

Figure 3. FPMS schematic
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System Description

four ganuna spectrometers and one gross gamma removal of fission products. However the
detector; (b) a deposition sampling system, and protective coverinF did not seal amund the
(c) steam / aerosol sampling lines. These lowest-level coupon (194P), thus exposing it to |
subsystems are described briefly in this section reflood water. The coupons at higher elevations
and more completely in Appendix A. functioned as planned. The two deposition

spools, located near the inlet and outlet of the
The four on-line gamma spectremeters (Gl. LPIS line, were designated D2 and D3,

G2, G3, and G5) and the gross gamma detector respectively. These spool pieces were designed to
(G6) were located at five different sampling provide a measurement of the PCS deposition of
locations, as was shown in Figure 3. The gamma fission products during the preconditioning and
spectrometers sampled from fourlocations in the transient phases of the experiment. Since the
system. G1 sampled liquid from the reactor vessel LPIS line was isolated before reflood, these spool
lower plenum during the transient phase or, pieces were protected from reflood water.
altemately, fmm the intact loop hot leg during the
posttransient phase. G2 sampled gas from the The remaining instrumentation in the FPMS

combined F1 and F2 sample line (i.e., F1 + F2) consisted of two aerosol / steam sampling lines

during the transient phase and from the BST and an aerosol filter on the LPIS outlet, upstream

vapor space during the posttransient phase. G3 f the BST. This instrumentation was designed to

sampled liquid fmm the BST liquid space during Provide a continuous sampling of vapor and

the posttransient phase. G5 sampled a venical aemsols during the preconditioning and transient
P ases of the experiment. The F1 sample line,hsection of the LPIS line during the transient and

posttransient phases. Gross gamma monitor G6 situated 180 cm above the lower tie plate and

was placed near the F1 line at the top of the directly above the CFM, consisted of the
reactor vessel. Each of the gamma detectors was foHowing major compomts: (a) a sample line
designed to be operated remotely and could be Pmbe placed above the CFM, (b) an argon
calibrated using a Th source mounted on a dilution gas supply, (c) dual cyclone separator238

collimator wheel. and isolation valves, (d) a dilution filter, (e) a
virtualimpactor (f) collection filters,(g) infrared

The deposition sampling system consisted of moisture detectors, and (h) a hydrogen
six stainless steel coupons in the upper plenum recombiner. The F2 sample line, situated outside

and two deposition spool pieces in the LPIS. Two the upper plenum, was similar but had no dilution

upper plenum coupons were located at each of gas supply or infrared moisture detectors. The F1
,

three separate elevations above the CFM (for a and F2 sample lines joined before the BST to '

total of six coupons, collectively designated as form a single line (designated F1 + F2), which

D1). At each of the three elevations, both coupons Passed the G2 gamma spectrometer. The LPIS

were exposed to the fluid stream flow during the filter, designated F3. consisted of seven filter

preconditioning and transient phases of the canisters and was constructed of a porous metal
material that collected aerosol materialexperiment. Before reflood, one coupon at each

elevation was to be isolated from the PCS, to (approximately 0.4 m orlarger) at the end of the

protect it from posttransient deposition or LPIS and immediately upstrewn of the BST,
|

1
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3. TEST CONDUCT

This section briefly describes the sequence of during the fuel preconditioning and pretransient
events and initial boundary conditions used for phases to attain the desired initial conditions for
the LOFT LP-FP-2 Experiment A more detailed the transient. To reach the desired bumup, the
description of preparation and each phase of the CFM fuel rods were irradiated at a reactor power
experiment sequence is pmvided in Appendix B of 32 MWt for approximately 84 hours. The
(Carboneau et al.1989). reactor was then shut down, and the rods were

allowed to cool for approximately 75 hours.
3.1 Fuel Preconditioning Phase Then, the CFM fuel rods were again irradiated,

this time at a reactor power of 26.5 MWt. After
approximately 80 hours, the CFM. fuel rods

The purpose of the fuel preconditioning reached the required minimum bumup and the
phase of the experiment was to subject the CFM reactor was shut down.
fuel mds to a minimum bumup and generate the
long-lived fission product inventory. This phase
of the experiment started when the plant was 3.2 Pretrans.ient Phase
heated up just prior to power operation and
ended when the required minimum bumup,325 The purpose of the pretransient phase of the
mwd /tU, was attained. experiment, which began at the terminan of

the preconditioning phase and ended upon the
Figure 4 shows the power history used initiation of the transient, was to finish the

40 . . . , ,.,,.,,.,,,,,,,,,,,

36 |-

" f

I,,
p

- -,

== ;-
*
2 16 ]-

.

.

'

5 -

' ' 'O - - - - - - - -

-500 -400 -300 -200 -10 0 0
Time tid u u ,.,

Figure 4. LOFT core power operation prior to initiation of Experiment LP-FP-2.
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Test Conduct

planned irradiation, generate the short-lived LPIS line was opened at 222 seconds. The core
!

fission product inventory, and establish the initial started heating up at 662 seconds, when the

thermal-hydraulic conditions of the experiment. liquid level decreased in the peripheral bundles.

The required initial conditions for Experiment The CFM began heating up at 689 seconds. The

LP-FP-2 included short-lived decay heat buildup ILCL break was closed at 736 seconds; however,

(core decay heat of from 675 to 695 kW at 200 s it was reopened at 878 seconds, to accelerate the

after reactor scram), a cesium-to-iodine (Cs/I) PCS depressurization rate.
'

fission product ratio of at least 2.9, and typical
temperature, pressure, and coolant flow rates (see Besides reopening the ILCL break, the

Appendix B). At the beginning of the power-operated alief valve (PORV) was opened
;

! pretransient phase, the reactor remained shut at 882 seconds. After system pressure dropped

down so that the fission product measurement below 1.38 MPa, the ILCL and PORV lines wem

equipment could be initialized. The reactor was
closed, at 1022 and 1162 seconds, respectively.

then brought to power (see Figure 4). The actual Fission products were first detected in the F1 and
|

'

preirradiation history produced a bumup of 448 F2 lines at about 1200 seconds. Metal-water
mwd /tU for the CFM fuel rods, a Cs/I ratio of reaction began at about 1450 seconds, and

4.2, and a total core decay heat of 684.5 kW at control rod rupture occurred at approximately

200 s into the transient. Thus, compared to the 1500 seconds.The hottest measured cladding

specified initial boundary conditions, the actual temperature reached 2100 K by 1504 seconds.

conditions for LP-FP-2 met or exceeded the The transient continued until the outer shroud

| desired experiment goals. wall temperature limitation of 1517 K was
I

reached at 1766 seconds. At this time, the

3.3 Transient Phase transient was terminated by closing the LPIS line
break and initiating ECCS injection.

The purpose of the transient phase, which
began with reactor scram and ended with reflood, 3.4 Posttransient Phase
was to simulate a V-sequence accident with
fission product release and transport phenomena. The purpose of the posttransient phase of the

The specific V-sequence LOCA scenario was a experiment was to recover the plant to a
,

simulated pipe break in the LPIS line, attached to controlled steady-state shutdown and to obtain

the hot leg of the LOFT broken loop piping (see posttransient information on fission product and

Figure 1). The intact loop cold leg (ILCL) break aerosol release, transport, and deposition. Plant

line served as the primary blowdown pathway recovery was initiated with the closing of the

| prior to fission product release. During fission LPIS line and subsequent reflood of the reactor

product release, only the LPIS line was open: vessel and ended at approximately 3700 seconds

therefore, fission products released from the following initiation of the transient.

|
CFM were transported and deposited in the Measurement of fission product redistribution in

' reactor vessel upper plenum, the LPIS line, and the gas and liquid volumes of the BST and
the BST. fission product leaching from the damaged CFM

fuel rods continued for 44 days following i

The LP-FP-2 transient was initiated by initiation of the transient.
scramming the reactor with the peripheral
control rods (defining t = 0.0). The primary The LPIS line break was closed and FPMS

coolant pumps (PCP) were then turned off at lines were isolated at 1777 and 1778 seconds,

approximately 10 seconds. After the PCS flow respectively; ECCS injection was initiated at
had decreased to 190 kg/s (about 22 seconds), the 1783 seconds. Liquid water entered the core at

CFM control rods were unlocked and allowed to approximately 1790 seconds, and the peripheral
fall into the CFM. At 24 seconds, the control fuel modules quenched soon afterward,
rods were fully inserted into the core. The ILCL However, observed phenomena indicate that the

break line was opened at 33 secotds, and the CFM did not quench quicliy, in fact, a rapid

NUREG/CR-6160 10 .
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Test Conduct

temperature excursion probably occurred within systems. Also, several grab samples were taken
the CFM during reflood, due to enhanced metal- from the BST and PCS. BSTliquid samples were
water reactions. This hypothesis is discussed in taken at 21 days, BST vapor samples were taken
more detailin the Section 6 of this report. at 28 days, and PCS liquid samples were taken at

44 days. !

During the early part of the posttransient |

phase, the PORV was cycled twice to prevent the The significant events for the transient and
PCS fmm overpressurizing, and a feed-and-bleed early posttransient phases of Experiment
operation was performed on the steam generator. LP-FP-2 are listed in Table 1. The intact loop
The plant was maintained in a quiescent state for pressure history is shown in Figure 5, along with
14 days while data were taken, using the on-line the identification of important events during the
FPMS and thermal-hydraulic measurement transient.

16
Scram

Gap release- -CFM > 2100 K, 2000ILCL ,
1 opened
| 12 -

- 1600

E & .S
'

| 8 -

i:j g
- 1200 g,

EE E. E/ a nov ee
& LPIS opened - 800 $

4 - "a~

B" " - U - 400
PE-PC-005 - \ b +-hfs7 e'

PORV closed \
0 0

-500 0 500 1000 1500 2000 2500

Time (s) urs-r.uzio-o4

i
!

Figure 5. Rimary system pressure history, showing significant events.
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Table 1. Sequence of events for Experiment LP-FP-2.

Time after Transient

Event Initiation
(s)

0.0Scram (mitiation of expenment)

|
Peripheral bundle control rod fully inserted 2.41 0.1

| Primary coolant pump coastdown initiated 9.71 0.1
22.41 0.1Begin dropping CFM control rods
23.4 i 0.5

|
CFM control rods fully inserted

25.1 0.1Primary coolant pump coastdown completed

| ILCL breakinitiated 32.91 0.1

| End of subcooled blowdown 53.0 * 1.0
56.0 i 1.0Secondary relief valve cycle
60.0 i 5.0Pressurizer empty

| 221.6 i 0.1
i LPIS line break opened

Secondary pressure exceeded primary system pressure 260.0 i 10
;

! Gamma densitometer sources isolated 262.0 t 2

First coolant thermocouple deviation from saturation
300.0 i 10Upper plenum
390.0 1 10Hotleg pipe

Fuel rod cladding heatup started in peripheral fuel modules 662.01 2

|
Fuel rod cladding heatup started in CFM 689.0 i 2

'

ILCL break closed 735.5 i 0.1

ILCL break reopened 877.61 0.1

PORV opened 882.0 i 0.1

| F3 filter on line 950.81 0.1

f LPIS bypass closed 951.9 i 0.1

i FPMS lines opened 1013.1 1 0.1

ILCL closed 1021.5 1 0.1

PORV closed 1162.0 0.1

First indication of fission products at F1 (gap) 1200.0 t 20

Initiation of metal-water reaction 1450.0 i 30

Control rod ruptue 1500.0 1 100

First indication of fission products at F1, F2, and F3 (fuel) 1500.0 1 10

Cladding temperatures reach 2100 K 1500.0 i 1

Shroud temperature reached trip set point

First thermocouple 1743.0 1 1

Second thermocouple 1766.0.t 1

LPIS line break closed 1777.6 i t,.1

FPMS lines closed 1778.1 1 0.1 |

Deposition coupons isolated 1780.6 1 0.1

Reflood initiated 1"'82.61 0.1

Accumulator flow stopped 1795.0 t 6

|
Maximum LPIS line coolant temperature reached 1800.0 $

Steam generator feed.and-bleed started 2600.0 i 10

PORV opened 3350.0 1 10

PORV closed 3380.0 i 10
3680.0 10PORV opened

PORV closed 3690.0 i 10
|
i

|

!
|
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| 4. HIGHLIGHTS OF THE MEASURED DATA

4.1 Thermal-Hydraulic Data maintaining peripheral bundle fuel rods below
1390 K and the outside shroud temperature

The LP-FP-2 Experiment was designed to below 1517 K. Figure 6 shows an overlay of
simulate a V-sequence accident scenario with several core thermocouples (TCs), including the,

fission product release. From a thermal hydraulic TC-5IO8-27 fuel centerline thermocouple that
'

point of view, a V-sequence ac::ident is a small. recorded the highest measured fuel temperature
break LOCA. However, the LP-FP-2 Experiment (2313 K) before reflood. The LP-FP-2 centerline,

represented an unusual LOCA, consisting of two TCs were located at the 0.686-m, or peak power,i

; simultaneous breaks and discharge through the elevation. These thermocouples were constructed
: PORV. Although LP FP-2 was not a true V- of tungsten rhenium wires and were insulated

sequence type experiment, the multiple breaks with hafnia (Hf0 ). The centerline2
did achieve the desired V-sequence thermal- thennocouples were tested (prior to LP-FP-2) up
hydraulic conditions at the time of fission to 2700 K. These tests showed that the,

product release and maximized the decay heat thermocouples remained within 112% of the
I for core heat-up. reference temperature up to 2573 K with some

signs of shunting and calibration shifts beginning
The primary core temperature objective for at 2673 K. The measured temperature data

,

LP-FP-2 was to obtain peak CFM temperatures during LP-FP-2 indicate that the centerline TCs*

above 2100 K for at least three minutes while provided valid data well into the high-

2500 6 i i i - 4000
i TE-5LO7-010

- TC-Sl08-27 TC faHure g-
..

TE-Sl12-042'

2000 -

}g
ti

j! - 3000
d-. -

t M l' L1-
. - ._. - , eg 1500 -

, ,
B /- - 2000 E

1 m // %
k

: E 1000 - | p7 E'

,p g
E - 1000 4

500 - '# g
| ~ 4.5 | -O
binutes!

' ' ' '
-O
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Figure 6. CFM thennocouple data at 0.25 ,0.68 , and LO7-m elevations.
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Highlights of the Measured Data

l
'

temperature transient. Since shunting effects are al.1987:' Carboneau et al.1989). The calculatedi

not evident in the centerline TC data during the steam mass flow rate for the F1 line was checked
|

transient, and since the centerline TCs were against the mass of water collected in the F1

routed up through the CFM, peak fuel condenser by integrating the time-dependent

temperatures (above the 0.686-m elevation) must mass flow rate over the time period the line was

have been less than 2700 K. Detailed thermal- open. The two results agreed to within 6% (or 6

hydraulic computer code calculations reported in g). Since the averaged sampling fraction for the ,

Carboneau et al. (1989) and confirmed by F1 probe (i.e., the ratio of F1 to CFM flow rates) |

subsequent code analyses (see Section 6) predict could be estimated from other measured data, the,

!

that most of the CFM fuel was at temperatures steam mass flow rate exiting the center fuel l

less than 2700 K, with one section reaching bundle could also be determined. Figure 7 shows I

2800 K for a short time. Based on the measured the best-estimate steam mass flow rate exiting

data, it is concluded that peak transient fuel the CFM based on the Experiment Analysis

temperatures for LP FP-2 ranged between Summary Report (EASR) analysis (Carboneau et

2300 K and 2700 K. The measured tnnsient fuel al.1989). The uncertainty in the calculated CFM

temperatures do not indicate that fuel melting steam mass flow rate is about i 50% and is
could have occurred in the CFM. Nevertheless, mainly attributable to the uncertainty in the
the PIE data (Jensen et al.1989) show that the calculated F1 sampling fraction.

|

|
highest temperature region was located between

l the 0.686 and 0.864 m elevations. In this region, Unlike the CFM mass flow rate calculation,
some fuel melting did occur, with peak fuel the steam mass flow rate for the LPIS line could

>

temperatures reaching 3120 K. Therefore, the be directly calculated from measured critical
transient centerline TC data are not consistent fl w conditions for the LPIS venturi. The result j
with the PIE observations unless it is assumed of the analysis is shown in Figure 8. j
that the maximum fuel temperatures (i.e., fuel

|melting) occurred after reflood. In fact, review of
the centerline TC data into the reflood period 4.2 Fission Product Data from
shows that a rapid temperature excursion of up t the LPIS Line and BST
3000 K probably occurred before TC failure
(Modro and Carboneau 1990). The on line gamma spectrometer data

The measured upper plenum fluid consist of two data sets: (a) the G5 data fmm the

temperatures above the CFM generally ranged LPIS line, and (b) the G2 data from the '

from 500 K to 900 K, with an average combined Fl+F2 sample line; The xenon (Xe) ;

l temperature of about 730 K (calculated between gas data from G5 are shown in Figure 9, along |

I 1500 and 1778 seconds). The upper plenum with a curve representing the calculated limit of !

surface temperatures averaged about 8% cooler detectability. The measured krypton (Kr) data

than the surrounding fluid. These temperatures are similar to the Xe data in that very few Kr
|
| indicate that the upper plenum conditions were isotopes were detected at G5. The reason for the

relatively cool during the experiment and that high limit of detectability for the noble gases at

most fission product chemical species in the G5 is due to the high activities of deposited

upper plenum would exist in either a liquid or iodine (1) and cesium (Cs) isotopes in the G5

solid state. spool piece. Figure 10 shows the measured
activity concentrations of I, Cs, and rubidium

The steam mass flow rate for the CFM was (Rb) isotopes as a function of time at the G5

not a measured parameter. However, the steam spool piece. These data are reported in terms of
3

mass flow rate for the F1 sample line, which an activity density (Ci/m ): however, the l

sampled the effluent exiting the CFM, was measurement represents a combination of

calculated based on measured critical flow suspended and surface-deposited
conditions in the F1 sample line (Carboneau et concentrations. For the G5 spool piece, the

NUREG/CR-6160 14
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Highlights of the Measured Data

3deposited surface activity probably exceeded the about 0.10 g/cm ,(or, equivalently,0.074 ug/
suspended activity concentration. cm ). Therefore, the Cs/I mass ratio at G5 was2

1.8. This can be compared with the Cs/I mass
The high deposition of nWonuclides in front ratio of 4.2 for the CFM. The postexperiment

of the G5 gamma spectrometer influenced the examination of the D2 spool piece upstream of
noble gas detectability in the LPIS line. G5 showed a higher surface concentration of Cs
Corresponding to the measured activity 3(0.236 pg/cm ) than at G5; and, at D3,
concentrations shown m, Figure 10, the elemental
mass concentrations of Cs, I, and Rb were downstream of G, 5, the Cs surface concentration.

determined and are displayed in Figure was 0.067 g/cm . Also, data taken from the BST

ll(Results are decay corrected for times greater indicate that about 1% of the CFM inventory of I i

than 1778 s). Notice that the average I mass reached the BST, while only 0.23% of the Cs
concentration can be determined from the five inventory was present. This implies a Cs/I mass
individually measured isotopes, while the ratio of only 1.1 for the BST. All data from the
elemental Cs and Rb mass concentrations are LPIS and BST indicate that Cs deposited in the
based on only one radionuclide. From Figure 11,

LPIS line more readily than I indicating that Cs
the elemental I mass concentration at G5 was
0.055 1 0.02 g/cm , (or an equivalent surface and I were traveling as different chemical3

concentration of 0.041 0.02 g/cm ). Also species, and that the Cs specie deposited quickly.2

based on this figure, the Cs mass concentration at As shown in the following section, the reverse
:

G5 (suspended plus deposited material) situation occurred in the reactor vessel upper '

following closure of the LPIS line (>l778 s) was plenum.
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Figure 11, Elemental mass concentrations of Cs, I, and Rb at G5.
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4.3 Upper Plenum Coupon Data elemental mass concentrations. Based on the Cs
mass concentration for the protected coupons

and Possible Forms of Cs and I and spacers, it is apparent that very little Cs was
present on these samples. In fact, the Cs/I ratio

The upper plenum deposition device (D1) for these samples varied from 0.0004 to 0.074,
was a long slender tube that contained six This result is very low compared to the Cs/l ratio
deposition coupons made of Type 304 stainless for the CFM of 4.2. Furthermore, the average
steel. Two coupons were placed at each of three surface mass concentration of I on the four
axial locations. The three locations were situated protected upper plenum samples was 0.060 g/

cm , which compares well with the I s?arface !at three different axial elevations-stations 194, 2

2 I212, and 253, corresponding to 0.15,0.61, and mass concentration of 0.041 pg/cm at G5.
1.65 m above the CFM upper tie plate (station However, the average Cs mass concentration on
188). All coupons were exposed to the pretest the four protected upper plenum samples was
reactor environment and the transient portion of 0.0005 g/cm , and the corresponding

,

2

the experiment. Immediately before reflood, one concentration on the D2 spool piece wa; 0.24 j

coupon at each elevation was to be isolated pg/cm , !2

(covered). The coverable, or protected, coupons
were identified as 194P,212P, and 253P. The The upper plenum coupon data indicate that I
unprotected coupons (194U,212U, and 253U) deposited on stainless steel surfaces in
were exposed to the transient and reflood concentrations similar to that observed in the
portions of the experiment and, therefore, initial sections of the LPIS line. These data also
provided information on the irreversible plateout show that Cs did not deposit in the upper plenum i

of fission products. Protected coupons were n any reasonable concentrations. In other words,
designed to provide information on the total n the LPIS line, both Cs and I behaved like a
deposition of fission products and control rod condensable species; whereas,in the upper
aerosol material prior to reflood. The protected plenum, I behaved like a condensable species

2
coupons were 2.2 cm in surface, area while the and Cs did not. Collectively, this indicates that
unpmtected coupora were 1.6 cm- the primary I species was not cesium iodide

(CsI). If Csl were the primary chemical form of
Inspection of the D1 device after the I, then Cs should have been present in

experiment showed that the lower section of the concentrations that would have produced a Cs/l
D1 tube did not seal properly around coupon ratio of at least 1.0. Since the measured Cs/I ratio
194P. As a result, this coupon was washed was < 0.074 and not > 1.0, it is clear that the |

during reflood; and the data from coupon 194P primary chemical species of I was not Csl.
do not represent a protected sample.
Examination of coupons 212P and 253P showed Figure 12 shows the vapor pressure of
that they were properly sealed. several important compounds associated with

reactor accident studies. Note that the vapor

Besides the protected coupon data, three pressure of these compounds can be arranged as

protected coupon spacers (194S,212S, and follows:
253S) were also examined. Again, only the

CsOH > Cdl > Csl > Agl > CsBO - .upper two coupon spacers were properly sealed 2 2
!

before reflood. The effective deposition surface
area for the coupon spacers was approximately Due to the high concentrations of I on the

0.81 cm . Table 2 summarizes the most upper plenum pmtected coupons and in the LPIS2
i
'

important data obtained from the two protected line at G5, it appears that I behaved like a
coupons,212P and 253P, and the two protected condensable species during the experiment.

coupon spacers,212S and 253S. This table Consequently, it is not likely that large
shows the measured data, the equivalent activity concentrations of I appeared as either I or Hl.2

concentration of the measured nuclides, and the Also, the primary chemical form of I was

NUREG/CR-6160 18
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|

|Table 2. Upper plenum coupon and coupon spacer data for 212P,253P,212S, and 253S. '

Measured sample activity (pCi/ sample) |

b bIsotope Coupon 212P" Coupon 253P' Spacer 212S Spacer 253S

133
1 14000 1250 4300 740

137Cs 0.062 0.069 0.0011 0.0135
140Ba 30000 72 8300 29

12%e 52 24 13 6.8

2Activity concentrations (Ci/cm )

Isotope Coupon 212P* Coupon 253P' Spacer 212S Spac[25.sSb b

131I 6364. 568 5292 911

137Cs 0.028 0.031 0.0014 0.017
140Ba 13640 32.7 10220 31.8

12De 23.6 10.9 16 8.4

2Calculated elemental mass concentrations ( g/cm )

Element Couron 212P' Coupon 253P* Spacer 212SC Spacer 253S

Iodine 0.116 0.0103 0.0957 0.0165

Cesium 0.00069 0.00076 0.000035 0.00042

Barium 0.504 0.00121 0.378 0.00117

Tellurium 0.039 0.014 0.021 0.011

d dSilver 201 '104 ND ND
d dCadmium 30.9 21.4 ND ND

1

2a. The protected coupons have a surface area of 2.2 cm ,
2b. 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 v wpic massc.
2concentration ( Ci/cm ) 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
to an elemental mass, the following ORIGEN2-calculated ratios for the CFM fuel were used: 54952 Ci 131 1/g
I; 40.514 Ci 137 MOCs/g Cs; 27070 Ci Ba/g Ba; 757.4 Ci 129mTe/g Te.
d. No data.
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probably not CdI , because cadmium (Cd) has a 4.4 On-line Fission Product Data2
high vapor pressure and most of the Cd was frOm G2
probably released from the control rods before
significant concentrations of I were released The F1 and F2 sample h.nes jomed to form a

.

from the fuel. Furthermore, leach data from the
single line (identified as F1+F2) that passed nearLPIS line and deposition data from the the 02 gamma spectrometer. During the

unprotected coupons suggest that I was deposited transient, the G2 gamma spectrometer system
as a highly insoluble species. By a process of recorded the activity concentrations of seven
elimination, the only likely I compound that 5ts radioactive noble gases that passed through this
all observations is silver iodide (AgI). Note that

sample system. Although the G2 data do not
1

from Figure 12, AgI and CsI have similar vapor indicate which sample line the detected
pressure curves and, therefore, AgI would have radionuclides entered, the sample line mass flow
behaved like Csl and condensed on surfaces in rate information and postexperiment deposition
the upper plenum. Based on the data shown in

data from these lines show that 89% of the noble ;
Table 2, the upper coupon analysis indicates that gases detected at G2 entered the F1 sample hne
I was not associated with Cs and the most likely I I om the CFM, and about 11% entered the F2
species was AgI. In addition, at every location im.e from the broken loop hot leg (BLHL),
for which I was detected, Ag was measured in

upstream of the LPIS line. The measured Xe gas
quantities sufficient to suppon the presence of data, as collected at G2, are shown m Figure 13.
AgI* Based on these data, the average elemental mass

concentration for Xe was calculated and is
The upper plenum coupon data can also be shown in Figure 14, along with the average Kr i

used to infer the probable chemical form of Cs. mass concentration. Notice that the Xe and Kr
Based on the vapor pressure data shown in releases peak at 1668 seconds (about 2 minutes
Figure 12 and the average upper plenum before the end of the transient) and then decrease
temperature of ~730 K, it is clear that for Cs not after the F1 and F2 liaes were isolated from the
to deposit on the upper plenum coupons, the PCS at 1778 seconds.The drop la the noble gas
chemical form of Cs would have to support a concentrations at 1668 seconds may have
relatively high vapor pressure. The most obvious resulted from a partial blockage within the CFM
candidate is cesium hydroxide (CsOH). Under that affected the fission product release or
the right temperature and concentration transport to the F1 probe. Note that the decrease |
conditions, CsOH could pass through the upper in fission product concentrations at G2 was i

plenum and not condense; but, upon reaching the probably not due to a blockage in the F1 sample
colder LPIS line, would condense readily. Also line because no sudden decrease in the steam
from Figum 12, it is clear that Cs was not present mass flow rate entering F1 was observed. Other

as cesium metaborate (CsBO ). Since CsBO has thermal-hydraulic observations (e.g., enhanced2 2

a very low vapor pressure, any reasonable cooling of the peripheral bundles) also suggest
concentration of CsB0 would have produced that a partial blockage or flow diversion occurred2

significant concentrations of Cs on the upper within the CFM between 1500 and 1700 s. Code
plenum coupons or on deposited aerosols, analysis has confirmed this hypothesis (see
Consequently, the observed upper plenum data Section 6).
imply that the preferred chemical form for
cesium was CsOH. Using the average Xe (or Kr) mass

concentrations from Figure 14, the time-
In summary, the upper plenum protected dependent volumetric gas flow rate in the F1+F2

coupon data indicates that the primary chemical sample line at G2 (Carboneau et al.1989), and

species of Cs and I were CsOH and Agl. These the average flow fraction (89%) for the F1 line,

chemical compounds are consistent with the the mass rate of Xe entering the F1 sample line
from the CFM was computed. By dividing thisLPIS line data.
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I

result by the average sampling fraction for the F1 generated during the experiment that was not

line (0.00763) and the initial Xe mass for the transported to the BST. Since the PCS was
CFM, the transient noble gas release fraction for vented to the BST via the LPIS line, it was not

the CFM was determined. This result and the clear how hydrogen gas (or the fission products)

corresponding cumulative noble gas release could have been held up in the PCS. In order to

fraction for the CFM are shown in Figure 15, investigate this matter, a detailed review of the
PCS pressure and thermocouple data was

According to the data presented in Figure 15, undertaken. This investigation showed that three

the cumulative transient release fraction for the large gas bubbles had formed within the PCS a

noble gases was about 2.3%.This compares weH
few hours following reflood. These bubbles
existed in the reactor vessel upper plenum head,

with the measured quantity of 1.7% Xe and 2.0%
Kr gases collected in the BST. Computer code the pressurizer, and the steam generator tubes,

The total volume of all three bubbles wasanalyses reported by Carboneau et al. (1989) and
subsequently confinned (see Section 6) suggest approximately 28 m3 (calculated at STP
two reasons for the small transient fission gas conditions). After the water vapor volume was

subtracted from the total gas volume, therelease: (a) the initially large grain structure of
the fuel (approximately 14 m) and (b) the remaining dry, or noncondensable, gas volume

3was determined to be 12.3 m . Next, by
limited fuel temperatures (< 2700 K) during the
transient. Both factors probably contribmed to subtracting the known volumes of
limiting the release of fission products dt .g the noncondensable gases injected into the PCS

transient. However, analyses of the PCS water [ nitrogen (N) from the D1 coupon device and the
accumulator water and argon (Ar) from the F1

showed that at least 9% of the initial CFM
inventory of Kr was trapped in the PCS sample line, with helium (He) and fission pmduct

following reflood. Therefon:, the total Kr release gases estimated to produce negligible
3

for the LP-FP-2 Experiment was > 11%, with contributions], a residual gas volume of 7.0 m

most of the Kr appearing in the PCS following was determined. This residual gas bubble was

reflood. The best-estimate transient and assumed to consist of only hydrogen. As a result

posttransient release fractions for Xe, Kr, Cs, and
of this analysis (see Carboneau et al.1989 for

I are shown in Table 3. These data show that details), it was determined that 819 2 364 g of

most released fission products were detected in hydrogen was in the PCS following reflood (625
I

the PCS (shortly after reflood), suggesting that g in the noncondensable gas bubbles and 194 g

these fission products were probably released dissolved in the PCS water). Summing the BST
and PCS inventories of hydrogen, the total

because of reflood.
amount of hydrogen that was generated during
the LP-FP-2 Experiment was 1024 2 364 g.This

4.5 Hydrogen Generatian and result is equivalent to an oxidation of 58% of the
,

Distribut. ion zircaloy in the CFM, which agrees with the PIE
estimate.

The quantity of hydrogen gas in the BST
vapor space was measured at 203 i 11 g. An An obvious conclusion of the hydrogen
additional small amount of hydrogen dissolved analysis is that only a small amount of the
in the BST water was calculated to be 2.4 0.3 hydrogen generated during the LP-FP-2
g, using Henry's Law. Therefore, the total Experiment was transported to the BST. Either

amount of hydrogen that was transported to the the hydrogen was generated during the transient

BST was 205 i 11 g. This hydrogen mass is and was held up in the PCS, or the hydrogen was

equivalent to the oxidation of 11.6% of the generated after the BST was isolated from the

zircaloy in the CFM; however, this result is too PCS (i.e., following reflood). In order to decide

small to account for the observed oxidation of which of the two altematives represents the best-

the CFM (58%) based on the PIE. Clearly, a estimate scenario, the following observation

large amount of hydrogen must have been needs to be made.
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i

f Table 3. Measured and calculated transient and posttransient release fractions.

Transient data Posttransient data

Estimated transient
release fractions based Calculated transient Measured release

on deposition or BST release fractions based fractions computed for
.

Pecies data on the F1 sample line the PCS

Xenon 2 0.017 5 0.054 Not measured

Krypton 2 0.020 s 0.047 > 0.09

Iodine 0.030 0.052 0.123 to 0.135

Cesium 0.0080 0.029 0.156

Barium 0.0084 0.0022 0.082
| <

Tellurium 0.0054 0.00025 0.029 |i

|
|
| |
|

|

I
|

Based on the F1 steam mass flow rate data g/s (9.8x46 + 13, where 9.8 = PFM/CFM flow area
and PIE of the bundle, steam exited the CFM ratio). This implies that the flow rate entering the

during the entire transient and there was no LPIS line should have been 479 g/s (464 g/s core

indication of a steam flow path through the flow plus 15 g/s in-leakage from the reflood assist

insulating shroud; therefore, steam-starved bypass system). However, the calculated LPIS flow

conditions did not occur for the entire CFM. rate of 479 g/s is not consistent with the average

However. due to the partial blockage that formed measured LPIS mass flow rate of 164 g/s
within the CFM, the steam flow distribution determined from Figure 8 (between 1500 and

probably resulted in some regions of the bundle 1778 s).

being steam-star /ed, thereby, limiting the metal-
water reaction during the transient. This From the above analysis, it appears that most

conclusion is also supported by PIE observations of the hydrogen gas generated during the LP-FP-2

of the oxidation pattern within the CFM. As a Experiment was not produced during the transient,

l result of the steam flow distribution within the but rather was generated after the BST was isolated,

CFM, not all the CFM steam was converted to from the PCS (i.e., following reflood). In other

hydrogen. Based on Figure 7, the average stea n words, most of the CFM oxidation probably

mass flow rate exiting the CFM during the high- occurred during reflood. If this did happen, then a
thermal excursion w:dlin tre CFM must have also

|
temperature portion of the transient (from 1500 to

|
1778 s) was about 13 g/s. If all 1024 g of occurred. Evidence of a rapid temperature

hydrogen were produced during the transient, then excursion during ret?ood is discussed in the i
t

the average inlet steam mass flow rate for the Experiment Analysis Report (Carboncau 1989).

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

NUREG/CR-6160 24

|



_

l
i

Highlights of the Measured Data

4.6 conclusions on the average LPIS and CFM steam mass flow
rate data, it appears dat there was not sufficient

Review of the centerline thennocouple data steam passing through the CFM during the
indicates that peak transient fuel temperatures transient to account for all of the 1024 g of
ranged from 2300 to 2700 K. At these estimated hydrogen calculated to have been produced. Due
temperatures, fuel melting should not have to the limited steam mass flow rate through the
occurred within the CFM. However, examination CFM during the transient and the eventual
of the CFM does show that fuel melting did hydmgen distribution (20% BST and 80% PCS),
occur at the 0.77-m elevation, with peak it appears that most of the hydrogen gas
temperatures of about 3120 K. These two Produced during the experiment was generated

observations suggest that peak bundle after the BST was isolated from the PCS (e.g.,
temperatures did not occur during the transient. during reflood).

Based on the F1 sample line mass flow rate The primary fission product chemical forms
data, steam exited the CFM during the entire transported through the LOFT system during the
transient. Therefore, the Cl M was not steam. LP-FP-2 transient were AgI and CsOH. Csl was

starved. However, due to the partial blockage not present in significant concentrations. These

that formed during the high-temperature portion conclusions are based on observations from the
of the transient (1500 to 1778 s), flow conditions upper plenum coupon and LPIS line data. The

I within the CFM were not uniform and some observation that Csl was not present during the
'

regions above the blockage were probably experiment is based primarily on the upper
P enum coupon data, which show largelsteam-starved, thereby limiting the metal-water

reaction during the transient. During this time concentrations of silver and iodine but almost no
period, the best-estimate average steam mass cesium.

flow rate exiting the CFM was approximately13
g/s, and the average steam mass flow rate for the The transient releases of volatile fission
LPIS line was 164 g/s. The amount of hydrogen Products ranged fmm 2 to 5% of the initial CFM
gas measured in the BE 05 t 11 g, and inventory. The primary ret son for the small
the calculated amount of nydrogen in the PCS transient releases appears to 5e associated with ;

was 8191 364 g. Therefore, the total amount of the initially large grain structure of the fuel
hydrogen produced during the LP-FP-2 (approximately 14 m) and the smaller-than.
Experiment was 1024 364 g, which is expected peak fuel temperatures (< 2700 K). The

equivalent to the oxidation of approximately major release of volatile fission products (9% to

58% of the CFM zircaloy. This result agrees with 14% of the CFM inventory) appears in the PCS
;

| the PIE estimate of 58% total oxidation. Based shortly after reflood.

1

!
!

I
i
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; 5. POSTIRRADIATION EXAMINATION
,

! Following the successful completion of the The objectives of the PIES were to provide |
| LP-FP-2 Experiment,it was decided to perform a. data on (a) the final distribution of fuel and

PIE (postirradiation examination) of the fuel control rod materials; (b) the posttest.

me aUu an c n cal fonn of matenals;(c)bundle to provide additional infonnation to assist
the maximum temperatures achieved as a

; in determining the factors that may have function of position in the fuel bundle; and (d)
influenced the thermal-hydraulic and fission fission product distribution in both fueled and,

product behavior. The PIE also expanded the nonfueled materials. This section summarizes the i

scope of this experiment to include material data that were obtained to successfully meet all i
i behavior and interactions occuning within a fuel these objectives.

bundle during a severe core accident. Due to the I

i
size of the LP-FP 2 fuel assembly, the results A schematic cross-section through the
from these examircions provided an in:portant LP-FP-2 fuel bundle is shown in Figure 16. The

link between smat ;r scale severe fuel damage fugl assembly consisted of 100 UO fuel rods2
with zircaloy cladding, elevenexperiments (Knipe et al.1986; Martinson et al.
silver-indium-cadmium (Ag-In-Cd) control mds

i 1986; Martinson et al.1989 Petti et al.1989)
,

'

with stainless steel cladding surrounded by
and the Three Mile Island accident (Broughton et zircaloy guide tubes, six empty zircaloy guide
al.1989). tubes, and various instrumentation tubes. ZrO

2 |

North

ONMLKJ l H G F E D C B A_f Posttest crack
15

.

In shroud

Zircaloy 1{
shrw d 13 OO 10K)[X]OlO -

Ziroaloy
ouide tubes

12 O O OZro2 4 0 uo2
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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 Visual Examinations. The LP-FP-2 CFM was
inner liner and the zircaloy outer shroud. The venically lifted out of its underwater storage
fuel was 9.744 wt.% enriched and 94.7% of location in the Test Area Nonh (TAN) water pit

theoretical density. Additional fabrication details for visual examinations in January 1986. The

are provided elsewhere (Jensen et al.1989). fuel bundle was slightly discolored, and marginal
oxidation of the zircaloy shroud was apparent in

Both nondestructive and destructive the area just above core midplane (Carboneau,
examinations of the center fuel bundle were 1987). A ponion of the shroud in the northeast
performed. The nondestructive examinations comer had cracked and broken off, exposing the
included visual examinations of the exterior ZrO2 insulation layer. It is not clear whether the
surface, gross and isotopic gamma scans of the broken shmud occurred during irradiation or
overall fuel bundle, and neutron radiographs at after the test when the module was removed from
two perpendicular orientations through the fuel h reactor and transponed to the TAN water pit.
bundle. The fuel bundle was then sectioned to
provide 21 transverse cross-sectional surfaces. Ceramic debris was observed in the upper
These were quartered and polished to provide 84
samples for examination and photography, of end box. Subsequent analyses indicated this

which 42 samples were examined in detail on the debris was fuel and melt particles that were

metallograph. Approximately 30 small core bore blown upward by the large amount of steam

samples were obtained from these generated during the reflood stage.

metallographic samples for scanning electron
microscope / wavelength dispersive Examinations of the bottom of the CFM
spectroscopic (SEM/WDS) examination, as well indicated that no material had relocated out the
as elemental and radiochemical analyses, bottom.

This section summarizes the major results
from these PIES. Additional detailed information Gross and isotopic Gamma Scans. Gross
is provided elsewhere (Jensen et al.1989). and isotopic gamma scans of the LP-FP-2 fuel
Related information on other aspects of this bundle were conducted in September 1986 to
experiment are also provided elsewhere provide some early insights into the posttest
(Carboneau et al. 1987,1989, and 1990: Modro intemal condition of the fuel bundle. Many of the
and Carboneau 1990), as are comparisons of the conclusions and obsenations from these
LP-FP-2 results with other severe core damage examinations (Jensen et al.1989) were supported
mtegral tests (Hobbins 1990). by subsequent examinations. However the

was as f r bsened behavior am now beuer
5.1 Qualitative Analysis understood, and two particularly penment facts

"
This section describes in general the overall

condition of the LP-FP-2 fuel bundle following
irradiation. This description is primarily based It was obsened during the gamma scans that

upon visual examinations, gross and isotopic significant amounts of material had been

gamma scans, neutron radiography, and relocated fmm the upper portion of the bundle on

representative metallographic cross sections the eastem side. Although this was later obsened

through the fuel bundle. This is followed by in the neutron radiographs and the
descriptions of specific types of material metallographic eross sections, the significance of

behavior, such as control rod behavior, zircaloy the gamma scan observation is that, since the
and fuel behavior, and melt behavior. These module was always in the venical position until

descriptions are based primarily upon the after the gamma scans were completed, fuel
detailed metallography and SEM/WDS handling did not significantly affect the posttest

examinations. distribution of material in the fuel bundle.
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Postirradiation Examination

Only a small fraction of the total fission . and nickel (Ni) mixed in. A representa'tive
product bundle inventory was released and quarter section through this blockage region is
deposited in the upper support structure above shown in Figure 19. The relocated material was
the fuel bundle. generally not hot enough to damage the rods in

this region, with the exception of a few mds near
# "

Neutron Radiography. Neutron radiography *

was perfonned at Argonne National Laboratory.
West (ANL-W) in September -1987 at two Region 3.(-0.23 to 0.44 m). The rod
perpendicular orientations over the entire fuel array was essentially intact throughout this i

bundle and a portion of the upper support region, with only small amounts of metallic melt -

structure. A schematic representation of the CFM between the rods. Only two fuel rods near the
damage' state is ' shown. in Figure 17. Axial center of the fuel bundle had failed. 'A -
elevations are referenced from the bottom of the . representative quarter section is'shown in
25 instrumented fuel mds, which were 0.1 m Figure 20.

~

*

above the bottom of the CFM. The rottom of the
instrumented fuel rods was 2.54 cm above the- Region 4 (-0.44 to 0.85 m). Relocating
bottom of the 75 uninstrumented fuel mds. This material resulted in the formation of a large'
reference system is used throughout this section. blockage throughout this region. The second

spacer grid.was~at the lower extent of this
Six distinctive regions were identified from blockage region, and metallic melt and fuel ;

the radiographs, and representative debris much like that found in the lower ,j
metallographic cross sections are used in the blockage region had accumulated on this spacer
following discussion to illustrate these various grid. However, unlike the situation at the lower -

<

regions. spacer grid, the relocated material at this spacer
'

grid was hot enough to cause significant
1

Region 1 (< 0.1 m). The region below ; liquefaction as a result of Ni-Zr eutectic
approximately 0.1 m encompasses the bottom - interactions. A representative quarter section
spacer grid and below. The material in this region threugh the second spacer grid is shown in ,

was intact, and only minor amounts of control Figure 21. The spacer grids impeded material
! rod droplets had relocated and solidified in this relocation; and, as discussed later, the largest
! region. A representative quarter section of the flow blockages were located through, orjust

.,

transverse section through the lower spacer grid above, the two remaining spacer grids. [
is shown in Figure 18. Some of the insulation

| on this sample, arid other samples from the lower Above the second spacer grid, the relocated
j half of the fuel bundle, fell out during bundle material was composed of high temperature

sectioning and handling of the' samples. It is (U,Zr)O ceramic melt. The full cross section2
known to have been intact because the inner liner through the middle of this ceramic blockage
was still intact in these regions, and the neutron region is shown in Figure 22. The ceramic melt .

| radiographs showed the insulation to be intact surrounded the remaining fuel rod remnants
|

Pnor to sectioning. except in the central region, where temperatures
; were sufficient to completely melt the fuel and.
!- Region 2 (-0.7 to 0.23 m). Relocated oxidized cladding (> 3120 K). Temperatures in -

material solidified in the region above the bottom this region are discussed in more detaillater, but
spacer grid, forming a large blockage from the metallographic evidence indicates that a
approximately 0.1 to 0.23 m. This blockage was temperature gradient existed, with lower

; composed of metallic melts and small fuel temperatures towards the periphery of this
! debris. The metallic melts were primarily ceramic melt region. This suggests the formation
! composed of silver-zirconium (Ag-Zr), with of a solidified crust of(U,Zr)O surrounding 'a2

smaller amounts of iron (Fe), chromium (Cr), central pool of molten (U,Zr)O . much like what2
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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 cre:s section through lower blockage (0.22 m).<
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Figure 20. Quarter cross section through intact region between blockage (0.36 m).
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Figure 21. Quarter cross section through second spacer grid (0.46 m).
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Figure 22. Full cross section through ceramic upper blockage (0.77 m).~

l
.

.

.

.

i occurred during the TMI-2 accident (Broughton completely failed, releasing all the Ag-In-Cd
!

! et al.1989). control material above this location.
>
.

i

! In the region above the second spacer grid . Region 5 (~0.85 to 7.15 m). The rod
I the inner liner was completely liquefied and melt array in this region above the upper blockage
! was able to penetrate into the insulation. Zircaloy exhibited extensive cladding ballooning and
i

j oxidation also became Fignificant above this rupture. Rod-to-rod contact and fus,on of. i.

oxidized cladding remnants was observed.~
; elevation, and essentially all the remaining Relocated (U,Zr)O ceramic melt surrounded :2: zircaloy at and above 0.66 m was completely some of the fuel rods and partially blocked the '

oxidized. Cladding ballooning and rupture also flow channels. A representative quarter section is
j became significant above the second spacer grid, shown in Figure 23. '
j reflecting the increased cladding temperatures
|. associated with zircaloy oxidation. At and above Region 6 (~1.15 to 1.70 m). This region
} the 0.58 m elevation, all the control rods had consisted primarily of a rubble bed of fuel pellets

I
i.
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f Figure 23. Quarter cross section above the upper blockage (1.04 m). )

1
m

without any intact cladding to restrain them. the center, it had liquefied and oxidized. Intactj

| Ceramic melts, from molten zircaloy cladding ' fuel pellet fragments were also observed in this

! and the upper tie plate, had flowed down around area. As described in more detail in Carboneau et

| the fuel debris. A lot of material was missing on al. (1989), the liquefaction and oxidation of the
the eastern side of the CFM, including much of upper tie plate, and the relocation of melt and -

:
j the insulation. Some fuel pellet stacks (without fuel debris to this region, could only have

,

'

!- any intact cladding) remained intact on the occurred during the reflood period. During the .

j western side of the module. As described transient, the temperatures and steam mass flow -

| previously, comparison of the gam.na scan ' rates were too low to account for the observed

: results with the observed material distribution behavior, but during the reflood period, both the

| indicates that'posttest handling did not affect the temperature and steam mass flow rates increased |

j posttest configuration within the module; the dramatically.
'

a solidified ceramic melt held the fuel debris in ,

j place. A representative quarter section through 5,2- Qualitative Material-
this regionis shownin Figure 24. Descriptions-4

,

Upper End Box Region (1.70 to ~1.8 This section discusses'the behavior of !
'

rn). Relocated matenal was observed in the specific categories of materials. Supporting
,

irlfmation and photographs are found in Jensen
xaminat ons and n tlie subs quen neut on

radiographs. Figure 25 shows a representative
,

j quarter section through the middle of the
stainless steel upper tie plate. The upper tie plate Spacer Grids. The LP-FP-2 CFM contained j

;

[ was only intact on the periphery of the bundle; in five Inconel 718 spacer grids. Only the bottom |

v-
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Postirr$diationExamination.

..

: rpacer grid was still. completely' intact at the . components [Zr tin (Sn)] Interacting 'with the -
.

. '

completion of /the experiment.D The . second Inconel com'ponents [Ni, Fe, Cr, niobium (Nb),-
highest spacer grid ,was partially intact, and .the molybdenum (Mo), titanium (Ti)], with small i

. Other three spacer grids had completely liquefied. amounts of A'g from the control rods. |,

, Relocating material accumulated at the second' ,
'

spacer grid, which suggests that the spacer grids ..As shown in Figures 26 and 27, the Zr-Ni ;(
served as traps for relocating material until theyi and Zr-Fe phase diagrams Indicate that 11guld . !l

'' ultimately failed. Both of the large blockage
phases between these elements can form at [. regions ; were . located Just abog the two

. remaining ; spacer! . grids. ; Representative temperatures as low as 1220 to 1233 K. ; A series - 1
l

of eutectic melts'can also fonn between Zr andphotographs of the two remaining spacer grids
twere presentedin Figures 18 and 21. NILover| wide; compositional: ranges .at i d

L temperatures between 1233 and 1443 KiSince
i.

. the majority of Incone1718 is nickel (~50 wt%)hSEM/WDS exambations of areas of typical z
- interaction between melts "and spacer; grids . (this suggests' that rapid liquefaction of the spacer 1'

revealed the presence'of a Zr-Nb phase along the . ;grlds can be expected at temperatures of < j

. grain boundaries of the intact spacer grid. The: : appro_ximately 1400 to 1500 K. well below the : .|
_

.

previously molten region' adjacent to the intact 1720 K melting point of Inconel 718. This is~ '!

spacer grid was a' complex mixture of zircaloy1 consistent with the SEM/WDS examinations -

i
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<
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Figure 26. Ni.Zr phase diagram.
|
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Postirradiation Examination
'
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Postinadiation Examination -

,

,
.

.. . ..

which show Zr interacting with the Inconel to Zr-bearing; melts.were responsible for the i
_,

.
_ .

[ fonn eutectic md multiphase compounds. ' liquefaction of the stainless steel cladding; -]
,

' :

Control Rod Behavior. The ' LP-FP-2
Another example of melt interactions with -

stainless steel cladding was subjected to SEM/J :|
Experiment utilized 11 Ag In-Cd control rods,
These rods used 304 stainless steel cladding, and WDS examination,|which revealed'a Zr-N1- :

- each was contained within a zircaloy guide tube. intergranular interaction zone and eutectic melts . n

All the control rods were intact at the second . similar to the previous example. However, these
~

spacer grid elevation (0.46 m), but all had failed . photographs raso showed the multiphase metallic ; ;)

. at the next elevation examined J(0.581 m)J
' melt structure breaking apart in a laminary

.

.

'Approximately 70% of the |available contml- structure.~ Similar laminar" structures were ; "

material (10 kg) was therefore released to the observed in the lower blockage region, indicating |
_

bundle either as an eroscl spray, when the i that some of the m'aterial in the lower blockage .!
cladding" initially failed. or later;as' a melt.' fonnedinthis manner.i ,

'

Approximately 8 ~ kg Lof 'Ag1were therefore C;.

- available to interact .with cother 3 undleb ~

constituents.The Ag-Zrphase diagram sh6wn in . Zircoloy Behavior. At the bottom'of the'CFM,
the zircaloy cladding was in'the as-fabricated | _ qi

Figure 28 indicates that Ag can dissolve up to 67
'

- condition,:' but J recrystallized zircaloy? was,
'

atom % Zr . above 1400 K,Dandithat eutectic ~
phases can forn as low 1asi approximately - ' ! apparent at and above the' 0.12 m elevation. Thel

1200 K.; This . Indicates' that ~Ag ; wouldj be presence of ErecrystallizedL zircaloyrindicites ,

. expected . to liquefy the zircaloy: cladding at: temperaturesf ini excessf of : 925 K.' ;Mirdr? 4
.

temperatures well below the 2030K melting; amounts.(< 100 ppm)' of Zr hydrides were also ~

point of zircaloy. As | described Llater,| the - observed in the recrystallized regions. At higher <

'

accumulation of large amounts of Ag-Zr bearing elevations'(0.27 to'0.58 |m), prior-beta zircaloy
melts in the lowcr region of the bundle indicates structure wasLoresent, indicating temperatures in ,

that this liquefaction process. resulted in . excess : of .1245 K? At and ' above the 0.66 m 1

significant amounts of early material reloc& tion elevation, essentially;all the remaining zircaloy' j

in LP-FP-2. claddingLwas fully oxidized to ZrO . (The only ,I
2

unoxidizsd zircaloy was on a few rods in one j
. Molten Ag-In-Cd control material was comer near the:very top of the fuel bundle.) ,|

observed within the partially liquefied remains of ' Minor : amounts f of : zircaloy { oxidation ? were -)'

its stainless steel cladding. Examination of the ' observed below theIO.66 mIelevation. on the : ,

l
cladding inner surface indicated that the molten surface of some of the fuel rods and guide tubes.

control material did not interact with the The lowest' extent was on some of the centrally .
- cladding. However, metallic melts that flowed located fuel rods at the 0.12 m elevation.
down the exterior of the cladding did interact j

with the stainless steel. An intergranular
Cladding' ballooning and. rupture became j

~

interaction zone was apparent on the outer
- significant above the second spacer grid. The:

surface of the cladding, and the liquefaction of
~ oxidized cladding shells in this region came into 1

the stainless steelhad resulted in the formation of.
a eutectic melt ' structure. SEM/WDSx

c'ontact and fused together"in many instances.
The axial transition in the degree of cladding''

. examinations of this area revealed the presence .

.

of low melting point Zr-Ni intermetallic phases - , ballooning was associated with a transition in the . y

along the grain boundaries. The eutectic melt . amount of zircaloy oxidation. This suggests that . j
structure was also composed primarily of Zr and the exothermic zircaloy oxidation process caused ? '';

Ni, with smaller amounts of Fe and Cr mixed in. ' cladding temperatures to increase and resulted in

This behavior is consistent with the Zr-Ni phase enhanced ballooning and rupture in these regions

: diagram shown in Figure 26, indicating that of the pressurized fuel rods.

4
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1 PostirradiationExamination
'

s

[ ' At 'and above the 0.58 m elevation, fully unusual features or evidence of overtemperature q

oxidized cladding shells were all that remained . conditions.. .j
-

4

of the zircaloy. During the transient, the outer .'
+

surface of the cladding fully oxidized to ZrO ' : Behavior in the Lower. Blockage Region.2'

which melts at 2960 K/ Under this_was a layer . The material in the lower blockage region was- N;

'of partially oxidized alpha-Zr(O), which mehs at' pdmadly composed of A'g-Zr-Fe Cr NI.metallicL..

appmximately 2245 K: and beneath this was the - melt and fuel debds. Small amounts of oxidized y
7

[
' unoxidized zircaloy, which melts at 2030 K. As cladding remnants and ~other metallic melts were b

y temperatures in the bundle increased, primarily- 4 also present.jThe eutectic metallic melt in this 9
as a result of the exothermic zirealoy oxidation region) resulted imm liquefaction of 'zircaloy, di

p process, the unoxidized zircaloy on the cladding ; stainless steel, and Inc6nel. Some laminar melt - j
inner surface melted and was ab.e to flow structure was also observea separatmg from the! Y j

~

j
downward. On lower cross sections, this melt' - liqueAed portion of the zircaloy: cladding.. ip

|; ' was observed filling the fuel / cladding gap and . - - j
penetrating along cracks in the fuel. This molten | This' lower blockage region solidified in'an i jg .

I; zirctioy was also able to escape from ruptured - egg shaped form 'with 'a central cavity region:

j Portions of the fuel mdsJ containing only the intact fuel mds.; Although the i h
.

outer crust'of this blockage had extensiven 3'

;

porosity on.a mic' oscopicf scale, itiwas.. 3In regions where the zircaloy cladding was ~

r1

not completely oxidized,' relocating metallic - - sufficientlyfagglomerated that.the: epoxy was t
-

p melts containing Ag were able to interact with ) ,,g gggg gy,, g
- - Ac nA

" the cladding and cause liquefaction below the
. melting point of the zircaloy. An example of this E ,. '$'

f
.

[ was found at the 0.43 m elevatica,just below the Ceramic' Melt Behavior.,Cera:q,d; melt |was?

| second spacer grid. This example showed the - not located below the second spacer grid.LMost# J
. of the (U,Zr)O ceramic melt holidified in a large : 7[ formation of the laminar-type eutectic structures - 2

|
observed in the lower blockage region. These. mass to form an upper blockage, which extended: 1

1- Ag-Zr laminar structures from zircaloy/ melt . fmm approximately 0.58 to 0.88;m. SEM/WDS -
@j

i ' interactions appear very similar to the . .quantitati_ve analysis confinned that the ceramic

|- Zr-Ni-Fe-Cr laminar melt structures from- melt;was fully oxidized (U,Zr)O . (U,Zr)O melt .j2 2

!- stainless steel / melt interactions, which suggests ' was also present around individual rods and fuel 1 ;
_'

| that both of these interactions 'were responsible . . debris above the upper blockage. Near the top of

[ for the early relocation of materials. the bundleisome of the ceramic melt contained ~
oxidized melt |from the_ stainless steel upper tie'

The zircaloy inner liner remained intact up plate in addition to(U,Zr)Oy3=

I through the 0.46 m elevation, but was partially
: A typical ceramic melt structure ;was glassy

? liquefied at the 0.58 m elevation and completely
. in appearance, with some cracking and porosity.f gone at above the 0.66 m elevation. The molten
in one case, the (U,Zr)O melt was hot enough to?|' liner and other metallic melts were able to 2

,
penetrate into the insulation in these regions, melt the ^ oxidized cladding on one side of the fuel

.

, _

- pellet, but not quite hot enough to completely ,
Examinations of the zircaloy. shroud . dissolve all the oxidized cladding remnants.on

indicated only intermittent small oxide layers in L the other side of the pellet. Temperatures in:
. the hotter regions near core midplane. Prior-beta ' excess of 2810 K ~are required to cre' ate molten

. (U,Zr)O , with temperatures above 2960 K''zircaloy _was observed in the region fmm 0.77 to | 2

- 1.14 m, indicating temperatures in excess of : required to melt _ oxidized ZrO2 cladding.
' 1245 K. This agrees with peak thermocouple Temperatures were less than the 3120 K required ? l

to melt the UO fuel. The melt penetrated.alongmeasurements of 1620 K'i_ this region-n 2

(Carboneau et al.1989), Examin'ation of the cracks in the fuel,- and some grain' growth in the :

cracked region of the shroud did not reveal any' center of the fuel pellet was observed."
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Postinadiation Examination

Fuel Behavior. Several factors affected the sample was prepared and examined and would
behavior of the fuel in the LP-FP-2 Experiment. be indistinguishable from the rest of the fuel.
The different aspects of fuel behavior are divided
into four categories: (a) grain size, (b) fuel Several SEM/WDS samples were examined
reduction by metallic melts, (c) fuel to investigate this phenomenon. No second !
fragmentation and powdering, and (d) fuel phase material was ever found in the separated )liquefaction and melting. grain boundary regions. These examinations did !

show that the melt was indeed metallic (low in

Grain Size. The nominal as-fabricated fuel oxygen), that the melt contained significant

grain size was 14 m. A total of.107 amounts of Zr (the only major bundle constituent

measurements were made in typically capable of reducing the fuel), and that U was
|

representative fuel over the entire axiallength of segregated in the melt. These results are !

the fuel assembly. These measurements indicated consistent with fuel reduction. In all cases, the j
an average grain size of 14 m, with a 2-sigma metallic melt did not penetrate into the grain '

standard deviation of 4 pm, indicating that b undary separation regions, which indicates

grain growth did not occur in the majority of the that the melt solidified before the grain boundary

fuel. However, grain growth was observed in the separadon occud

center of some of the fuel pellets in the hotter
portions of the I'mdle. Thirty measurements in Fuel Fragmentation and Powdering.
these grain growth regions indicated an average Fuel fragmentation and powdering (the breakup

grain size of 27 m, with a 2-sigma standard of fuelinto individual grains) was observed i

deviation of 17 pm. throughout the LP-FP-2 fuel assembly on failed 'i,

fuel rods that were exposed to water during
reflood. It was not observed on intact portions of

Fuel Reduction by Metallic Melts. fuel rods (in the lower portion of the bundle) or
Areas of enhanced grain boundary separation fuel rods that were completely surrounded by
and fragmentation were associated with the melt material that restrained the fuel. This
presence of metallic melts. There was evidence suggests that the thermal shock to the fuel during,

that this phenomenon was not simply a thermal reflood contributed to breakup of the fuel,
effect, because in some instances, where ceramic however, fuel fragmentation and powdering also
and metallic melts were both in contact with the occurred prior to reflood because fuel debris was
fuel, the grain boundary separation was limited intermixed with the melt material in the lower
to the areas near the metallic melt. This may be blockage. Fuel that had experienced grain
due to reduction of the fuel by the Zr-bearing boundary separation would have been
metallic melts, resulting in slightiy particularly susceptible to fuel fragmentation and
hypostochiometric fuel along the adjacent grain powdering.
boundaries. As shown in the U-O phase diagram
in Figure 29, this could result in the formation of Fuel Liquefaction and Melting. Areas of
a U-rich liquid phase along the grain boundaries fuel with a foamy morphology were observed on
at temperatures above approximately 1470 K. the periphery of some fuel pellets in the midcore
The presence of such a film could result in grain region and above. On the outer periphery of the
boundary separation and fragmentation, and foamy fuel region, the gra!n structure was
similar dissolution and breakup of the fuel has obliterated, whereas farther inward, a grain
been previously observed (Hofmann et al 1988). structure was still apparent in the foamy fuel.
In that instance, molten zircaloy contained in a Elemental dot maps from SEM/WDS
UO crucible resulted in partial disintegration of examinations of a similar sample indicated the2

the crucible. However, any metallic U that may presence of Fe, Cr, and Ni in the fuel. Review of
have formed on the grain boundaries in U-Fe-O phase diagrams indicates that eutectic
Experiment LP-FP-2 as a result of this process interactions can take place between these
would have oxidized to UO by the time this materials, although the data are very limited,2

41 NUREG/CR-6160



_ _ - _. . . _ - - _ - - . . ._. ..

t
!

Postirradiation Examination
,

!

.

t

3400 , , , ,

3200 - t,

+
L3 La3000 -

P
+UO +xL

'

2800 -

UO. x

2600 - L +UOn-x

1

3 2400 -
UO:+,

*
*
:s

3 2200 -

e
y Lt+UO -x - ,

@ 2000 - ,

1800 - U O :+. + U O .. UO:..

1600 - N
UO ../ ,

/ 7-U+L,
1400 W -

f(U0)..+,..
7-U U4O.+UO. % -U03

,

1200 . . UO ,,+U40. N I U Os-UOs :s

7-U+UO: U.O ., w
' ' ' '

1000
O.0 0.2 0.4 0.6 . 0.8 .1.C -

" Atomic Fraction O

Figure 29. U-O phase diagram.

NUREG/CR-6160 42

_ _ ___ _ _ _. _ . _ _.-.. _ _ _ . _ _.



_ _ _ - _

!

Postirradiation Examination

which suggests that the observed foamy fuel of sufficient size that they could be accurately
morphology may be due to fuel liquefaction by characterized, generally on the order of 1/4 to 1/8
Fe oxides. the size of a fuel pellet. As used here, this term is

not meant to infer that the fuel was not cracked
The foamy fuel regions discussed above or fragmented; it is only meant to describe a

were no longer surrounded by any molten categorical type of material observed
material. However, perous fuel regions were als

metallographically, The term fuel fragmentsobserved on some fuel pellets in the high
temperature upper ., lockage region which were refers to a category of material consisting of fuel

surrounded by (U,Zr)O ceramic melt. Elemental particles that were too small to accurately
2 ;

dot maps from SEM/WDS examinations of a
Ttu.s category generally consisted of ansimilar area indicated that these porous fuel

regions did not contain any Fe oxides or other agglomeration of very small fuel particles thati

elements. This soggests temperatures very near could not be individually distinguished from the
the 3120 K melting point of the fuel. The lack of cross-sectional photographs. However, higher

| oxidized ZrO cladding shells in these regions magnification photographs showed significant2
i

further indicates temperatures above the 2960 K amounts of open porosity separating the
melting point of ZrO . This behavior was individual particles; consequently, the measured2

observed on many of the fuel pellets in the center cross-sectional areas were reduced in half and
| of the ceramic upper blockage region and was a the remainder was added to the measured open
| prime indicator of melt temperatures in this flow values,

region.

The axial distribution of intact and5.3 Quantitative Data Analyses
fragmented fuel is shown in Figure 30, as well as

the as-fabricated values. Below the secondThis section discusses the flow blockage and
material redistribution measurements, provides spacer grid, the fuel was essentially intact. (The |

estimates of oxidation and hydrogen generation bottom two elevations passed through the end I

and peak bundle temperatures, and discusses the caps of the instrumented fuel rods.) Above the

results from the radiochemical and elemental second spacer grid (0.58 m) near the bottom of

analyses of the retained fission product samples. the large ceramic melt region, a lot of the fuel
was not surrounded by any relocated melt

Flow Blockage and Material material. Cladding ballooning and rupture in this

Redistribution. The cross-sectional areas of region left the exposed fuel unrestrained and

various types of materials at each metallographic susceptible to fragmentation. Above this region

elevation were measured to provide axial (0.58 to 0.88 m), there was very little fragmented

distributions. Interpolation of these values fuel; most of the fuel rods were surrounded by
provided integral volumes of materials. Density the ceramic melt, which held them in place.
and elemental analyses of bulk samples were Above the upper blockage region, the array of
then used to estimate material compositions in ballooned and ruptured fuel rods was held
the melt regions and to calculate material together by cladding remnants and ceramic melt,
balances for U and Zr, Details of the which surrounded the individual rods and
measurement techniques and uncertainties are minimized fuel fragmentation. However, above
described elsewhere (Jensen et al. 1989); this region, the cladding had been completely
however, in general, the uncertainties were stripped from the fuel, allowing a debris bed of
< 15%. intact and fragmented fuel particles to form. The

fuel from the upper portions of the bundle
intact and Fragmented Fuel. For these relocated downward and congregated on top of
purposes, the term intact fuel refers to fucl pieces the remaining rod stubs.
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!

| Zircaloy. Zircaloy components included fuel the open flow distribution in the upper portion of
| rod cladding, guide tubes, lock rings surrounding the bundle. Melt was also able to penetrate into
! the guide tubes at spacer grid locations, and the the low density (~20%) ZrO insulation where2
j zircaloy inner liner. The posttest axial the inner liner had melted. The amount of Olis i

distribution of these components is shown in melt material had to be accounted for in the Zr |
Figure 31, along with the as-fabricated values. mass balance estimates for the bundle and for i

subsequent estimates of the amount of zircaloy
The zircaloy cladding, guide tubes, and lock oxidation in the bundle. As described below, the

| rings were essentially intact below the second distribution of the melt penetration into the
spacer gr:d. Melting of the cladding inner surface insulation also provides some insight into the

| and fragmentation of the oxidized cladding shells sequence of events that occurred during this
accounted for the decrease in the amount of experiment.
zircaloy above the second spacer grid. At and
above the 0.66 m elevation, all of the zircaloy The data for the intact insulation (area

! was fully oxidized to ZrO , except for a minor unaffected by melt penetration) and the melt /2

amount at the 1.45 m elevation. Very little insulation areas are shown in Figure 33. These
zircaloy remained in the high temperature data show that all the insulation was intact and

! ceramic melt region (0.58 to 0.85 m) or in the unaffected by any melt below the second spacer
| uppermost region of the bundle; however, a grid in the regions where the innerliner remained
! significant amount of oxidized cladding intact. Melt penetration into the insulation
! surrounded rod stubs in the region between the occurred throughout the central portion of the

upper blockage and the debris bed (0.96 to 1.14 fuel bundle, with the greatest amount in the
m). region above the ceramic melt blockage. Only

very minor amounts were observed in the
The inner liner, which separated the rod topmost regions of the bundle. A possible

array from the insulation region, was also intact explanation for this behavior may be that the
I below the second spacer grid. However, it was inner surface of the innerliner was oxidized in

completely liquefied at and above the 0.66 m the central portion of the bundle, much like the
elevation except for a minor amount in one outer surface of the fuel rod cladding in this
corner at the 1.45 m elevation (the same region a region. As temperatures increased, the oxide
minor amount of unoxidized zircaloy was layer on the inner liner would have subsequently
Imated). held molten unoxidized zircaloy adjacent to the

insulation and allowed the melt to penetrate into I
the insulation. This is analogous to melting of theControl Rod Materials. The posttest

distribution of Ag-In-Cd control md alloy un xidized innersurface of the fuel rod cladding.

contained in its stainless steel cladding is shown The upper extent of the melt penetration into the

in Figure 32. The stainless steel cladding was insulation also corresponds to the upper extent of
eCa g renmants (se Egum M Mgenerally intact below the second spacer grid, *'.dized cladding remnants at these upperxiwith partial liquefaction occurring near the

second spacer grid. Release of all th ( outml e evadom wem also Umbd to emnor posdons,
near inw mr, w suggests dat steammaterial from all 11 control m * occuned
was se meMun& posWombetween the 0.46 zad 0.58 m elevatmas.
after one or both of the blockages had formed.
These data all suggest that zircaloy oxidation of

|
Insulation. It was necessary to measure the intact rods and liner extended only to the 1.2 m !

amount of insulation present at each elevation elevation. Above this elevation, the zircaloy
because the inner liner had melted in the upper cladding and liner was liquefied and relocated
ponion of the fuel bundle and the insulation was before an oxide layer could develop. This
able to fall out and relocate into the fueled liquefaction would have started on the inner
portion of the bundle. This significantly affected surface of the inner liner; hence, melt would not

45 NUREG/CR-6160 |
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a

be held against the insulation and have an melts relocating from the upper tie plate and
opportunity to penetrate into the insulation. This other portions of the upper end box.
liquefaction probably resulted from dissolution
of the zircaloy by Ag released upon control rod,

Open Flow. The measured open flow axial
failure, and later perhaps resulted from simple distribution is shown in Figure 37. Near the
melting of the unoxidized zircaloy.

bottom of the CFM was the lower blockage
~

region, consisting primarily of eutectic metallic

Ceramic Melt. Most of the ceramic melt in the melt and fuel debris. The solid line in this region

LP-FP-2 CFM was composed of (U,Zr)O , with is based solely on the material present, whereas
2 the dotted line takes into account the fact thatrelatively small amounts of bundle constituents'

there was a cavity region within the. lower
mixed in. The exception was near the top of the blockage without steam access. The flow area
fuel bundle, where the stainless steel upper tie reduction in this region corresponds to 86% of

,

plate had melted, relocated, and oxidized. The
the area within the inner liner, assuming that.

material distribution data for the ceramic melt steam was diverted around the lower blockage.
; are shown in Figure 34. The melt was only

found above the second spacer grid, with the The second greatest flow area reduction was
greatest accumulation between approximately through the second spacer grid and corresponded,

i. 0.66 and 0.88 m. In this region, the melt formed to 78% of the area within the inner liner. The -
a large solidified mass; whereas above this, the reduction in open flow due to the presence of the*

melt was limited to isolated regions around the large solidified ceramic melt can be seen in the
remaining rod stubs and fuel debris, region from 0.58 to 0.88 m. Above this ceramic

melt region, the open flow increased; the region,

consisted of ballooned and ruptured rod stubs
Eutectic Metallic Melt / Fuel Debris. This

4 surrounded by small amounts of ceramic melt.
material was primarily composed of an The decrease in open flow at 1.2 m was due to
agglomeration of very small eutectic metallic fuel debris resting on top of the rod stubs, and the
melt panicles (primarily Ag, In, Zr, Fe, Cr, and increase in open flow above this reflects the loss,

Ni), fuel grains and fragments, and small of material from this region.,

amounts of other assorted fuel bundle debris
(cladding remnants, larger metallic melt droplets, Integration of the as-fabricated and posttest
and fuel fragments). On a micmscopic scale, open flow measurement data indicates an 11%

. them was also considerable porosity between the reduction in the open flow volume (using the
| particles. As shown in Figure 35, this material solid line in Figure 37). This corresponds to a

formed the lower blockage regionjust above the 15% volume expansion of the materialinitially'
bottom spacer grid. It also accumulated on the contained within the inner liner. This is a result
second spacer grid. 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.

Metallic Melts. Most. if not all, of the metallic lower blockage (using the dotted line in
melts at and below the second spacer grid Figure 37).

; consisted of droplets of Ag-In-Cd control md
alloy. Above this elevation, the majority of the Integral Material Distribution Data.
metallic melts consisted of multiphase elemental Interpolation of the cross-sectional measurement
mixtures. As shown in Figure 36, the amount of data provided integral volumes of material in the
these melts was relatively small; and their bundle. These data are provided in Tables 4 and
distribution was very irregular throughout the 5, along with upper and lower limits based on the
fuel bundle. The large increase in metallic melt uncertainties in the measurement data. These,

near the top of the fuel bundle is due to metallic limits assumed that all the measurement data for

47 NUREG/CR-6160,
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,

Table 4. Integral volumes of materialin LP-FP-2 Experiment.
.

Pretest Lowerlimit Nominal Upperlimit
3 3 3 3

Material (cm ) (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.

Lowerlimit Nominal Upperlimit
3 3 3

Mateiial (cm ) (cm ) (cm )

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; fuel may be more accurate. However, the overall
thus, these limits are very conservative. good agreement in these material balance

calculations indicates that the material J

The integral results indicate that much more distribution measurements and methodology
zircaloy liquefied than fuel and approximately pmvide a reasonable approximation of the actual
70% of the control rod material was released to conditions.
the bundle. All the insulation is generally
accounted for, which indicates that very little, if These data also provide information on the
any, was dissolved in the melt regions. This amount of molten U and Zr and the partitioning
suggests that the insulation relocated after the of these elements among the various melts.
bundle had cooled, perhaps even during Approximately 63 wt% of the zircaloy was
subsequent handling of the fuel bundle. The liquefied; however, only about 15 wt% of the
largest volume of melt was in the ceramic melt fuel was liquefied. Most of these liquefied
regions. materials were located in the ceramic melt

region, although signi6 cant amounts of Zr were

Posttest Mass Balances for Uranium and I cated in the eutectic metallic melt in the lower

Zirconium. Core bore samples were obtained blockage and in the melt that penetrated the
i from representative regions within the fuel insulation. This reflects the dissolution of
| bundle, and elemental analysis was performed on unoxidized zircaloy by Ag to form the lower

these samples to provide bulk compositional blockage and the melting of the innerliner.

infonnation. Density measurements were also
perfonned on the core bore samples from the |

Oxidation and Hydrogen Generation. '

ceramic melt and eutectic metallic melt / fuel
debris samples to enable estimates to be made of Oxidation of zircaloy, stainless steel, and Inconcl

the total amount of material distributed in these components each contributed to hydrogen
| regions. From these data, it was possible to generation in the LP-FP-2 Experiment. The

calculate material balances for the major bundle zircaloy oxidation was calculated from the PIE
i

' data using two methods--subtraction ofconstituents of U and Zr, as well as provide j
information on the distribution of U and Zr in the un xidized Zr from an upper oxidation limit and

1

fuel bundle. The Zr distribution data were addition of oxidized Zr in the various regions of !

subsequently used to calculate Zr oxidation and the badle. The first method was considered to
hydrogen generation, and the overall mass Provide the best-estimate values; the second

balances for these elements provided an intemal method also provided infonnation on the
|

consistency check on the material distribution distribution of oxidized Zr, as well as a |

measurements and methodology. comparison check with the first method. These
,

| distribution data were useful for developing a

Details of the analysis methodology are bundle scenario of events, based upon when the

described elsewhere (Jensen et al.1989), and E' I" .the various regions probably oxidized.
Oddatim of mohen stainless steel and Incom1only the final results are presented in Tables 6

and 7. For the nominal conditions, the material components was also estimated from the PIE

balance overpredicts the amount of U but data, to provide an estimate of the total amount

accurately predicts the amoant of Zr. The f hydrogen generated in LP-FP-2

overprediction ti the U mass balance may be
partially due to ovcMtimating the amount of Best Estimate of ZhcMoy Oxidation
fuel present at each metallegraptic cross section and Hydrogen Generation. The best

| due to the inclusion of fuel cracking and estimate of the zircaloy oxidation was calculated
separation of the fuel. These data suggest that the by establishing an upper limit and then
lower estimated values for the cross-sectional subtracting the unoxidized amounts of Zr in the
and integral volumes of intact and fragmented various melt regions. This was considered to be
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|

Table 6. Uranium mass balance in LP-FP-2 Experiment.
'

Low estimate Nominal estimate Upper estimate

(g) (g) (g) jcat. ion

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 %)

A% 0 20 40
!

!
Percentages are normalized to posttest total.a

|

Table 7. Zirconium mass balance in LP-FP-2 Experiment.

Low estimate Nominalestimate Upper estimate
Location (g) (g) (g)

Ceramic melt 9,100 (28 %)* 12,000(29%)* 16,000 (32 %)*

Eutectic melt /fueldebris 4,900 (15 %) 5,400 (13 %) 6,000 (12 %) ,

,

Metallic melt 1,500(5 %) 3,000 (7 %) 5,200 (10 %)

:

Melt /insu'eion 4,100 (13 %) 5,600 (14 %) 6,900 (14 %)

Intact 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 %)

a% -20 0 22
i

a Percentages are normalized to posttest total.
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i

i superior to the method described in the next For the nominal case, this corresponds to an
section because of reduced uncertainties. oxidation of 49% of the Zr in the innerliner,,

'

cladding, and guide tubes, with the lower and
The upper limit for zircaloy oxidation was upperlimits corresponding to 32 and 60%. The2

i determined from measurements of the amount of large uncertainties are due to the conservatism
j oxidized cladding and guide tube remnants in the incorporated in minimizing and maximizing
. bundle, assuming that all the previously molten these estimates. However, as discussed in the i
I zircaloy had fully oxidized. The amount of following section, good agreement between these j

hydrogen generated as a result of zircaloy calculations and two alternative methods.

oxidation was calculated based upon the indicates that there is a high probability that the
3

following chemical equation: actual amount of hydrogen is near the nominal
i estimate.

Zr + 2H O 4 ZrO + 2H2 (EQ 1)*
2 2

: Hydrogen Generation Based Upon
Thus, for every mole of molten Zr or intact Total Oxidized Zircon /um. An alternative

j ZrO ,2 moles of H could be produced. From method for calculating the amount of zircaloy2 2

this, an upper limit of 1226 g of hydrogen from oxidation is based upon summing up the
j zircaloy oxidation was calculated.- oxidized Zr in the various regions, as opposed to
'

subtracting the unoxidized Zr from an upper
Determination of the amount of unoxidized lireit. This method has larger uncertainties

Zr in the melt regions was based upon density associated with it, but it has the advantage of
4 measurements and elemental analysis of core providing information on the distribution of

bore samples from the various melt regions, to oxidized Zr. This information can be used in
provide the total amount of Zr present, along conjunction with postulated bundle scenarios to4

2

with SEM/WDS examinations to determine the provide information on heat generation in the -
extent of unoxidized Zr in those regions. various regions of the bundle at various times |

'

Additional details on the methodology are during the experiment. It also provides a check
; described elsewhere (Jensen et al.1989). on the amount of zircaloy oxidation and
j hydrogen generation calculated in the previous
| Table 8 summarizes the results of this section.
2 analysis. The estimated amount of hydrogen

from zircaloy oxidation was 862 g, with lower The estimated amounts of hydrogen
j and upperlimits of 575 and 1064 g, respectively. generated from Zr oxidation in the various

1

Table 8. Best estimate of hydrogen generation from zircaloy oxidation.
1 |

j Hydrogen (g)
'

!

Location Lower Nominal Upper,

:

; Upperlimit from zircaloy oxidation 1226
)
i 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
i

) Total hydrogen from zircaloy oxidation 575 862 1064
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Table 9. Hydrogen generation from zircaloy oxidation in various regions of LP-FP-2

Hydrogen * (g)

Location Lower Nominal Upper
a

Oxidized ZrO cladding shells 36 63 93
2

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

Totalfrom zirconium 546 836 1204

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

caloy oxidation in Table 8.

regions of the fuel bundle are summarized in during the transient. This is based upon their
Table 9. The total amounts are in very good position low in the bundle, where they would
agreement with the hydrogen estimates given in have been exposed to any steam flow before the

Table 8. The greater limits shown in Table 9 rest of the bundle; the probability that they
reflect the increased uncertainties associated with experienced their hottest temperatures as they
calculating the amount of oxidized Zr in the wem relocating to form the lower blockage; and ;

ceramic melt region, as opposed to calculating the fact that these would be the first regions I
'

the amount of unoxidized Zr in the smaller quenched by reflood, The data from the melt /
metallic melt regions using the first method. The insulation regions indicate that a significant l

conservatism incorporated in determining the amount of the Zr in these regions was
lower and upper limits in Table 9 is apparent in unoxidized. This is probably due to the relatively

,

comparing the upperlimit of 12(M g of hydrogen lower temperatures in these regions of the (
with the absolutc i2 lbundle upperlimit of 1226 bundle. These data also indicate that the greatest

g estimated in te previous section. Since there amount of oxidized Zr was located in the ceramic

are significant amounts of unoxidized Zr in the melt regions, particularly in the large mass that
various melt regions, this comparison indicates made up the upper blockage. The partitioning of

that the upper and lower limits are, indeed, very the Zr oxidation and hydrogen generation in

conservative. these various regions provides some valuable
information on the possible sequence of bundle
events, when these data are compared toThe results in Table 9 indicate that very little
measured and calculated hydrogenoxidation was associated with oxidized zircaloy
concentrations in the BST and the PCS. Thesecladding shells. Most of the zircaloy oxidation

was associated with previously molten zircaloy comparisons are described in detail elsewhere
(Carboneau 1990, Modro and Carboneau 1990).

in one form or another. The oxidation of the
cladding shells had to have occurred relatively
early in the experiment before significant Oxidallon of Stainless Steel and
material relocation, because these oxidized shells Inconel Cornponents. In addition to the
were surrounded by the melts. It can also be zircaloy, major portions of the type 304L
assumed that the oxidation of the Zr in the stainless steel upper tie plate were molten and/or

eutectic metallic melt regions probably occurred oxidized. An example oi this is shown in
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Figure 25 on page 35. Based upon area fraction Cr in the molten stainless steel cladding and
measurements, and SEM/WDS examinations Inconel spacer grids. Details are provided
that indicated Fe and Cr were oxidized in these elsewhere (Jensen et al.1989).

! regions, it was possible to estimate the amount of
,

hydrogen generated from this source. Similar The hydrogen contribution from these I

calculations were performed to estimate the sources is shown in Table 10. A total of 163 |
hydrogen generated from the oxidation of Fe and i 83 g of hydrogen was calculated from these

Table 10. Oxidation of nonzircaloy components.
I
!

Hydrogen
(g)

Location Lower Nominal Upper

( Oxidation of stainless steel upper tie plate 51 103 155

Oxidation of molten stainless steel cladding 20 40 60

Oxidation of molten spacer grid 9 20 31

Total hydrogen from nonzircaloy components 80 163 246

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

Hydrogen
(g) I

Location Lower Nominal Upper

Upperlimit 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 575 862 1064

OMdation of upper tie plate 51 103 155

Oxidation of molten stainless steel cladding 20 40 60

Oxidation of molten spacer grid 9 20 31

Total hydrogen from nonzircaloy components 80 163 246

Total hydrogen generation in LP-FP-2 655 1025 1310
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sources, of which the oxidation of the upper tie In summary, the results of two independent

plate was the most significant. analyses show excellent agreement as to the !5

; partitioning of the hydrogen generation between
the transient and reflood periods and in regards toTotal Hydrogen Generaflon and the total amount of hydrogen generated (1024

Discussion of Results.The best estimate of versus 1025 g). Excellent agreement was also ;

! the total oxidation and hydrogen generation in
f und htween two aherna{tve memods of j

j the LP-FP-2 fuel bundle is the sum of the estimating the zircaloy oxidation and hydrogen
,

,

contributions fmm the zircaloy and nonzircaloy genera n mm a ( erms 862 gh
components. These data are summarized in Table e agemem among d mese v&es aggem
11, which indicates that 1025 g of hydrogen were that the best-estimate nominal values closely
generated in the nominal case, with lower and reflect the actual conditions and provide a greater

,

<

upperlimits of 655 and 1310 g, respectively. degree of confidence in the data than the separate1

This is in excellent agreement with an estimates with their individually large
,

independent analysis based upon grab samples uncertainties would imply.-

from the BST and calculated amounts in the
PCS,which indicated 1024 364 g of hydrogen. Estimate of Fuel Sundie Peak
Details of this independent analysis are provided Temperatures. Temperatures within the fuel |

;

| elsewhere (Carboneau,1989 and 1990; Mcdr bundle were estimated based upon |

l and Carboneau 1990), but the results are metallographic observations of changes in the
summarized here to demonstrate the good z realoy microstructure and the presence of

iagreement between the two different analyses. molten materials and their interaction with other
,

materials. Thermocouple data obtained during ,

The amount of hydrogen calculated to be in the experiment provided information up until |

the BST, based upon grab samples, was failure and shunting occurred. However, |4

j 205 i 11 g. The amount in the PCS, based cladding thermocouples in this experiment !

upon pressure and temperature measurements generally failed at around 2000 to 2200 K; and
!

7
and calculated gas compositions, was 819 364 only a limited number of fuel centerline

| g. These values provide an indication of the thermocouples were available to provide higher

| amount of hydrogen generated during the temperature data (up to 2970 K). Consequently,

transient and the reflood period, because the BST metallographic examinations provided the only 1
* '

data on peak temperatures in many regions of the
was isolated just prior to reflood.

fuel bundle.

The data on the distribution of oxidized Zr The axial profile of peak bundle averaged
indicated that nominally 181 g of hydrogen were temperatures in Experiment LP-FP-2 is
generated from the cladding oxide shells and the presented in Figure 38. The primary purpose of

'

oxidized Zr in the lower blockage. As discussed this temperature distribution is to provide
previously, these materials had to have oxidized modelers of this experiment with a single
during the transient. This value is in very good cross-sectional average temperature tos

agreement with the 205 i lig found in the BST, benchmark their codes. Localized temperatures4

which must have been generated during the at a given cmss section varied above and below
transient. Correspondingly,818 g of hydrogen these peak bundle average temperatures. Details'

were estimated to have been generated from the of how this profile was detennined are described
ceramic melt regions, the melt which penetrated elsewhere (Jensen et al.1989), and only a
the insulation, and the oxidation of the summary of the methodology is provided here.

nonzircaloy components (Tables 9 and 10). This ;

is also in excellent agreement with the 819 g of At and below 0.36 m, the peak bundle
hydrogen estimated to be in the PCS, most of averaged temperatore could be determined from

which had to have been generated during reflood. changes in the zircaloy microstructure

NUREG/CR-6160 56

__-_ _ - . _ _ .



___

Postirradiation Examination

i

g 3000 __
_ I

e
.

. W '

-

5 Peek fuel2500 e.n t.,line Tc de ts - % -

8 during reflood
,

{ .

E 2000 Possible _'- ,

e temperature ,

rangs-

't3 -

cn 1500 - /" Thermocouple datee '

at voser tie piste -
4 during reflood'

e
>
e 1000 - e sundle eversee (best estimete)g/ -

o Sundle everage (lower limit)e
,

y x Bundle eversee (upper limit)

j 500 - -

.a
e . ,

l ' ' ' ' ' ' 'O
O.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Elevation above bottom ofinstmmented fuel rods (m)
Figure 38. Peak bundle averaged temperature distribution.

(recrystallization above 920 K and the formation ceramic melt regions. Average temperatures for
of prior-beta microstructure above 1245 K). each of these temperature regimes were weighted
From 0.43 to 0.46 m, the peak bundle average by the amount of material present to calculate the
temperatures were based upon material peak bundle average temperature at each cross
interactions with the spacer grid (primarily Zr-Ni section.
eutectic interactions, which become significant
above approximately 1400 to 1500 K).

In the region above 0.88 m, the temperatures
were difficult to estimate from theFrom 0.58 to 0.88 m, the peak bundle

average temperatures were based upon material rnetallographic data because there were very few
!

weignted temperatures for the various regions in indicators and the range of possible temperatures I

the ceramic melt. For example, Figure 22 on was relatively large. Consequently, temperature
'

page 33 shows the entire cross section through ranges were based on interpolations between
the 0.77 m elevation through the middle of the temperatures in the high temperature ceramic

| ceramic upper blockage region. In the center of blockage and the upper tie plate. The peak
this ceramic melt, temperatures were sufficient to bundle average temperature of 1700 K for thei

cause fuel melting (> 3120 K): but on the upper tie plate was based upon the fact that the
periphery of the melt, the temperatures were stainless steel plate had melted in the central
above the melting point of (U,Zr)O (2810 K) regions but was still intact on the periphery;2
but below the melting point of the oxidized ZrO2 consequently, the peak bundle average
cladding remnants (2960 K). Fuel centerline temperature straddled the 1720 K melting point

j thermocouple readings supported these of the stainless steel. Although the temperature
| temperatures and also indicated that peak profile must decrease at some point in this

temperatures were approximately 2200 K in the region, large uncertainties arise as to the actual
peripheral regions of the bundle away from the shape of the profile; i.e., whether there is a
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!

smooth transition or whether there is an abrupt metallographic and SEM/WDS

change at some point. examinations that these materials were 1

transponed to ;this region. The . fuel'
***"** * * ' * * " " "

Retained Fission Product and Elemental major fission products, which suggests
Analysis. Thiny core bores (approx.imately 6 high temperatures or optimum'releaseL

Iand 10 mm in diameter) were drilled from conditions.
specific regions in the metallographic samples i

Antimony (Sb) accumulated in thefor radiochemical analyses. The objective of .

these analyses was to determine the distribution metallic melt phases in the lower ponion [

of core materials and the retention of fission of the bundle.
.

Products in various materials. Cs was generally retained within intact.

and fragmented fuel. Iodine was retained - ,

Elemental analysis (using inductively in the intact fuel pellets; however,
. .

coupled plasma spectroscopy) was performed for significant losses were calculated in ,

the 27 elements that made up the prmcipal fragmented fuel at temperatures ' of
components of the bundle; however, only the approx mately. 2200 to _ 2600 K..

,

major constituents of U and Zr were present in Significant losses of both Cs and I were -
sufficient quantities to allow for extrapolation of measured in partially liquefied fuel.,

the data to bundle inventones. This information
Significant losses of both Cs and I werewas used in conjunction with the material .

distribution data to estimate integral volumes of . measured in the ceramic melt samples,

material and to provide mass. balance - ranging from - essentially complete
information, as described previously. The Zr release to less than 50% retention. 'Ihese -

distribution data were also used to determine the fission product releases | could not be
distribution of zircaloy oxidation in the fuel correlated solely to peak temperature,

bundle. which indicates that other factors (such
ias time at temperature and surrounding

The radionuclide concentrations were materials) affected the release. ,

detennined from isotopic g34amma syctroscopy _ .

i

-

for 100"Ag,144Ce, 60Co, Cs, l' Cs,152Eu, 5.4 Summary and Conclusions
12554Mn,144Pr,103Ru,106Ru,and Sb; beta

90
sp9ctroscopy for Sr, and neutron activation of The major results and conclusions from the I

'

I 1 and subsequent gamma spectroscopy for PIES of the LP-FP-2 fuel bundle are summarized
130 . The fissile / fertile content was also measured in this section.1

by neutron activation / delayed fission neutron
analysis. The material relocation and stratification in |

the LP-FP-2 fuel bundle resulted in low melting I

Details of these analyses are described point metallic melts near the bottom, a high
elsewhere (Jensen et al.1989); however, the temperature (U,Zr)O ceramic melt region above2
major conclusions and observations are this, and a debris bed of fuel pellets near the top.
summarized as follows: This is very similar to material relocation and

stratification found in smaller scale integral
Sn apparently concentrated in the.

severe fuel damage tests and observed in_
metallic melts, as evidenced by Sn/Zr

examinations of the TMI-2 core (Petti et al. ;ratios greater than the as-fabricated 1989; Broughton et al.1989; Hobbins 1990). j
zircaloy.

Fuel and control materials were Material interactions between Ag and.
_

positively identified in the upper end zircaloy resulted in liquefaction of the zircaloy .|
l

box, confinning results from the well below the melting point of the zircaloy.
,
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| The Zr in these Ag-Zr melts interacted with the that the thermal shock associated with reflood
| stainless steel cladding on the control rods and may have contributed to fuel fragmentation.
'

the Inconel spacer grids to cause liquefaction of
these materials. Ag-Zr, Zr-Fe, and Zr-Ni Foamy fuel structures occuntd as a result of
interactions can all cause liquefaction of these Fe oxides liquefying the fuel. However, porous!

! materials above approximately 1200 K, but they fuel structures were also observed on fuel pellets
become particularly significant above ~1400 to surrounded by the high temperature ceramic
1500 K. melt, and SEM/WDS examinations confirmed

| . that this was pure UO . This indicates that peak2
i The distribution of oxidized cladding shells temperatures near the center of the ceramic upper
I indicates that the upper extent of significant blockage exceeded fuel melting (> 3120 K).

cladding oxidation, prior to massive material
! relocation, was approximately 1.04 to 1.14 m. The nominal grain size for most of the fuel
! Above this elevation, the cladding shells were was the same as in the as-fabricated conditionl

limited to a few rods on the periphery of the (14 pm), although some grain growth did occur
bundle. Upon control rod failure. Ag aerosols in the center of a me of the fuel pellets in the
were released, which liquefied the unoxidized hotter regions of tae fuel bundle. The grain size
zircaloy in the upper portion of the bundle. The in those regions averaged 27 m. The relatively
resultant melt relocated to form the lower large as-fabricated grain si:e and general lack of
blockage, diverting steam ilow to the periphery grain growth may have been an importantfactor
of the bundle. The presence of these materials in the small release of Cs and Ifrom intactfuel
near the bottom of the fuel bundle, and the pelletsin this experiment,
relatively low temperatures required for their
liquefaction, indicates that these were the first The PIES identified fuel debris and melt

i

materials to massively relocate during the materials in the upper end box, as well as
transient. extensive melting and oxidation of the upper tie

plate. The relocation of these materials, and the
The largest flow blockages (78 to 86%) were damage to the upper tie plate, could only have

located through or just above the two rema!ning occurred during the reflood period, when steam
spacer grids. This indicates that the spsar grids mass flow rates and temperatures were sufficient
tended to impede material relocation. to have caused the observed behavior.

Integration of the posttest open flow Approximately 63% of the zircaloy cladding
measurement data indicated that the total volume and inner liner had liquefied, as compared to
of open area within the fuel bundle was reduced approximately 15% of the fuel. Most of the
by 11% as a result of porosity trapped in the molten material was contained in the ceramic
various melt regions. This corresponds to a 15% melt region, and Zr was the most abundant

! volume expansion of the material initially element in this region. Large amounts of Zr were

| contained within the innerliner. also present in various metallic melts.

Fuel grain boundary separation was The best estimate of the hydrogen generated
associated with the presence of metallic melts. from zircaloy oxidation was 862 g. This
This suggests that fuel reduction may have corresponds to 49% of the zircaloy claoding and
occurred adjacent to these metallic melts, inner liner. An altemative methodology resulted
resulting in the formation of a liquid U phase in an estimate of 836 g, showing good agreement!

j along these grain boundaries. The effect was not between the two estimates. An additional 163 g
| observed where high temperature ceramic melts of hydrogen was nominally estimated to have
'

were in contact with the fuel. Fuel fragmentation been generated from oxidation of stainless steel
was also observed in areas that were not and Inconel components, resulting in a
surrounded by any melt material, which suggests best-estimate total of 1025 g of hydrogen. This

!
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total ir also in excellent agreement with hydrogen generated during reflood would have
measurement data based upon grab samples migrated (Modro and Carboneau 1990;
taken from the BST, which indicated 205i 11 g Carboneau et al.1989). These data indicate that

of hydrogen, and from an estimated amount of most of the hydrogen in the LP-FP-2 test was

819i 364 g in the PCS, for a total amount of generated during the reflood period.

| 1024 g (Mooro and Carboneau 1990; Carboneau Cesium was generally retained within intact
et al.1989). Analysis of the PIE data als

and fragmented fuel pellets. Iodine was retained
indicated that 181 g of hydrogen were nominally in the intact fuel pellets; however, significant
generated during the transient phase from the losses were calculated in fragmented fuel at
oxidation of zircaloy cladding and the materialin temperatures of approximately 2200 to 2600 K.
the lower blockage. This is in reasonable Significant losses of both Cr and I were
agreement with the 205 g in the BST, which is measured in partially liquefied fuel. Significant
indicative of the amount of hydrogen generated losses of both Cs and I were measured in the
during the transient since this tank was isolated ceramic melt regions, ranging from essentially
from the system just prior to reflood. The complete release to less than 50% retention.
hydrogen that resulted from the oxidation of the However, fission product release in these melt
ceramic melt material, the melt that penetrated regions could not be correlated solely to peak
into the insulation, and the oxidation of the temperature, which indicates that other factors
molten stainless steel and Inconel components, (such as time at temperature and the nature of the

totals 818 g, which agrees with the 819 g surrounding material) probably affected fission
estimated to be in the PCS, where all the pmduct release.

i
i

|

!
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6. SCDAP/RELAP5 ANALYSIS

This section describes an analysis of the similar to LOFT facility models that have been
OECD LOFT LP-FP-2 Experiment using the developed in the past, with several revisions
SCDAP/RELAP5 computer code [ Allison 1993]. intended to establish a best-estimate thermal-
This analysis has had three objectives. The first hydraulic model. The most significant of these i
was to confirm event timing and condition modifications are: ;

estimates from both on-line and post-irradiation
examination (PIE) measurements. Of particular a. The downcomer model was changed to a
interest was the timing and magnitude of: (a) split (two-channel) downcomer model
ballooning; (b) contml rod melting: (c) metallic and was renodalized to allow volume
melting; (d) ceramic melting; (e) hydrogen boundaries to have the same elevation as
production; and (f) fission product release. There core volume boundaries. Analysts have
was also significant interest in the code's oscillated between the use of single
prediction of oxide condition during reflood. The channel and split downcomer models.
second objective was to establish the influence of Advoeates of the single-channel
key experimental and modeling parameters on downcomer claim calculational
the progress of the transient. The third objective simplicity with minimal impact on
was to assess the early phase core damage hydraulic response during a large break,
progression models in the code. However, Ihe reactor yessel mass

inventory is sufficiently critical during
The SCDAP/RELAP5 analysis is presented the small- break portion of this

in four sections, a discussion of (a) the input calculation that the split downcomer
model: (b) the transient analysis; (c) the reflood model has been reinstituted. The ;

analysis; and (d) an assessment of SCDAP/ downcomer elevations were irnodalized |
RELAP5. because previous calculations have '

shown that when the downcomer and 4

6.1 Input Model core have different elevations, !
oscillations in liquid level can occur.

There is a long history of analysis of the
OECD LOFT LP-FP-2 Experiment with b. The upper plenum structure surface
SCDAP/RELAP5. Several analysts with multiple areas were modified to reflect detailed
input models have used many versions of the surface area calculations (Carboneau et j

code to analyze the experiment (Adams et al. al.1987. Appendix P). Also the upper I
1985; Carboneau et al.1989; Guntay et al.1991). plenum thickness was modified to reflect
In the course of performing these calculations, a estimates of the upper plenum structural 4

number of modifications have been made to the mass. This modification was introduced
original LP-FP-2 model. These revisions were to better simulate the fission product
made to permit the code to handle the transient transport phenomena observed during
more smoothly and to better represer.t a the transient.

particular aspect of the facility. For the analysis
described here, the author has endeavored to c. RELAPS heat structures representing the

make the best use possible of the previous center fuel module (CFM) high ,
analyses. This has consisted of reviewing the medium , and low-power fuel rods,
analyses and utilizing the best of the model control rods, guide tubes, and thermal
revisions. shroud were all replaced with SCDAP

components. Also, the RELAP5 single-

Primary Coolant System Model. The channel model of the CFM was replaced

primary system model for the current analysis is with a three-channel model. This allows

|

61 NUREG/CR-6160

! l
___________



SCDAP/RELAPS Analysis

significantly better simulation of core CFM. Figure 42 illustrates the CFM |

blockage and relocation and their impact nodalization, showing the three banks of fuel ;

on coolant flow diversion. rods, as well as the locations of the guide tubes
and Ag/In/Cd control rods. The thermal shroud j

d. RELAP5 heat structures representing surrounding the CFM was, of course, modeled as

peripheral module fuel rods were a separate component.

replaced with SCDAP components
As discussed earlier, the CFM was dividedrepresenting high- and average-power

fuei rods. into three parallel flow channels, each
surrounding a single group of fuel rods. In the |

The SCDAP/RELAPS model of the LOFT past (Carboneau 1989), the thermal-hydraulic
reactor vessel is shown in Figure 39, while the representation of the LOFT core used a hot-
ex-vessel PCS is shown in Figure 40. This channel approach. This approach consisted of

nodalization, representative of a Westinghouse 4- using one hydraulic channel to model flow
loop plant, models all components in the PCS, conditions for the average flow channel and a

such as the intact and broken loops, steam second hydraulic channel to model flow
generator and secondary system, and reactor conditions in the hottest channel. This hot-
vessel. channel approach had been used successfully in

the past to model large- and small-break
Core Model. The reactor core was modeled as experiments. Unfortunately, because of the
four separate channels, one representing the implied assumption that all fuel rods within the j

i

peripheral fuel bundles and three representing same flow channel behave independently of one

the CFM, as shown in Figure 41. The center fuel another, this approach has been shown to be

module (CFM) was modeled using nine SCDAP inaccurate during any transient where fuel rod

components, as shown in Figure 42. geometry changes (Coryell 1992). Basically, as
the flow through the unit cell around a fuel rod is

The center fuel module fuel rods were disrupted, additional coolant flow is diverted into
modeled with six components. These six adjacent channels, making them less likely to
components were divided into three pairs of rods, undergo geometry change. This violates the
each pair npresenting a bank of fuel rods assumption that each fuel rod within the
different orny in power. This was necessary hydraulic channel is independent. For this
because th'.:se rods were enriched to 10%, reason, the CFM was divided into three parallel

causing significant thermal neutron depletion, flow channels. Since the peripheral modules
and therefore a depression in the radial power experienced no deformation, the assumption of

pmfile of approximately 13%. A pair ofidentical independence remains valid; and the hydraulic
fuel rod componsnts were used to model each model was left unchanged, with one channel
bank, because it has become a standard practice representing all modules.
to bound the oxidation response with a pair of
components, the first modeling oxidation limited initial Conditions. Reactor conditions at the
only by steam availability, and the second start of the transient were established in the usual
modeling oxidation limited by the diffusion of manner used with RELAP5 in that the initial core
steam through a hydrogen boundary layer. power was defined and a set of steady-state
Although modeling these bounding phenomena controllers were applied to the primary coolant
had little impact on the analysis of the transient pumps, pressurizer spray and heaters, feed
phase of LP-FP-2, it can impact the results if system, and secondary system. Several hundred
significant quantities of hydrogen are being seconds of null transient were then peuvaned
generated by the oxidation process. Three with the model to allow the steady-state
additional components were used to model the controllers to bring the system to an equilibrium

Ag/In/Cd control rods, the guide tubes, and the condition.
zircaloy-lined insulating shroud surrounding the

,
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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 1.4 11.35

Primary system pressure (MPa) 14.98. 0.1 15.08

Hotleg temperature 571.610.8 570.5

Cold leg temperature (K) 559.9 1.1 559.9

Loop mass flow (kg/s) 475 2.5 475.01

Reactor vessel
Powerlevel(MW) 26.8 t 1.4 26.8

Decay heat at 200 s (kW) 684.8 695.19

Maximum linear heat generation (kW/m) 42.6 3.6 43.0

Secondary system
Secondary pressure (MPa) 6.38 0.08 6.09

Pressurizer
Liquid volume (m ) 0.57 0.03 0.573

Steam volume (m ) 0.37 0.03 0.373

Water temperature (K) 616.9 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) 95 3 100 i

After reaching equilibrium, the thermal and well-characterized. The heat losses during the |

hydraulic conditions (mass flow,intemal energy, LP-FP-2 transient were modeled as three !

pressure, and so on) and initial temperature separate quantities, from the reactor vessel, the

distributions for heat structures and SCDAP steam generator, and the intact loop piping.

components were transferred into a second input
deck, through the use of PYGMALlON, a utility The remaining boundary conditions for the

available to all RELAP5 newsletter subscribers. OECD LOFT LP-FP-2 Experiment were.
Table 12 compares the initial measured and unfortunately, not as well defined as previous

calculated hydraulic conditions for several LOFT experiments. Because the objectives of

significant parameters. this experiment were directed exclusively
towards early phase severe core damage
P enomena and fission product transport, ,hBoundary Conditions. Boundary Conditions

for experiments in the LOFT facility were definition of thermal-hydraulic boundary |
usually very well defined, because experiments conditions was sacrificed to provide added |

in this facility were routinely used for thennal- confidence in meeting the core damage j
i

hydraulic code development or assessment. The objectives. The primary analytical difficulty is
that the intennediate size break on the intact loopboundary condition with the greatest uncenainty

in experimental facilities is nearly always cold leg, through which 80% of the system i

envimnmental heat losses. LOFT environmental coolant inventory was expelled, was merely a

heat losses, however, have been parametrically non-instrumented, non-orificed pipe. Although

defined over a series of 26 experiments, covering maximizing early coolant depletion, as intended,
the lack of an orifice at this break has forced alla wide range of break sizes and are therefore

i
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subsequent analyses to rely on secondary System Thermal-Hydraulic Behavior. In
indications, such as time of core uncovery, to most severe accident analyses, the uncertainty in
characterize the PCS mass balance. the thermal-hydraulic behavior of the PCS

dominates the unceitainty of the analyses. This is
Radial and axial power profiles were emphasized in the analysis of the LP-FP-2

measured with traversing in-core probes (TIP's), Experiment because the experiment focused
and decay heat has been well defmed by detailed exclusively on early phase severe accident
reactor physics calculations. Pressure in the BST, phenomena prior to corium relocation into the
the simulated containment, was modeled as a lower vessel.
constant. Although prcssure in an effluent tank

| 13 times as large as the PCS will increase As was mentioned in the discussion of
| marginally as the system experiences blowdown, boundary conditions, the primary difficulty in
| it has no significant effect on primary system analyzing the LP-FP-2 Experiment has always

response, been the evaluation of the primary system mass
balance. The best-estimate analysis presented

The remaining boundary conditions, here has been no exception. It has not been
| specifically the specification of significant difficult in the past to tune the loss coefficients on
'

thermal-hydraulic events such as valve and pump both the intact loop cold leg break and the
operation, were modeled using a RELAP5 simulated LPIS line such that the PCS pressure is
control system based primarily on the measured matched exactly. Unfortunately, for all system
timing of each operation. The specification of models used to date, this causes the system to i

these events to the facility control room were retain too much fluid in the reactor vessel,
based upon system pressure, and attempts were - thereby delaying the start of core uncovery by as
made early in the analysis of this experiment to much as 500 seconds. Two hypotheses have been
specify operator action based upon pressure. advanced to explain the inability of the model to
However, in a transient such as the interfacing predict both system pressure and tb of core
systems LOCA which this experiment simulated, uncovery: first, that the mass balance has been
when the system pressure decreases slowly,it correctly tracked but has been distributed
was determined that a small discrepancy in incorrectly about the system; or, secondly, that
pressure could significantly impact the timing of the distribution is roughly correct but that the

| valve operation. Wherever possible, then, the input model does not correctly characterize the ;

| effects of operator actions were simulated based reactor vessel internals and has therefore caused
| upon the experiment time. the energy deposition to the coolant to be too

low. Although it should be possible to modify the
6.2 Transient Analysis input model to examine these two hypotheses, I

,

| the additional resources required would not
! SCDAP/RELAP5 has been used to analyze significantly benefit the assessment of severe

the LP-FP-2 Experiment as early as the accident code models, which remains the
experiment's planning stages. However,in the primary goal of this analysis. In order to evaluate
seven years since the experiment, a number of the severe accident models, more emphasis was
significant improvements have been made to placed on correctly predicting the time of core
SCDAP/RELAP58. For this reason, an analysis uncovery than on duplicating system pressure,
of the experiment was performed with the Figure 43 compares the calculated and measured
objective of assessing the state of the code system pressure during the transient phase of the
against experimental and identifying pammeters experiment.
which are key to the analysis.

Figure 44 shows the core dryout time as a
function of elevation above the bottom of the

a. SCDAP/RELAP5/ MOD 3, configuration control active core. This figure illustrates that SCDAP/
version Bae. RELAP5 predicts that the top of the core is low
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I

enough in power that it is initially cooled by underprediction is consistent with the
steam / entrained liquid until the liquid level drops underprediction of system pressure.
to an elevation of 0.9 m. The code tracks core
dryout very well until valve cycling causes One of the key parameters in an assessment
perturbations in the liquid level. The code of the ability of SCDAP/RELAPS to predict core
predicts core dryout in the bottom-most portion damage phenomena is the core temperature
of the corelater than measured. history. Figure 46 compares the calculated

cladding response with that measured at the 10
One of the locations where estimates of inch elevation. As seen in this figure, the time of

coolant system mass flow is available is in the core uncovery at the bottom of the core is late
simulated LPIS line. This mass flow has been and the core heatup rate is too fast. This
estimated from pressure, temperature, and difference in thermal response is caused by the
differential pressure data associated with the discrepancy in the vessel liquid inventory just
LPIS venturi, (Carboneau 1989]. The result of discussed. Figure 47 compares the calculated
this estimate is compared to the mass flow cladding temperature at the 27 inch elevation
calculated for the simulated LPIS line by (the peak power zone) with that measured during
SCDAP/RELAPS in Figure 45. As seen in this the experiment. This figure shows that the time
figure, the predicted flow rate during the later of core uncovery at the center of the core is
phase of the experiment is less than the expected predicted very well. The cladding heatup rate is

| value. Since the driving force for this flow is the also predicted very well until 877 s, when the
pressure differential between the reactor vessel operators began a series of valve operations to
and the simulated coritainment, such an lower the system pressure to prevent fission

!

69 NUREG/CR-6160



- .. . .= .- . - , - - _ -

SCDAP/RELAP5 Analysis

1500.0 , , , , , ..
.

-

.

Calculated _

1250.0 -

Measured ,

.

~ '
1000.0' -

1g .
- /.

2
j 750.0 -

-

E ~

e L .

2 @ 500.0
--- -

- --

-
,

-
;

-

,i 250.0 -

s
_

< _

' ' ' ' ' ''

0.0
j 0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

i Time (s)
:

Figure 46. Calculated and measured cladding temperature at the 10 inch elevation.

2500.0 , . , , . .. .
4 , , ,.

_

_

"

2000.0 -
Calculated

h
.,

I Measured j j .

I ,1)) g -

1500.0 --
4

e .
g .

4

-

2 ,

: G _
-

-

| & -

-

E 1000.0 --

k '

2
.

_

-

L -

"

,
500.0 - -

.

4 .

-
.,

,

-

.

-

-

' ' ' '' ' '

0.0
O.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)
,

Figure 47. Calculated and measured cladding temperature at the 27 inch elevation.

.

NUREG/CR-6160 70
,



.

.

SCDAP/RELAP5 Analysis
,

3000.0, ,
, ,, , , , , ,

- .

Y

Calculated2500.0 - ,

. Measured

2000.0 - f
|

2
f' .

E
a

5 1500.0 -
_

g -
.

1000.0 -
_

.

'J

500.0 ; ' -~ ~

-. _

~
.

I l l l l l-' ' ' ' ' > '0.0
O.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)

Figure 48. Calculated and measured cladding temperature at the 42 inch elevation.

|
|
l

|

71 NUREG/CR-6160 j



SCDAP/RELAP5 Analysis

3000 . . . . . .

.

Center channel
-

Middle channel
-

""
2500 - i

N

2000 -

j -E . ,/,/g
-

| -

2 / -

2 1500 -

// -

g -

A, ~

E
-

f .

S

1000 4
-

-

.:.s -

. ,, 7
-

$'. _ -~~~~- -

500 -

.

.
.

e

-
.

0 Sb0 750 1000 1250 1500 17500 250
Time (s)

Figure 49. Radial temperature profile across the center fuel module at the 42 inch elevation.

product instrumentation damage. This valve Figure 49 illustrates the radial temperature

operation (reopening of the intact loop cold leg across the center fuel module at the 42 inch 4

break and PORV) caused some cooling of the elevation. This node is the highest temperature

thermocouples. Whether this measured cooling node, and is the node at which cladding rupture

was representative of what occurred throughout is predicted. The response at this elevation is just

the core or only on the instrumented rods is as expected, with the core heatup beginning
unknown, but the current combination of input universally across the module at the same point
model and code was unable to model it. Figure in time, the response remaining very similar until

48 compares the calculated cladding temperature radiation heat transfer and fuel rod geometry

with that measured at the 42 inch elevation. changes begin to cause distinctions across the

Although the instrumentation in this pan of the module. At approximately 1150 s the fuel rod in

core did not survive to experience the early the center channel is predicted to rupture. This

severe accident phase of the experiment, early matches the first measurement of fission product

indications show that the calculated cladding gap release of 1200 s. After fuel rod rupture at
behavior is within the uncertainty of the this elevation, SCDAP/RELAP5 models double-

measurement;It should be noted on all sided oxidation at the failure elevation. After
comparisons to experimental data that as the 1500 s, core damage and blockage due to
thermocouple indicates rapid oxidation rates and material relocation cause the middle channel to

temperatures in excess of 1800 K, the instrument heatup less rapidly than the channels on either

is probably no longer tracking local cladding sMe of it. At approximately 1550 s, the cladding
in the average channel is completely oxidized atresponse.
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 the core, due to the fact that SCDAP/RELAP5
coolant temperature. At approximately 1665 s can only mode't a single thennal conductivity for.

the Ag/In/Cd control rods are predicted to fall. all elevations of the shroud, when in mality the
This is only slightly later than the estimated designers specified different density ZrO at the2
failure time of 1520 s, indicated by relocation o.J top and bottom of the shroud.
mohen material to the lower portions of the core.

1

In summary,' SCDAP/RELAP5 is modeling
Figure 50 shows a comparison between the the thermal and hydraulic response of the core

calculated and measured response on the outer reasonably .well. Even though dryout at the
surface of the flow shroud- at the high core bottom-most poltion of the center fuel mo . le is
temperature elevation (42 in.). This comparison being predicted slightly late, it has little effect on
indicates that the. heat conduction _ through the the transient analysis, and the boundary
flow shroud is underpredicted. This conditions to the - core damage models are
underprediction ~ is probably caused by the accurately tracked.
uncertainty in the time-of-failure of the shroud
liner and the consequent uncertainty in the time- Key Transient . Parameters. One of the
dependent thennal conductivity of the ZrO2 objectives of - this analysis was 10 identify
insulation as coolant penetrated the insulation. modeling parameters which had an impact on the

- The same underprediction of CFM heat loss calculated response during the transient phase of
through the thermal shroud is shown on all the LP-FP-2 Experiment. Two parameters were
elevations of the shroud. An underprediction of identified during this portion of the analysis (1)

'

heat loss was expected at the top and bottom of the threshold for double-sided oxidation, and (2)
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Figure 51. Effect of oxidation rate limit on identical fuel rod components.

the oxidationlimiting model. threshold for double-sided oxidation be i

increased to the rupture strain.

It is interesting to note that early calculations

of the LP-FP-2 transient allowed double-sided One of the parameters which was identified

oxidation to occur,over too great a length of the as potentially impacting the calculated transient |

fuel md. This model uses a threshold local hoop response was the type of oxidation limit imposed i
'

strain to determine whether or not double-sided on the fuel rods. SCDAP/RELAP5 has
oxidation is occurring. Early calculations used a traditionally allowed the zircaloy cladding to |

'

threshold hoop strain of 2%, resulting in too oxidize at a rate limited only by the availability

rapid a heatup below the peak temperature node of steam. A recent extension has added the
and delayed the heatup at higher elevations due capability of limiting the oxidation rate by the |

to steam starvation. It also caused a significant limit of steam diffusion thmugh a hydrogen

over-prediction of the transient hydrogen boundary layer. The. analysis described here ;

generation. The current calculation uses a modeled the fuel rods in each coolant channel |

threshold local hoop strain equal to the rupture with a pair of fuel rod components which were -

strain, thereby allowing double-sided oxidation - identical except for the oxidation rate limit
only at the ruptured node. This increase in the imposed. The results of this bounding analysis
threshold for double-sided oxidation may be an are shown in Figure 51. As could be expected the

artifact of either the low bumup fuel, or the non- difference in the oxidation limiting models does

prototypical fuel rod pre-pressurization. not become apparent until rapid oxidation !

However, this analysis suggests that the default begins, and even then the LOFT core is
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Figure 52. Calculated hydrogen production.

sufficiently steam rich that the diffusion limit production during the transient portion is
does not lag significantly behind the steam predicted to be approximately 270 g. This
availabilitylimit. compares very well with the estimated transient

pmduction of 205i 11 g.
Transient Damage Progression. The ability
of SCDAP/RELAP5 to predict core damage Figure 53 illustrates the overall condition of
during the transient phase of LP-FP-2 has been the LOFT CFM just prior to the initiation of
and will continue to be of keen interest to the reflood. This figure illustrates the condition of
code developers. A facility which provided the three primary fuel rod groups, as well as the
experimental evidence of core damage during the Ag-In-Cd control rods. As seen in this figure, all
early phases of a severe accident is invaluable to three fuel rod groups have ballooned and failed
the code development and assessment process. at axial node eight, which represents the hottest I

portion of the CFM. This corresponds with
One of the more interesting parameters to measurements of the temperature at the 42 in.

characterize the integral response of a damaged elevation As is typical in damage progression in
core is the hydrogen production rate, both the LOFT core, this elevation is just above the
because ofit's significoce to the risk evaluation peak power zone. It can be observed that the
process and because it represents an integral cladding ballooning is as localized as the axial
measurement of core response. Figure 52 shows nodalization will allow, and that there has been
the hydrogen production calculated by SCDAP/ no significant fuel rod damage other than

3

RELAP5 for the transient portion of the localized deformation and cladding failure. No
i

experiment. The cumulative hydrogen significant ceramic fuel rod melting has been
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Figure 54. Cladding outer radii.
|

4

; predicted to occur. This core condition coincides to 0.3 m above the coolant level. Since SCDAP/
, quite well with posttest examination of the RELAPS does not have the capability of

bundle, although it does not adequately describe modeling the phenomena of absorber material
. the eutectic formation which is believed to have spraying onto adjacent fuel rods, the code'

occurred when molten absorber material was predicted that the relocating absorber material
; sprayed onto adjacent fuel rods. would flow down the outside of the guide tube to )

,

'

the bottom of the fuel modaic and solidify in the
1 Figure 53 also illustrates the predicted volume just above the wolant level. Since
: control rod damage. As shown, all of the Ag In- RELAP5 predicted the coolant level to be

Cd absorber material has melted and voided axial slightly lower than measured, the calculated
zones five through nine. All experimental data solidification occurred slightly lower than
support the theory that the central region of the measured.
Ag-In-Cd control rods melted and generated
sufficient intemal pressure to breach the stainless The ability of the code to predict fuel rod
steel sheath as well as the zircaloy guide tube. ballooning and rupture is illustrated in Figure 54

_

The molten absorber material was then sprayed which shows the fuel rod cladding outer radius
onto adjacent hot fuel rod cladding, causing fuel predicted for each of the three fuel rod g:oups,-
rod metallic melting by eutectic formation as each of which were within a' separate flow
well as providing a cloud of vaporized absorber channel in the CFM. Previous analysis (Coryell
material for fission product transport. A 1992) has shown th'at the capability.added to
significant portion of the absorber material was SCDAP/RELAP5 to model multiple flow
observed to relocate to the bottom of the fuel channels within a single enclosure can impact the
module, where it resolidified approximately 0.15 phenomena observed during the early phases of a
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severe accident. If the CFM is modeled as a the transition between MOD 2.5 and MOD 3.

single hot channel, as has been done in the past,
flow diverted by the deforming fuel rods is One of the models within earlier versions of ,

channeled into the peripheral module, thereby SCDAP/RELAPS which the LP-FP-2

imposing coplanar blockage and overestimating Experiment cast doubt upon was the durability of

the CFM flow blockage. Now that the radiation the oxide shell around the fuel rod cladding.

enclosure representing the CFM can enclose Experimental evidence indicates that the ;
'

multiple flow channels, flow diverted by protective oxide shell can experience sufficient

deforming fuel rods in one channel is directed stress, particularly during reflood conditions, that

into an adjacent flow channel within the CFM, the shell spalls and fresh zircaloy surface is

thereby causing additional cooling in that exposed to steam. LP-FP-2 measurements
,

channel and reducing or delaying the indicate that significant fractions of unoxidized
'

deformation in that channel. This capability also zircaloy were exposed to the high-temperature

allows the code to model cold wall effects, due to steam atmosphere at the time of reflood. It seems

the presence of the cold walls of the shroud, likely that the additional zircaloy was available

Although no measurements were made of fuel for oxidation because (a) a portion of the CFM

rod cladding deformation, an indirect measure of had experienced some degree of steam starvation

channel blockage can be inferred by the fact that during the transient phase and (b) additional
sufficient coolant flow was maintained through fresh zircaloy surface was exposed at the time of

the CFM to maintain zircaloy oxidation. reflood due to oxide shattering. In the past the
code has had no mechanism to expose additional

6.3 Reflood Analysis zircaloy at the time of reflood, since the only
failure mechanism for the protective oxide shell
was that of reaching the oxide failure ;One of the objectives of the analysis

described here was to examine the ability of the temperature. A task was undertaken to extend the ;

code to model the core damage progression ability of the code to model reflood by the j

during the reflood phase of the LP-FP-2 addition of a model to shatter the oxide shell i

Experiment. During the LP-FP-2 Experiment, under reflood conditions (Coryell and Katsma,

the CFM experienced an oxidation excursion 1992). The new model is detecting the conditions i

sufficient to drive fuel rod temperatures above necessary to shatter the oxide, and is exposing |

the melting point of ceramic UO (3100 K). It fresh cladding surface for oxidation during
2

has been estimated that approximately 60% of reflood.

the zircaloy oxidation / hydrogen production that
was experienced during this experiment occurred

Although the new oxide shattering model

during the reflood phase of the experiment. This
does correctly predict shattering when reflood
reaches the core components, SCDAP/RELAPS

application of SCDAP/RELAP5 to the LP-FP 2
reflood is sufficiently challenging to the code that provides sufficient cooling to limit the oxidation

excursion, and terminate the transient prior to
it has been of significant interest to both code

ceramic melting. This may be caused by inherent
developers and program participants.

assumptions of stability in the heat transfer
correlations which are violated by the chaotic

Thermal-Hydraulic Response. The ability conditions of reflood, as is illustrated in Figure
of SCDAP/RELAP5 Mod 3 to model the themial. 55. This figure illustrates the chaotic flow
hydraulic response of the LOFT system during conditions that exist between 1780 s, when
the reflood phase has dramatically improved reflood reaches the core, and 1800 seconds,
since the EASR calculation (Carboneau 1989)

when the flow stabilizes. In order to assess the
was perfonned. The most significant

ability of the code to model the oxidation
improvement is the addition of the capability of excursion, an input option to shatter all in-core
modeling non-condensables, which occurred in oxide upon reflood initiation was used. The

maximum cladding themial response to this
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Figure 58. Cumulative hydrogen production during reflood.

oxidation excursion is shown in Figure 56, which value . is within the. unceitainty of the - total
shows the reflood response of Component I at hydrogen - production for ~ this experiment,
the 42 inch elevation. As reflood exposes fresh estimated to be 1024 i 364 g..
zircaloy an oxidation excursion begins which
drives the fuel rod to melting, at which point the 6.4 Assessment of SCDAP/
oxidation calculation is terminated. RELAP5

Reflood Damage Progression. Figure 57 The analyses of severe accident transients
shows the condition of the core after reflood. As continues to be dominated by uncertainties in the
illustrated by this figure, there has been some thermal-hydraulic conditions. The ability of -
fuel rod melting and fragmentation, with a SCDAP/RELAPS/ MOD 3 to predict core
subsequent relocation and resolidification into a . temperatures remain _s as reliable as that
porous debris bed in node three at the center of experienced by SCDAP/RELAP5/ MOD 2.5,
the fuel module, and node four at the outer edge pro _vided the thermal hydraulic boundary
of the module. All fuel rods above this location conditions are realistic. The mechanics of heat -
are predicted to have fragmented during reflood, conduction and oxidation are handled in a-
fonning a rubble debris bed. manner that produces results.within the

uncertainties encountered during the LP-FP-2
The code prediction of hydrogen production Experiment. Each core damage phenomena

during reflood is shown in Figure 58. As shown observed during the transient portion of the
in this figure the cumulative hydrogen experiment was triggered within the correct

,
production predicted for this analysis is

temperature range with the possible exception of'

approximately 980 g. Although slightly low, this the onset of rapid oxidation. The codes late
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prediction of this onset may be just an artifact of progression during the reflood portion of the
the LOFT thermocouple effect, which would not LP-FP-2 Experiment. The hydrodynamic portion

be applicable to uninstrumented fuel rods. of the code has made significant advances in |

Transient thermal results tracked observed modeling the thermal and hydraulic response of a i

phenomena quite well, with the exception of reactor to reflood conditions, although the heat

phenomena related to the eutectic interaction transfer conditions during the chaotic reflood |

between control rod absorber material and phase are not well understood. It should also be ;

zircaloy. The lack of a model examining the noted, that difficulties am still encountered when

interaction between Ag and zircaloy has not non-condensable quality approaches unity. The

significantly impacted the prediction of model for the shattering of the cladding oxide

temperatures but would significantly impact any upon reflood does appear to be working
fission product transpon analysis. The impact on correctly, and can provide an oxidation
fission product transport is significant because a excursion. There is insufficient experimental data

cloud of vaporized control rod material would be to determine if the oxidation excursions are
created at the same time and location as massive typical of the physical response, but the integral

cladding disruption, causing significant measurements, such as hydrogen pmduction and

interaction between iodine and the vaporized debris formation, appear to match experimental

absorber material. quantities within the experimental uncenainty.

The ability of SCDAP/RELAP5/ MOD 3 to 6.5 Conclusions
model hydrogen production and transport has
improved since MOD 2.5, although this The ability of the SCDAP/RELAP5 code to
phenomenon is highly dependent on the model both the transient and reflood phases of ;

reliability of the hydraulic prediction. SCDAP/ the LP-FP-2 transient has improved dramati ally

|RELAP5/ MOD 3 has accurately predicted core over the years since the experiment was
damage progression within the limits of the performed. It now seems likely that if the input :

hydraulic calculation for this analysis. The onset model can provide reasonably realistic boundary
of cladding deformation and its subsequent conditions, the severe accident models within
failure appear to be predicted within reasonable SCDAP/RELAP5 are capable of yielding best-
uncertainty, As previously mentioned, the lack of estimate results, without resoning to the use of
a model to examine the potential for spraying user-specified input parameters which may lie ;

!

molten control rod absorber material onto outside the defensible range of the parameters.
adjacent rods will cause the code to underpredict The uncenainty in the LP-FP-2 transient analysis
the amount of zircaloy eutectic formation, prior is dominated by uncertainties in the thermal-
to melting, but appears to impact only the fission hydraulic response of the primary coolant system
product transport analysis in the LP-FP-2 (PCS), and the greatest uncenainty remains the
analysis. experimental uncenainties, such as the break |

flow. A lack of instrumentation on the most I
'

One of the objectives of this task was to significant break flow path, the intact loop cold
perform an assessment of the ability of SCDAP/ leg break line, has led to the necessity for
RELAPS/ MOD 3 to examine core damage parametrie studies of break flow resistance. |

|

,
.
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7. RELATIONSHIP TO SEVERE ACCIDENT DATA BASE
1

j This section discusses how the LP-FP-2 control materials, and low bumup. Differences
1 Experimental results relate to those obtained in - include the lower system pressure and much
| other severe fuel damage experiments and smaller scale of the LP-FP-2 Experiment relative
j through analysis to the damaged TMI-2 reactor to the TMI 2 accident. The SFD-ST test shares

core. the method of cooldown (reflooding) and an*

excess steam supply rate (incoming steam not
7.1 The Relationship of LP-FP-2 totally converted to hydrogen by reaction with

Test Results to Other Severe zimaloy in the bundle) with the LP-FP-2

Accident Data Experiment and me M-2 aciden Au me'

experiments listed in Table 13, as well as the

The accident at TMI 2 stimulated research to
TMI-2 reactor, contained Incmel spacer grids.
The SFD experiments were conducted at a4

understand how such severe accidents progress,
how to mitigate their consequences, and how t system pressure (6.9 MPa) within the range of

,
, pressures measured in the TMI-2 accident (5 toterminate them. Of central importance ina

addressing the above concerns is the behavior of 15 MPa) and greater than the pressure during

the fuel and fission products dunng an accident. bundle heatup and damage in the LP-FP-2

The LP-FP-2 Experiment was the last of several Experiment (1.1 MPa). Two of the SFD

integralin-pile experiments conducted at the experiments utilized fresh fuelirradiated to only

INEL to investigate severe accident phenomena. trace levels to produce measurable quantities of
shon-lived fission pmducts prior to the transient,

' an w cWnd hel Ms prehy MatedThis section summarizes results from the
LP-FP-2 Experiment that are important to eXPomm (30 MW Au far E

} understanding severe accident phenomena and experiments were heated by fissioning (fission
!

provides a consistent interpretation with results Power from the driver core), as opposed to decay
#" " * * * *j obtained in the severe fuel damage (SFD) test
fseries carried out in the Power Burst Facility es s wem tennmated w2 a sy,

(PBF) at the INEL and results from the p we contmHed cooMown. De cooMown in

examination of the damaged core of the TMI-2 Test SFD l-1 was with steam, whereas in Tests,

reactor. Melt progression, the effect of spacer SFD l-3 and SFD 1-4 it was with argon. One 1

grids, energy and hydrogen generation upon SFD experiment, SFD l-4, contamed Ag-In-Cd4

c ntrol materials; but the coelant in this Ireflood, damage to core support structures,
I fission product transpon and deposition, and the eXPenment & not cone me H BO pment in3 3

ietention of fission products in high-temperature
- ment ami h M2 acdden

melts are considered. Due to the centrallocation of the test bundle in
-

the LOFT core, the bypass flow area relative to
; Experirnental Conditions. Information on the flow area within the bundle was much larger
I the scale and experiment / accident conditions in the LP-FP-2 Experiment (80%) than in TMI-2

(1.5%) and the PBF-SFD tests (0.5%).among the LOFT LP-FP-2 Experiment
(Carboneau et al.1989; Jensen et al.1989), the Although small relative to the TMI-2 core, the

PBF-SFD tests (Knipe et al.1986: Maninson et LP-FP-2 bundle was considerably larger in scale

al.1986: Maninson et al.1989: Petti et al.1989: man me SFD tests. The two SFD tests of
Osetek 1987), and the TMI-2 accident Particular interest for comparison with LP-FP 2

,

*

(Broughton et al.1989) presented in Table !? and TMI-2 are SFD-ST (reflooded) and SFD l-4

indicates that the LP-FP-2 Experiment has much (contained Ag-In-Cd control rods).
i

in common with the TMI-2 accident; namely,
Relationship to Studies in PBF and TMI-2.

decay heating, reflooding, excess steaming rate,
The damage zones produced in the LP-FP-2

4
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Table 13. Experiment / accident conditions and scales.

Attribute SFD-ST SFD 1-1 SFD 1-3 SFD l-4 LP-FP-2 TMI-2

Geometry

Number of rods 32 32 32 32 121 39,825
,

Rod length (m) 0.91 0.91 0.91 0.91 1.87 4.0

Bypass (%) 0.5 0.5 0.5 0.5 80 1.5

Heating method Fission Fission Fission Fission Decay Decay |

Cooldown method Reflood Slow Slow Slow Reflood Reflood

Steaming rate Excess Limited Limited Limited Excess Excess

Pressure (MPa) 6.9 6.8 6.85/4.7 6.95 1.1 5-15 |

Fuel bumup(GWd/tU) Trace Trace 30 30
?>''

O.45 3

Contml rod material None None None Ag-In-Cd Ag-In-Cd Ag-In-Cd

+HBO3+HBO3 33

Spacer grids Inconel Inconel Inconel Inconel Inconel Inconel i

Time above 2100K (s) 750 315 1000 1425 270 3600

|

l
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Relationship to Severe Accident Data Base
i

! CFM are very similar to those produced in the wet and thereby tended to glue fragments
| PBF-SFD tests and in the TM1-2 core despite together In the TMI-2 core, the debris bed
| quite large differerices in scale, system pressure, consisted of fuel fragments that were mainly
| steam supply, water elevation in the vessel, about I mm in size. The particle sizes in the
| bypass flow area, fuel bumup, duration of loose rubble in the SFD l-4 and LP-FP-2

transient, method of heating, and method of Experiments were intermediate between the
transient termination. In Tests SFD-ST, SFD l-4, above two cases.

! LP FP-2, and the TMi-2 accident, a metallic
blockage formed at the lower spacer grid, a The metallic blockages in SFD-ST, SFD 1-4,
ceramic blockage occurred above the lower LP-FP-2, and TMI-2 occurred at the lowest
blockage, and a mbble bed of fuel fragments spacer grid. An analysis of the influence of

| rested on top of the ceramic blockage. In the spacer grids on trapping relocating debris
| PDF-SFD tests and in the TMI-2 accident, the indicates that if the spacer grid is at a
| lower metallic blockages occurred near the level temperature below the solidification point of the
l of the coolant. However, in the LP-FP-2 relocating melt, it can strongly influence trapping

Experiment, the water level was below the fuel of the debris (Gasser et al.1990). The spacer grid
bundle; and the metallic blockage occurred well provides an increased mass for heat transfer

j above the water level in a region where the (80% of that of the fuel rod cladding), an
! temperature was less than the solidification increased surface ama for heat transfer (220% of

| temperature of the relocating melt, that of the fuel rod cladding), and a decreased
cross-sectional flow area. (The largest diameter;

! The ceramic blockages in the PBF-SFD tests of a drop that can pass without impacting a solid
and the LP-FP-2 test appear to be precursors of surface is 3 mm with a spacer grid versus 8 mm
the large ceramic molten pool that fonned in the without.)
TMI-2 accident. The additional time at
temperature in the accident evidently contributed Despite the large flow blockages of the 1,

| to the larger mass (about 45% of the core) of LP FP-2 bundle and the large bypass available
ceramic melt in the TMI-2 reactor vessel. The for steam flow, extensive oxidation of zircaloy
rubble beds of fuel fragments above the ceramic occurred. The bypass flow around the LOFT
melt formed with either excess or limited steam CFM was 80%, compared to a bypass flow of
supply conditions and with either reflooding or 1.5% for TMI-2 and 0.5% for PBF; yet the
slow power reduction methods of transient zircaloy oxidation (58%) was comparable to
termination. The common factor appears to be other experiments (64% in SFD-ST and 32% in
the loss of restraint of the fuel due to the melting SFD l-4) and to the TMI-2 accident (50%).
and relocation of its zircaloy cladding. Thus, the LP-FP-2 Experiment is confmnation of

observations made from earlier experiments that
The particle size distribution in the rubble is flow blockages do not prevent continued zircaloy

set primarily by the crack distribution within fuel oxidation and hydrogen production (Cronenberg
stacks in the fuel rods prior to the transient, et al.1989).
Cracks in the fuel pellets develop as a result of
thermal stresses in the fuel pellets during power The production of energy and hydrogen
changes in the reactor, particularly during reactor during reflood of a damaged fuel bundle or com
start-ups and shutdowns. The largest fragments is not unique to the LP-FP-2 Experiment. An
(about 2 mm) occurred in the SFD-ST test as a analysis of the increase in system pressure
result of a minimum of power cycling and a slow measured during the B-loop pump transient in
heatup in a steam-rich environment. The the TMI-2 accident and the associated energetics
minimum power cycling produced relatively suggests that up to 32% of the hydrogen
coarse crack patterns, and the slow heatup generated in the accident may have been
enhanced oxidation prior to zircaloy melting and produced during this event (Kuan et al.1989).
resulted in oxygen-rich zircaloy melts that were Hydrogen peaks following redood have also
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been measured during SFD ST and in the CORA formation of Agl as a dominant chemical form of |
(Hagen et al.1989) out-of-pile severe fuel I under specific conditions.

damage test (in which a temperature excursion
was also measured). The general features of fission product

retention in ceramic melts are common to the
As in the case of LP-FP-2, localized damage SFD l-4 experiment, the LP-FP-2 Experiment,

occurred to structures immediately above the and the TMI-2 accident (Hobbins et al.1991). Sr
fueled region in the TMI-2 accident. The and Ce are stable as low-volatility oxides soluble

stainless steel upper core support plate sustained in the ceramic melt and are understandably

localized melting and foaming oxidation. An present at large fractions of inventory levels,
assessment of possible mechanisms and the Other medium- and low-volatility fission
energetics associated with the damage to the products (Sb and Ru) are largely absent from the

upper core support plate in the TMI-2 core ceramic melt phase, but are found concentrated

suggests that the damage likely occurred during in metallic phases within the melt. Small, but
the B-loop pump transient as a result of high- significant, amounts (2% - 15%) of the volatile
temperature steam and hydrogen generated by fission products I and Cs remain in the ceramic

zircaloy-steam reaction (Kuan et al.1989). melts.

Because the fission product release pathway Summary and Conclusions. The LP-FP-2
in the TMI-2 accident was through water and, in Experiment extended severe accident experience

addition, the reactor was reflooded, little into the realm of a large-break LOCA and I

information on fission product deposition in the pennitied measurements of core melt |

RCS is available. Also, quantitative progression phenomena under low system (
measurement of total fission product deposition pressure in a decay-heated bundle and fission |

on the deposition rod (simulated plenum product transport through a scaled upper plenum
surfaces) in the SFD l-4 test was unreliable, and a simulated LPIS line. The principal damage

However, quantitative measurement of fission zones observed under small-break LOCA bolloff
product deposition was made in the LP-FP 2 conditions in PBF-SFD tests and in the TMI-2
Experiment with deposition coupons that were accident were confirmed under large- break (
protected from wash-off during reflood and LOCA blowdown conditions in the LOFT
within the LPIS line that was closed off prior to LP-FP-2 Experiment. A coolant level within the i

reflood. The fission product deposition measured core is not necessary for the formation of |

in the upper 1.enum of the LOFT reactor was blockages within the core due to the i

considerable (-65%) for I and Cs, where the solidification of relocating melts. As in previous
'

residence time was about 7 seconds and surface experiments and the TMI 2 accident, spacer i

temperatures were about 650 K, but was much grids were found to collect relocating debris and |
less in the LPIS line (10-27%), where the act as preferential sites for the formation of flow
residence time was only 0.2 seconds and wall blockages. The LP-FP-2 Experiment, having a

temperatures were about 520 K. much larger bypass flow than previous
experiments or the TMI-2 core, pmvided

The formation of Agl in the LP-PP-2 excellent confinnation of the inability of flow
Experiment was not unexpected based on blockages to prevent continued zircaloy |
thermodynamic considerations (Hahn and Aci.e oxidation and hydrogen production in a core melt

'

1984), the burst mode of control rod failure at accident,

low system pressure (Petti 1989a), and the low
fuel burnup. No other integral-effects in-pile As in the TMI-2 accident, considerable

experiments have generated these conditions, so energy and hydrogen were produced during the

the LP-FP-2 Experiment is unique in having reflood in the LP-FP-2 Experiment. Hydrogen
confirmed the theoretical expectaticns for the generation upon reflood has been measured in

the SFD-ST test and in the CORA-12 test in
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|

which a temperature excursion as a rcsult of The LP FP-2 Experiment demonstrates that,

reflood was also measured. The energy produced fission product deposition can be significant
in the LP-FP-2 CFM during reflood caused where temperature and flow conditions permit,' as

_ melting within the bundle, and the hot effluent was the case in the LOFT upper plenum.'

gases caused localized melting and foaming However, when residence times are very short, as
oxidation of the stainless steel tie plate directly in the case of the LPIS line, deposition is
above the fuel bundle. The narrow axial zone of minimal. Iodine behaves as AgI in the LP FP-2
stainless steel damage above the fueled region in Experiment and confirms theoretical predictions
LP-FP-2 is comparable to the localized melting for the specific conditions (low system pressure
and foaming oxidation in upper end boxes and and low fuel burnup) that prevailed in this.
the upper core support plate in the TMI 2 reactor, experiment. Cesium behaves as CsOH rather =
This evidence suggests that energy produced by than CsBO even though H B0 was presentin2 3 3
steam oxidation during reflood is deposited the coolant. The retention of fission products in
within the fueled region and within a narrow melts in the LP-FP-2 Experiment is consistent ;
axial region above the fuel, with results from the SFD l-4 test and the TMI-2

accident and confirms that small, but signi6 cant,
amounts ofI and Cs are retained.

!

!

:
:
|

|

<

87 NUREG/CR-6160
I
i

., , - . .-. --



8. CONCLUSIONS

The LP-FP-2 experiment provided control rods failed by overpressure and
information on the release, transport, and sprayed silver onto adjacent rods.
deposition of fission products and aerosols,

! during a V sequence large-break LOCA accident 8.3 Hydrogen Production
scenario that msulted in severe core damage, The
following are the most significant conclusions Approximately 205 g of hydrogen were.

| derived from posttest analysis: detected in the BS'P, and 819 g are ;

i estimated to have been trapped in the' 8.1 Core Damage Progression PCS. The total amount of released
hydrogen was ~1024 g, which is

All measurements, observations, and equivalent to an oxidation of 58% of the-

analyses of the LP-FP-2 data indicate CFM. This estimate agrees with that
that most of the CFM damage occurred determined by PIE.
during the reflood phase of the

Most of the 1024 g of hydrogen released-

eXPenment. during the experiment are believed to
The highest temperatures in the CFM have been released during reflood.-

(> 3120 K) were reached during reflood
and were caused by rapid metal water The distribution of hydrogen is similar to-

reaction. the noble gas distribution; i.e.,20% of
the hydrogen and 18% of the noble gases

| 8.2 Distribution of Fuel and wem f und in the BR and 80% of the

Control Materials hydrogen and 82% of the noble gases
were found in the PCS.

The stratification of material in LP-FP-2 8.4 Fission Product Behavior-

was similar to that observed in TMI-2
and the SFD series of experiments in The primary fission product chemical.

PBF; i.e., metallic melts, ceramic melts, species were Agl and CsOH.
and a debris bed were formed.

The major release of fission pmducts.

| The presence of spacer grids impeded occurred during reflood.
.

; material relocation, resulting in the
The BST fission product inventorygreatest flow blockages. .

M o U%
Upward material relocation to the upper of the xenon; 1% of the iodine; and

.

end box region occurred during reflood. 0.23% of the cesium detected. The
Approximately 15% of the fuel and 63% release fractions to the PCS following+

of the zircaloy cladding and liner were reflood were 9% for xenon and krypton; I

liquefied, 13% foriodine; and 16% for cesium.

The primary reason for the smallApproximately 70% of the control rod -+

alloy (Ag-In-Cd) was released to the fuel transient release fractions is probably
bundle. due to the initially large grain structure

.

I

f u appdmately M m) and
The large amount of silver detected in-

mPerawe* 26the upper plenum suggests that the
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Conclusions

8.5 SCDAP/RELAP5 Code 8.6 The Relationship of LP-FP-2
Comparisons Test Results to Other Severe

Accident Data |

SCDAP/RELAP5 MOD 3 is now able to-

predict the behavior of the facility during The principal damage zones observed. 4

'

the reflood phase, although the code still under small-break LOCA bolloff
predicts far too much cooling during the conditions in the PBF SFD tests and in
core quench. However, the code is the TMI 2 accident wem confirmed
capable of predicting the renewed under large-break LOCA blowdown
heating and melting, changes in conditions.
geometry, and dramatic increases in

,

hydrogen production. ; f
SCDAP/RELAP5 MOD 3 modeled key flow blockages to prevent continued.

| components of the transient phase of the zircaloy oxidation and. hydrogen
! experiment well. production in a core melt accident.

! Although the dryout times and heatup of Fission product deposition can be-.-

| the CFM are impacted . by the significant where temperatum and flow
uncertainties in break flow, the conditions ~ permit; however, when
calculated and observed behavior residence times - are very short -
appear to be within the experimental deposition is minimal. The retention of -

j uncertainties of the measurements and fission pmducts in melts is consistent
- test thermal-hydraulic boundary with results from the SFD l-4 test and 4

conditions. Default values were used for the TMI-2 accident and confirms that I

all damage progression models.Reflood small, but significant, amounts of iodine I

significantly increased core damage, and cesium are retained.
,

|

|

.

|

|

r
-

!

I

i

|

|
.

| NUREG/CR-6160 90



|

|
t

|

|

| 9, BIBLIOGRAPHY
I

Adams, J.P., et al,1985, Quick-Look Report on OECD LOFTExperiment LP-FP-2, OECD LOFT-T-3804,
| September 1984.

Allison, C.M et al,1993, SCDAP/RELAP5 Code Manual, Volumes I - V, NUREG/CR-6150, December
1993.

Bowsher, B. R. and S. Dickinson,1986, The Interaction of Cesium lodide With Boric Acid: Vapor Phase
and Vapor-CondensedPhase Relationships, AEEW-R2102, May 1986.

Broughton, J. M., et al.,1989,"A Scenario of the Three Mile Island Unit 2 Accident," Nuclear Technology,
87,34,1989.

Carboneau, M. L. et al.,1987, OECD LOFTFission Product E>periment LP-FP-2 Data Report, OECD
LOFT-T 3805, May 1987.

Carboneau, M. L., V. T. Bena, and M. S. Modro,1989, Experiment Analysis and Summary Reportfor
| OECD LOFTProject Fission Product Experiment LP-FP-2, OECD LOFT-T-3806, June 1989.
i

{ Carboneau, M. L.,1990, " Highlights of the OECD LOFT LP-FP-2 Experiment, Including Hydrogen Gen-
eration, Fission Product Chemistry, and Transient Fission Product Release Fractions," Proceedings of
an Open Forum Sponsored by the OECD Nuclear Energy Agency with the Support of the OECDILOFT
Spanish Consortium, Madrid, Spain, May 9 - 11,1990.

Coryell, E.W. and K.R. Katsma,1992, Design Report: Modifications to Examine the influence of Cold Wall
Effects on Core Damage Progression, EGG-SSRE-10221, April 1992.

Coryell, E.W., et al,1992, Design Report: SCDAPIRELAPS Reflood Oxidation Model, EGG-RAAM-
10307, October,1992.

Cronenberg, A. W., et al.,1989 " Severe Accident Zircaloy Oxidation / Hydrogen Generation BehaviorNot-
ed from In-Pile Test Data." Proceedings Seventeenth Water Reactor Safety Information Meeting, Rock-
ville, Maryland, October 22-25,1989.

Guntay. S. et al.,1991, A Post Test Analysis of the OECD LOFTExperiment LP-FP-2 Using the Computer
Programs SCDAPIRELAPS, TRAP-MELT 2.2, and PULSE, PSI-Bericht Nr. 95, April 1991.

Gasser, R. D., et al.,1990, Damaged Fuel Relocation Experiment DF-1: Results and Analyses, NUREGI
CR-4668, SAND 86-1030, January 1990.

| Hagen, S., et al.,1989, "Results of the CORA Experiments on Severe Fuel Damage with and without Ab-
sorber Material," National Heat Transfer Conference, Philadelphia, Pennsylvania, August 6-9,1989,

'

AIChE Symposium Series 269, Vol. 85,1989.

Hahn, R. and H. J. Ache,1984,'Thermodynamical Calculations on the Behavior of Gaseous Iodine Spe-
cies Following a Hypothetical Severe Light Water Reactor Accident," Nuclear Technology,67,407,
1984.

;

91 NUREU/CR-6160

_ _ _ _ _ _ _



. . . . . _ - - . -. - - .. . . - - . . .. . . - ..-... ..

|- Bibliography

Hobbins, R. R., et al,1990, " Review of Experimental Results on LWR Core Meh Progression", Proceed-
ings Eighteenth Water Reactor Safety information Meeting, Rockvillt . Maryland,0ctober 22-24,

| Vol. 2,1990.'

'
!

. .
.

Hobbins, R. R. and G. D. McPherson,1990, "A Summary of Results from the LOFT LP-FP-2 Test and
Their Relationship to Other Studies at the Power Burst Facility and of the Thme Mile Island Unit 2 Ac-
cident," Proceedings of an Open Forum Sponsored by the OECD Nuclear Energy Agency with the
Support of the OECDILOFT Spanish Consortium, Madrid, Spain, May 9 - 11,1990.i |

q

Hofmann, P., et al.,1988," Reactor Core Materials Interactions at Very High Temperatures," TopicalMeet-

.

Ing on the TMI-2 Accident Materials Behavior and Plant Recovery Technology, Washington, D.C.,0c-
V tober 31 - November 4,1988. |

-

.
.\

-

|

Jensen, S. M., D. W. Akers, B. A. Pregger,1989, Postirradiation Examination Data and Analysesfor J'

OECD LOFT Fission Product Experiment LP-FP-2, OECD LOFT-T-3810, Vol.1, December 1989.

Jensen, S. M. and D. W. Akers,"Postirradiation Examination Results fmm the LP-FP-2 Center Fuel Mod-
ule," 1990. Proceedings of an Open Forum Sponsored by the C' Cd Nuclear Energy Agency with the .
Support of the OECDILOFT Spanish Consortium, Madrid,5px z May 9 - 11,1990.

Knlpe, A. D., S. A. Ploger, D. J. Osetek,1986, PBF Severe Fuel Damage Scoping Test - Test Results Re-
port, NUREG/CR-4683. EGG-2413, March 1986.

, ;
'

Kuan, P., J. L. Anderson, E. L. Tolman,1989, " Thermal Interactions During the Three Mile Island Unit 2

|
2-B Coolant Pump Transient," Nuclear Technology,87,977,1989. ;

J

Mastinson,2. R., D. A. Petti, B, A. Cook,1986, PBF Severe Fuel Damage Test 1-1 Test Results Report,
NUREG/CR-4684, EGG-2463, W1.1. October 1986.

|

|. Mastinson,2. R.. et al.,1989, PBF Severe Fuel Damage Test 1-3 Test Results Report, NUREG/CR-5354,

j EGG-2565. October 1989.
.. :

|
Modm. S. M. and M. L. Carboneau,1990, "The Severe Fuel Damage Scenario. Discussion of the Relative i

Influence of the Transient and Reflood Phase in Affecting tle Final Condition of the Bundle," Pro- i

ceedings of an Open Forum Sponsored by the OECD Nuclear Energy Agency with the Support of the
OECDILOFTSpanish Consortium, Madrid, Spain, May 9 - 11,1990.

Osetek, D. J.,1987, "Results of the Four PBF Severe Fuel Damage Tests," Proceedings Fifteenth Water =
Reactor Safety information Meeting, Gaithersburg, Maryland, OctNer 26-30,1987, NUREG/CP-
0090,1987.

Petti, D. A. et al.,1989, Power Burst Facility (PBF) Severe Fnel Dunage Test 1-4 Test Results Report,
NUREG/CR 5163, EGG-2542, April 1989.

Petti, D. A.,1989a," Silver-Indium-Cadmium Control Rod Behaviorin Severe Reactor' Accidents," Nucle-
i

ar Technology,84,128,1989

|

:

c

NUREG/CR-6160 92

- . .



___ ._

|

|

i

l

|
Appendix A

The LOFT Facility
|
|
t

|

. !

lr

| |
|

I

A-1 NUREG/CR-6160

._-_- -



.____-______________ -___ - -

!

Appendix A

Appendix A

The LOFT Facility

A-1. Facility Description facility provided " integral" system data for
assessment of analyticallicensing techniques and

The LOFT experimental facility was a 50 for identification of unexpected thresholds or
MW(t), volumetrically scaled, pressurized water events that may occur during a LOCA. The tenn
reactor (PWR) system. The LOFT facility was integral implies that the entire system is modeled
designed to study the engineered safety features and the entire LOCA sequence is carried out as
(ESP) in commercial PWR systems as to their opposed to separate effects tests in which specific
response to the postulated loss-of-coolant phenomena, components or smgle systems are
accident (LOCA). With recognition of the studied during a particular phase of the LOCA.
differences in commercial PWR designs and Figure A-1 shows the LOFT facility in
irAerent distortions in reduced scale systems, the comparison with the ZION commercial nuclear
design objective for the LOFT facility was to reactor and the Semiscale experimental facility,produce the significant thermal-hydraulic
phenomena that would occur in commercial PWR The LOFT facility was also intended for

experiments and acquisition of data onsystems in the same sequence and with
approximately the same time frames and operational transients that may occur in a
magnitudes. Experiments conducted in the LOFT commercial or generic reactor. Such transients as

loss of feedwater, loss of primary coolant flow,

g
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Figure A-1. Scale comparison of LOFT facility.
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Figure A-2. Axonometric projection of the LOFT system.

and loss of steam load may lead to pressure relief simulate the single broken loop of a PWR. The

valve setpoints being exceeded. Relief valves broken loop contained passive steam generator
.

then actuate and vent primary system coolant. and pump components (simulators) and did not

Improper relief valve operation can lead to loss- 'have appreciable flow prior. to loss-of-coolant-

of-coolant transients as occurred at Three Mile experiment (LOCE) initiation. The pump and

Island. steami generator simulators contained ' orifice
P ates to simulate the pressure drops of their'l

The LOFT Experimental Facility shown in
counterparts. The broken loop terminated in two

Figure A-2 is described in detail in Reference quick-opening blowdown valves which simulate . o
A-1.The facility consisted of five major systems: the pipe break. The break area was sized with

1. Primary Coolant System. orifice plates located at the break planes.
2. The Reactor System that contained the The reactor system (Figure A-3) contained a

1.68-m high nuclear core.
'l.68-m nuclear core that was about one half the3. Blowdown Suppression System.

4. Emergency Core Cooling System. length of typical reactor cores (3.7 m long) in
commercial plants. However, this was the only5. Secondary Coolant System.

These systems were instrumented extensively to
compromise made in the nuclear fuel for the
LOFT core. PWR fuel rod assemblies were usedmeasure the system parameters. in the geometry shown in Figure- A-4. The.

,

The LOFT Primary Coolant System, shown in triangular comer assemblies were partial square
Figure A-2, consisted of an intactloop containing assemblies and had reactor control rods in the
active components to simulate three unbroken guide tubes. The center fuel. assembly was'the
loops of a four-loop PWR, a reactor. vessel most' heavily ~ instrumented assembly with --

containing a nuclear core, and a broken loop to instiuments placed in the vacant guide tubes as

NUREG/CR-6160 A-4
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i
well as on the fuel rods. The LOFT fuel counterparts and injected scaled amounts of
assemblies were complete with upper and lower emergency core coolant typical of the ECC l

end boxes and fuel rod spacer grids at five delivery behavior in commercial PWR's. The-

elevations. More specific detail of the LOFT core LOFT ECCS had the capability of injecting ECC4

design is contained in Reference A-1, to any of several locations including the intact
; lo p hot or cold legs, and the reactor vessel

The LOFT nuclear core can be considered a downcomer, lower plenum, or upper plenum. An
segment' of a generic PWR core which is identical backup ECCS was also available which !

,

subjected to the same transient or off-normal functioned separately from the ECCS used in a
conditions that a generic PWR would undergo in

LOCE.the event of a LOCA or operational transient.~

: Thus, the core geometric size, peaking factors. The Secondary System was designed to
and power generation lead to primary coolant remove the heat transferred into the steame

system volumes via the criteria of maintaining, as generator to the environment. This system,'

close as possible, the coolant volume-to-total core however, could not be contmlled for full'

power ratio in order to create the same transient simulation of secondary system response in large
a

and off-normal conditions that a generic PWR PWR's.
I core would be subjected to This view of the
i LOFT model was explicit in the early planning A-2. LOFT Facility Scaling
j and design.

The Blowdown Suppression System was The LOFT facility was scaled to generic j

designed to simulate the containment back PWR's by maintaining the system and
'

pressure inlarge PWR's during LOCA events. It component coolant volume-to-total-power ratio |'

consisted of a large pressure suppression vessel, whenever pos:ible.A-2 Inherent in scaling are !

! downcomers and a header connected to the some compromises of geometric similarity. I
,

j primary system via the quick-opening blowdown Scaling compromises must be such as to not |

| valves (see Figure A-2). adversely affect the requirements for typicality,
defined in Table A-1, that must exist between the

! The Emergency Core Cooling System (ECCS)
LOFT facility and the generic PWR. The LOFT |consisted of the same three systems cmrently in
scale model of the generic PWR that resulted is

commercial PWR's-the high pressure injection summarized in Table A-2, which .contains i
.

i system (HPIS), the accumulators, and the low Comparisons of geometric and physical i
pressure injection system (LPIS). The systems

Parameters between LOFT and commercial |were actuated similar to their generic'

)

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

I
J Item Reason

System volume to core power ratio Distribution of energy
i

j Break area to system volume ratio Depressurization of event
time similarities

;

Length-to-diameter ratios Pressure drop balance
,

(system resistance)

Elevation Pressure distribution

Surface area to volume ratios Heat transfer distribution |
,

Core power distribution Thermal response
,

i NUREG/CR-6160 A-6
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Table A-2. Comparison of LOFT and commercial PWR.

LOFT TROJAN
i
i

**Item 3 Total (%) Total (%) 3

Reactor Vessel

Outlet Plenum 0.95 12.51 15.95 55.47
-

Core and Bypass 0.31 4.12 7.50 26.0'

LowerPlenum 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 I
l

Cold Leg Pipe 0.37 4.85 2.08 7.22

Pump Suction Pipe 0.33 4.38 309 1 0.70

Steam Generator 1.45 18.97 26.40 91.49

Pump 0.20 2.60 1.96 6.80

Subtotal 35I'0 35.47

| Broken Loop

i Cold Leg to Break 0.16 2.16 1.72 5.97
b

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 2.46 N/A N/A

Part ofInlet Plenum 0.22 2.83 N/A N/A

| Pressurizer 0.96 12.62 14.7 50.97

i 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 LOFT TROJAN

Fuel rod number 1300 39372

Length (m) 1.68 3.68

Inlet flow area (m ) 0.16 4.963

Coolant volume (m ) 0.295 20.2273

Maximum linear heat generation rate (kW/m) 39.4 39.4

Coolant temperature rise (K) 32.2 32.2

Power (MW) 36.7 3540.5

Peaking Factor 2.34 1.60

3
Power / coolant volume (MW/m ) 124.4 175.0

Core volume / system volume .038 .057

2Mass flux (Kg/s-m ) 1248.8 3707.3

3Core mass flow / system volume (Kg/s-m ) 25.6 51.7

PWR's. The comparison between the scaled the primary coolant system following the
LOFT core and a commercial PWR core is shown initiation of a transient. Extensive thennal
in Table A-3. The physical parameters listed in measurements in the nuclear core provided

Table A-2 and Table A 3 are for nominal detailed information on the thermal response of

operating conditions in the Westinghouse four- the fuel cladding and fuel centerline

loop ZION PWR and in the LOFT model prior to temperatures. Nuclear measurements in the core

the LOCE designated L2-3. assisted in determining the initial or steady state
energy distribution. The philosophy followed on

,

A-3. Instrumentation measurement locations in the nuclear core, as
shown in Figure A-4, was to instrument one-half
of the core on a circularly symmetric basis with

The LOFT facility was augmented with an
emphasis on the center fuel assembly. The intent

extensive " experimental" measurements
A4 was to permit determination of the thermal and

system in addition to the normal PWR
mechanical effects of instmmentation on the fuel

instrument systems for reactor operation and rods during post-irradiation analysis. Utilizing
control.The following parameters were measured circular symmetry simplified the core structure
with the experimental instrumentation:

by permitting identical fuel assemblies to be used
temperature, pressure, differential pressurcs, in fuel assemblies 2,4,6, in assemblies 1 and 3,
density, coolant velocity, coolant momentum

and in assemblies 7 and 9.
flux, liquid levels, pump speed, and neutron flux.

Experimental measurements were also located
State measurements of the coolant in the n the ECC systems, the secondary coolant

primary system provided the capability of system, the pressure suppression system, and on
following the redistribution of mass and energy in components such as pumps, valves, and control

NUREG/CR-6160 A-8
1
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i

rod drive mechanisms for mechanical operation to detect motion. The drag disk measured coolant
measurements during a transient. momentum flux and indicated flow direction. The

Temperatures were measured in LOFT using turbine was a six bladed turbine with graphite
three types of thermocouples: Type K - chromel bearings and eddy current coil to pick up blade

,

m vement. Additional drag disk turbine |versus alumel; Type S - platinum versus platinum
'

10% rhodium; Type T - copper versus constantan. assemblies were installed at the inlet and outlet of
|

There were two groups of mechanical design of the core. The DDT turbine was calibrated to |
-

the themlocouples: the grounded spade junction measure velocity in either direction.

and the grounded weld junction. The spade Liquid level in the teactor vessel was
,

junctions were used as metal surface temperature measured at several locations using electrical l

measuring devices and the grounded weld conductivity probes consisting of several
junctions thermocouples were primarily used as electrodes at various intervals in a tube. The tube
coolant temperature measuring devices. was perforated at each electrode to provide good

communication between the electrode andPressure measurements were made by two
types of transducers: free field and standoff sumunding fluid. The absence of hquid was

,

<

absolute. The free field transducers were used for determined by measuring the electrical

the subcooled portion of the blowdown. This type conductivity of the surrounding fluid,

of transducer is cha acterized with very fast The primary coolant pump speed was
response time but is also sensitive to temperature monitored with a transducerconsisting of an eddy
changes. The standoff transducers were used for current pickup coil mounted in the pump bearing
pressure measurements during the two-phase pan cavity on the elevation of a tachometer plate
of the transient, since they are less temperature mounted to the shaft with radial slots. The direct
sensitive, but slower in response. current readout was converted to revolutions per

minute. |Differential pressure was measured using
transducers similar to the standoff absolute Displacement transducers were used in LOFT
pressure transducers with the diaphragm to measure the dynamic venical motion and
separating the high and low pressure fields. thennal displacement of the central fuel assembly

Coolant density was measured in the hot and in the core. The device used a linear variable
cold legs of the primary system using three beam differential transformer with two coils and a
gamma densitometers. A 22Ci Co, source was floating core attached to the upper core support I60

)used. The source was collimated into three beams structure sleeve. The transducer core was
as indicated in Figure A-5. Nal scintillation cells attached to the upper core support structure. j
with photomultiplier tubes were used as The neutron flux was measured with two types |
detectors. There was also a founh detector used to of transducers: scanning and fixed location
measure the background radiation thereby detectors. The scanning detector, a traversing
allowing it to be subtracted from the actual incore probe, provided graphs of the axial flux
measurement. The density measurement with the distribution at four different locations in the core.

.

|
three beams allowed recognition of flow regimes The fixed detectors used 60Co neutron flux
in the piping and could be used to infer liquid detectors for fast response. These detectors are !
level measurements, called self-powered gamma detectors, because

Coolant velocity, momentum flux and flow they use the current generated by decay of cobalt

direction were measured using drag disk-turbine to indicate powerlevel.

(DDT) assemblies. Such assemblies located in the
hot and cold legs of the primary coolant piping A-4. OECD LOFT Experimental
consisted of three drag disk and turbine groups COnfiguratlOn
and a thermocouple as shown in Figure A-6. The
drag disk d.:vice consisted of cylindrical drag For each experiment, the facility was
body and a linear variable differential transfonner

A-9 NUREG/CR-6160
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configured according to the experiment the break piping connecting the midpir.ne of the
objectives. The following indicates system intact loop hot leg to the blowdown suppression
changes that were made for individual tank. The break piping and the relative location of
experiments. A standard LOFT large-break the instmmentation in the line are shown in
LOCA and anticipated transients configuration is Figure A-8.
assumed. Also, special instrumentation used in
fission product Experiments LP-FP-1 and A-4.3 Experiment LP-SB-2:
LP-FP-2 is presented.

Same as Experiment LP-SB-1.
A-4.1 Experiment LP-FW-1:

A-4.4 Experiment LP-SB-3:
Standard LOFT configuration, as shown in

Figure A-2. The configuration of the LOFT Facility for
Experiment LP-SB-3 is shown in Figure A-9. The

A-4.2 Experiment LP-SB-1: break location was in the cold leg of the intact
loop between the primary coolant pumps and the

The configuration of the LOFT primary reactor vessel. The break nozzle was in a pipe that
system for Experiment LP-SB-1 is shown in cona:cted the intact loop cold leg to the
Figure A-7. The break location was in the hot leg blowdown suppression tank. Figure A-10 shows
of the intact loop between the steam generator the configuration of the break piping and the
and the reactor vessel. The break nozzle was in relative location of' tie experiment
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Figure A-7. LOFT system configuration for Experiments LP-SB-1 and LP-SB-2.
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|

instrumentation. A-4.6 Experiment LP-LB-1: |

A-4.5 Experiment LP-02-6: Standard LOFT configuration, Figure A 2. !
Center fuel module with unpressurized pins.

Standard LOFT configuration, Figure A-2. A |

new center fuel module was provided with A-4.7 Experiment LP-FP-1: ;

prepressurized fuel pins.
Standard LOFT configuration, Figure A-2 i

For this experiment a special center fuel meaule

i
I

3.89 cm
(1.53 in.) ,,,

Z f,, ,,,,,,,,,,' n0.81 cm R

(0 24 in.h 1.27 cm
% (0.50 in.)

///////)
From PC 2, intact loop io . !

L4.78 cm ,

hot leg
!

3 (1.88 in.) d

Break nozzle Insert 5
Detall 'A' -[- l

Ar# )Gamma densitometer spool piece o
4

DE-PC SO4A. B
1

DE-PC SO4 ABD. BBD

)DST Spool piece - 1.25 in. dia.
F E-PC-S03
ME-PC S03

TE PC S07 g *'

\sTE PC S08
"

-PDE PC SO4 Q
PE-PC S08

Break nozzle -O[ (see Detait 'A*)

s* % ,,. gi
PE.PC SO9

CV P139 57

CV P139-58 s

3 in. dia 3 in. dia.

To BST iNEL.Lp sexP-se 2125c2

Figure A-8. Experimental spool piece configuration for hot leg break piping.
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S3 - two samples drawn fmm center fuelwas manufactured with a zircaloy shroud. This *

module 115 cm above the lower tJe plate.
fuel mocule included 24 fuel rods enriched to 6

s4 . broken loop hot leg upstream of the235weight % U (regular fuel enrichment in LOFT .

was 4-weight % 235g), pigure A-Il shows a steam generator simulator.

cross-section of the center fuel module and The sample lines were routed from the sample .

'

] indicates the instrumentation in the module. points to the instrumentation and processing
Twenty-two of these were prepressurized at cold egr.ipment mounted on a movable skid. The lines'

conditions to 2.41 MPa. were heat traced and kept to a minimum length to |

maximize the fission product transport to the |,

A special fission product measurement system
instmmentation. The instrumentation on the skid |(FPMS) was designed for this experiment. The'

4 FPMS consisted of three basic systems: the steam included gross gamma detectors, flow meters,
'

j sample system, which was operated during the
iodine species samplers, steam condensers, liquid

transient phase of the experiment; the gamma traps and temperature and pressure

measurements.detection system, which was operated during the
12 hour post-transient phase, and the deposition The deposition coupons were located in the
coupons, which collected samples during both reactor vessel upper plenum on three elevations:

phases. Figure A-12 shows the FPMS 15,61, and 165 cm above the upper tie plate. On

schematically, each elevation were two coupons and both were

The steam sample system had four sampling CXPosed to the reactor environment during the
heatup phase. One coupon at each elevation was

locations: isolated and sealed prior to initiation of reflood, i

S1 - in upper plenum about 7 cm above while the second coupon temained exposed.*

the center fuel module upper tie plate,

and directly below the upper plenum Three gamma spectrometers were used in the
.,

ECC injection port. experiment to provide a real time quantitative
S2 - in the center fuel module,171 cm measurement of the radio isotopes present in the

*

above the top of thelower tie plate. LOFT system during the 12 hour post-transient

BLCL ABCDEFGH I JKLMNO BLHL
Enriched test rods (6%)

1
S3

2'
.

'

3 o 1 o a y Aa

'i n; e4 *

7 Unpressurized, removable rod~

0' vie tje o n5 - f

6 o i M / Standard enriched LOFT
# fuel rod, unpressurized (4%)9e ' / .'

7 vie
S2 - Flow shroud (Ir)8 4 vie o o / =

9 t}c tic.: / Clodding thermocouples

/- o centerline thermocouple in rod10 o e
_

tic 17e d+ o11 Pressure awiteh in rod
; , ; ,g ,

13 o o o oa Guide tube

14
ILCL u==-i e iKRL 16 i

' ,

Figure A-11. Central fuel assembly instrumentation locations.
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Figure A-12. Fission product samplin , locations.r
.

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

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
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Figure A-13. LP-FP-2 LOFT system configuration.
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special center fuel module and addition of the by 15 array were replaced with a shroud that

fission product measurement system (FPMS). provided thermal insulation and hydraulic
separation of the remaining 11 by 11 array of fuel !

The simulated LPIS line (shown in Figure rods from the peripheral modules. The shroud
' A-14) was scaled to represent correctly a LPIS consisted of zircaloy walls with zirconium oxide

line of a commemial power plant. The required ceramic internal insulation. The fuel rods within
scaling parameters included the break path flow the CFM were enriched to 9.74 weight % 235U.
area and LPIS line length. Break area scaling The papose of increasing the emichment was to
provided representative thermal-hydraulics, and Provide at least three minutes of cladding j

specifically, similar coolant velocities for temperatures above 2100 K before the peripheral
transport of fission products and aerosols. LPIS fuel rods reach the damage limit of 1462 K. j

pipe length scaling was necessary to provide
similar residence times for transport and retention The fission product measurement system,

phenomena in the LPIS piping. The scaling illustrated in Figure A-16, consisted of three basic l

rationale is described in Appendix A of the subsystems: (a) four gamma spectrometer |

EASR.^'3 systems and one gross gamma detector, (b) a |
deposition sampling system, and (c) filter sample j

Design of the center fuel module for 1systems.
Experiment LP-FP-2 is shown in Figure A-15.
The outer two rows of fuel rods in the standard 15

The four on-line gamma spectrometers and the
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Figure A-14. LOFT simulated LPIS line.

NUREG/CR-6160 A-16

_ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ . _



Appendix A

tem c us ewe.

I . l e I c t o l a t e l o l a i s t e l s I L l u l a i ol

_
E /

~~

+ ymmss/;
7 0 0 0'0 0 0000 0@ /

"

T 0 0 0 0 0 @O 0 000
7 0 0900 0 0 0900 //i 9 0 0 00 0 00 000 '/

0 00 0 0 0 00 0 00 /''

T OOO O O OO O OOO h'

7 0 00 0 0 0 0 0000 /.

? 9 0 00 0 0 00 00C
;

.

O 000 0 0 0 0000
i

3 0 0 0 0 090 0 0 00 / m.
1 00 000 0 00000 en. ||W//N//////,k O LY~j "

Figure A-15. LOFT center fuel module design.

I G6 gross gamma monitor were located at five the experiment: (c) G3 sampled from the
different sample locations: (a) G1 sampled from blowdown suppression tank liquid space: (d) G5
the reactor vessel lower plenum or, alternatively, sampled from the simulated LPIS line during the
from the intact loop hot leg; (b) G2 sampled from transient and post-transient; and (e) G6 sampled

j the blowdown suppression tank vapor spaces the F1 line at the top of the reactor vessel. The G4
during the post-transient, and from the combined detector was used during Experiment LP-FP-1
Fl+F2 sample lines during the transient phase of and was not used in this experiment. Each gamma

F2
i
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] Figure A-16. LOFT LP-FP-2 FPMS instnimentation.
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spectrometer was designed to operate remotely aerosol / steam sampling lines with corresponding

and could be calibrated using a 22hh source equipment and an aerosol filter system on the

mounted on a collimator wheel. With the LPIS line. These sample lines were designed to

exception of G5 and G6, this system operated provide a continuous sample of the vaoor and ;

only dunng the post-transient phase. aerosols generated during the heatup phase of the |

experiment. The F1 sampling line consisted of the
The deposition sampling system consisted of f 11 wing major components:

six stainless steel coupons and two deposition
spool pieces. Two coupons were located at each 1. Sample line probe placed above the CFM.

of three elevations above the central fuel module 2. Argon dilution gas supply.

(for a total of six coupons, collectively designated 3. Dual cyclone separator / isolation valves.

D1). At each elevation, both coupons were 4. Dilution filter,

exposed to the fluid stream during the transient. 5. Virtualimpactor.

One coupon at each elevation was to be isolated 6. Collection filters,

from the PCS prior to initiation of reflood while 7. Infrared moisture detectors.

the other coupon remained exposed to the fluid. 8. Hydrogen recombiner.

However, the protective cover did not seal around The F2 sampling line was similar to the F1
the lowest level coupon and contact with reflood line, except that there were no dilution gas supply
water occurred. The other coupons functioned as and moisture detectors. The F3 filter sampling
planned. The two deposition spool pieces, located system consisted of the D2 and D3 deposition
instrumentation line header, were designated D2 spool pieces, a filter, and a flow ventun. The three
and D3 respectively. These spool pieces were sample line locations are: F1,180 cm. above the
designed to provide a measurement of the top of the lower tie plate and located directly i

primary coolant system surface deposition of above the center fuel module; F2, the broken loop
vr:atile fission products during the heatup or hot leg spool piece just outside of the upper
transient. Since this line was isolated prior to plenum, and F3, the exit of the simulated LPIS i

reflood, ther- coupons were pro' acted from the line header.
reflood wa oc 1erefore did not experience
postexperin. , .sition, leaching, or removal ;

of reversibly f.ated fission products.

The final FPMS subsystems consisted of two
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Appendix B

APPENDIX B

THE PLANNING AND CONDUCT OF

EXPERIMENT LP-FP-2

This appendix describes the planning and operation of nuclear power plants. This accident
conduct of Loss-of-Fluid Test (LOFT) Facility sequence was selected as the goveming
Experiment LP-FP-2.

mechanism under which severe fuel damage
phenomena would be studied in Experiment

B-1. Experiment Planning tp pp.2. The specific interfacing systems LOCA

OECD LOFT Experiment LP-FP-2 was was a pipe break in the low pressure injection
one of two experiments dealing with the release system (LPIS), also called the residual Feat
and transpon of fission products. The first removal system. This system typically serves
experiment, LP-FP-184 84 provided two functions: (a) it provides emergency coolant
infonnation on fission product release and injection for core recovery during intermediate
transpon from the fuel gap. Experiment and large LOCAs, and (b) it provides for decayBLP-FP-2 3,B-4.B.S.B-6 provided information on heat removal during normal shutdown. The LPIS
the release and transpon of fis'sion products and

represents a potential path by which a LOCA
aerosols in a severe fuel damage scenario. The external to the containment could occur,
specific accident scenario governing the design
of LP-FP-2 was to be a hypothetical event that discharging primary system coolant outside the

; g g; ghas a sigmficant contribution to the total risk of
. . .

nuclear power plant operation. Within this mamtamed during such an event, fission product

framework, the nature of the observed release to the environment could occur through

phenomena goveming fission product and failure of the auxiliary building.

aerosol release and transport could be linked to In the V-sequence scenario, the
potential pressurized water reactor (PWR) effectiveness of the emergency core cooling
system thermal-hydraulics and core thermal system (ECCS) in supplying cooling water to the
response leading to fuel failure and fission

primary coolant system (PCS) is not a principal
product transpon behavior. The following factor in the outcome, or end result. The ECCS
sections describe the design of the experiment only influences the time to core uncovery, The
and the design and modification of the LOFT limiting consideration for fission product release
system for conduct of the experiment. is that the ECCS, at some point, fails to maintain

core cooling, which results in a core uncovery
B-1.1 Experiment Design. and subsequent heatup to severe fuel damage

BUProbabilistic risk assessment studies revealed temperatures. Therefore, the conduct of a V-
that the interfacing systems loss-of-coolant sequence scenario in the LOFT facility would
accident (LOCA), a hypothetical event first not include operation of the ECCS. Based on this

Bpostulated in the Reactor Safety Study -8 and decision, the LP-FP-2 transient was conducted to

labeled the V sequence, has a significant predetermined tennination conditions, at which
time a plant recovery phase commenced,potential contribution to the total risk from

B-3 NUREG/CR-6160
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utilizing the full capacity of the LOFT ECCS handled within the scope of the OECD LOFT

under the direction and control of the Reactor Program. The postexperiment plant cleanup and

Operations Group. Plant recovery with ECCS, decontamination and decommissioning tasks
therefore, was defined to be a programmatic required a well-defined starting point that would
function and not a pan of the V-sequence allow completion of these tasks within program
scenario. In order to preserve fission product data cost and schedule parameters. An open-ended
(in a time-integrated form), all affected systems, severe fuel damage transient in the LOFT core i

;

mcluding plant and measurement systems, were similar to the TMI-2 accident could not be
'

isolated prior to ECCS initiation. allowed. Therefom, the fission product source

The existing LOFT ECCS connected to the term was limited to a specially designed central

intact loop and reactor vessel downcomer and fuel module (CFM) that incorporated physical
lower plenum.B-9 The simulated LPIS piping features of (a) higher power density than the
could not be interconnected with the existing peripheral fuel modules; (b) thermal and
LOFT ECCS, therefore leaving the broken loop hydraulic separation from the peripheral fuel ,

'

as the region for the connection location. An m dules; and (c) control rods for the aerosol
additional imponant consideration affecting the source term. In addition, the following
location of the simulated LPIS piping was the

requirements and termination criteria were
ability to make thermal-hydraulic and fission

imposed on the core themial transient:
product measurements in the LOFT PCS for

The stmetural integrity of the peripheral !determination of the source-term characteristics. .

To make such measurements in the lowcr fuel modules must be maintained to
plenum and downcomer in LOFT (for a facilitate their removal from the reactor

simulated LPIS line connection in the broken vessel. The transient termination
condition to meet this requirement was a

loop cold leg) would have been very difficult and maximum peripheral fuel cladding j
was judged to be beyond the scope of the

temperature of 1462 K. (
program. Therefore, the simulated LPIS piping

The structural integrity of the CFM,was connected to the broken loop hot leg. This .

location also was valid for the intended purpose exclusive of the fuel rods and control

of studying fission product and aerosol transport
mds, must be maintained to facilitate
removal from the reactor vessel. Thebehavior under representative geometric and
transient temiination condition to meet I

thermal-hydraulic boundary conditions, as will
this requirement was based on the use of

be clarified in Section B-1.3. zircaloy in a shield on the CFM for
* * ** * "" #^8

B-1.2 Source Term Desi n. The0 an outer shroud surface maximum
intent of Experiment LP-FP-2 was to study temperature of 1573 K.

release and transport of fission products from the The design of the CFM would be such as to
fuel matrix in the presence of aerosols fron1 cause the CFM fuel rods and control rods to 4

control rods. The nuclear core m. the LOFT reach severc fuel damage temperatures at least
PWR, which contains fuel assemblies identical t three minutes prior to the occurrence of either of
commercial fuel except for length, would the two transient temperature termination |

provide the fission product source with the conditions. A time limit of seven minutes was
correct timing of thermal response events and imposed administratively as the maximum time
behavior. However, a full core involvement in allowed before plant recovery with the ECCS

fission product source production could not be would commence. As indicated in References
B-5 and B-6, the CFM temperature was above

NUREG/CR-6160 B-4
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2l00 K for approximately 4.5 minutes before representative LPIS piping system, completely
plant recovery began. separate from the existing LOFT ECCS LPIS,

was required to conduct the V-sequenceExperiment LP-FP-2 studied only the
initial phase of severe fuel damage as a result of transient. The need for this piping system came
a V-sequence accident scenario. Further, the not only from scaling considerations but also
source term in the initial severe fuel damage from programmatic considerations, as explained
phase was constrained by design to originate in Section B-1.1.
from a single fuel module located at the center of

A survey of commercial PWR LPISthe LOFT core. Because of the hydrauh.c
isolation of the fuel rods in the CFM from the designs showed that LPIS pipe sizes varied in the

remainder of the core, the source term must exit 6- to 10 in. (Schedule 160) size, having mside

the core at the top of the CFM. The source term diameters of 0.13 to 0.22 m. The break flow area /
system volume ratio was used to determine thewas funher constrained by the design of th
LOFT break area range of 0.009 to 0.031 m.upper support structure of the peripheral fuel

modules to flow almost entirely thmugh the Volumes used were 355.1 m3 for a typical
PWRB40 3and 7.36 m for LOFT. The pipe sizeCFM upper support stmeture to the elevation of
selected for the LOFT simulated LPIS line wasthe hot leg pipes, where flow is relatively

unrestricted across the reactor vessel to the hot 1.25-in. Schedule 160 with an inside diameter of

leg pipes. The design constraints on the source 0.0295 m. A pipe size near the upper end of the
gg gg

term generation and flow path provided a more
g g7g ;

definable environment and boundary condiuon
v u e an.os in k W ppes Mween N

.

for the measurement of fission product and
an commW Ns.aerosol transport and retention phenomena. This

degree of definition could be achieved only if the The 1.25-in. Schedule 160 pipe size
simulated LPlS piping (break flow path) were selection for the simulated LPIS piping was the
connected to the broken loop hot leg. This same size as that used for small-break
configuration was judged to be the only simulations in the intact loop cold leg
possibility for a successful experiment within the (Experiment LP-SB-3) in which a break flow
Program scope. orifice was insened along with an instrumented

pipe section.Bal This break location and piping
B-1.3 Transient Thermal- flow path to the blowdown suppression tank
Hydraulics. Scaling considerations for the (BST) was rejected for use as the break location
experiment centered on the V-sequence for LP-FP-2 because of the difficulties with
phenomena that were calculated to occur in definable fission product transpon geometries

commercial PWR's. The required scaling and measurements, as discussed previously.

parameters included only the break flow path However, initiating the LP-FP-2 transient from

area (LPIS pipe size scaling) and LPIS line s locadon was observed to be advantageous
for the followm.g reasons:length. Break area scaling provided

representative thermal-hydraulics and, PCS mass distribution and depletion (up*

specifically, similar coolant velocities for to core uncovery) would be more
' " "transpon of fission products and aemsols. LPIS
s o

pipe length scaling was necessary to provide
similar residence times for transpon and Component and instrument design.

requirements on the simulated LPIS lineretenu.on phenomena m. LPIS piping. A scaled
would be less demanding, since the line

B-5 NUREG/CR-6160
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could be opened at a pressure lower than final design length (effective) of the LOFT
steady state pressure required for plant simulated LPIS line was 9.75 m. This value was i

operation. near the upper end of the allowable range for. ;

surface area consideration. The residence time,
Delaying the opening of the simulated*

LPIS line until only a high-quality steam however, assuming equal velocities, would be

flow occurred in theline would provide a approximately one-half that in a PWR LPIS line

less severe and more definable at best. The final LOFT design was judged to be

environment for fission product at or near the optimum possible based on all-

measurements. considerations identified above. Similar steam
velocities and effective surface areas were

These advantages led to the development
judged to be essential and more important to

of an operational scenario wherein the unorificed understanding fission product behavior than the
line in the intact loop cold leg would be utilized

Preservation of residence time (line length). This
to initiate the transient. At a time (determined to

Position was supported by the design decision tobe 220 s in Reference B-3) when the hot leg
capture all paniculate fission products in a filter

piping was sufficiently voided, the simulated inserted at the end of the effective length of the
LPIS line would be opened. The intact loop cold simulated LPIS line. Steam and gaseous fission
leg break path would be closed prior to onset of

products and other noncondensible gases would'
core uncovery. The remainder of the transient continue to flow to the BST following passage
from core uncovery onward would be in

thmugh the filter.
response only to the simulated LPIS line break
path in the broken loop hot leg. An additional Transient calculations for experiment
advantage of this operational sequence was the planning were done with the RELAP5/ MODI
earlier time to core uncovery that maximized the code.B'3 A V-sequence calculation in the SuiTy
use of the decay heat difference between the PWR was used as a reference and a guide for8

CFM and peripheral fuel modules. the LOFT LP-FP-2 Experiment design. Figure B-
I shows the defined scenarios leading to severe

Retuming to the second scaling
core damage used in the Surry calculation andconsideration of LPIS line length, the
the LOFT experiment plan. The calculations

development of the experimat design paralleled showed that severe core damage would occur
'

the LOFT simulated LPIS line system and
approximately 8000 seconds later in Surry than

component design following the decision to in LOR However, comparisons of thennal-
locate the line in the broken loop hot leg. The

hydraulic parameters in the upper plenum and
final system designed explained here and

LPIS lines in the two facilities beginning at fuel
described in Section B-1.4 was based on

cladding temperatures of 2100K showed goodconsideration of PWR LPIS line residence time,
similarity. Examples of importance to fission

surface-to-volume ratios, LOFT plant structures,
Product transport analysis where good similarity |

design standards, and the development of fission
ccurred were the steam mass flow per fuel rod j

product measurements. and the upper plenum steam velocity. Surry
The survey of PWR LPIS lines revealed a

large variation in line lengths (19.5 to 61 m). If a.The Surry V-sequence calculation was

the LOFT simulated LPIS line were to have the Performed in 1983 with the MARCH and
PSTAC codes by Science Applications.Inc.,

surface area equivalent to that in a commercial Palo Alto, CA.The results of the calculation i

were provided to EG&G 1daho, Inc. by R. L. !PWR, the LOFT 1m.e would have to be .m the
range of 3.3 to 10.4 m. This was based on a Ritzman. S Al, and P. R. Davis,

factor of 6.9 difference between the LOFT-PWR Intermountain Technologies Inc., Idaho !

surface-to-volume ratios in the LPIS lines. The Falls, ID. !

NUREO/CR-6160 B-6
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cleanup operations were removed from theupper plenum model surfaces were 3

!approximately 10% cooler than in LOFT. This facility,
!

was due to the panial use of the ECCS and the The design of the simulated LPIS line is |

relatively long time to core heatup in Surry. The shown in Figure B-3 and Figure B-4. A bypass ;

LPIS line velocity in Surry was larger than in the !line around the filter was included in response to
LOFT calculatiun by almost a factor of two. This

the concem that the effectiveness of the
was due to the Surry LPIS line size being 6-in. Paniculate filter might be lessened if the
Schedule 160, whereas the scaled size based on

depressurization from 220 seconds (when the
the LOFT LPIS line size would be about 10% line is opened) to the onset of severe fuel damage
larger than an 8-in. Schedule 160 pipe. The flow vented through the filter. The bypass line was
area difference is approximately a factor of two. used to vent PCS mass during most of this time
The residence time in the Surry LPIS line at a

interval to maintain filter effectiveness. The filter
core temperature of 2200 K was calculated to be line was to be opened and the bypass line closed
0.4 seconds, as compared to the predicted LOFT

Prior to fuel cladding failure in the CFM, andLPIS residence time of approximately 0.24 also with sufficient time to allow for heatup of
seconds Thus, residence times will be shon in the filter line to LPIS line temperature so that
all PWR LPIS lines, which decreases the

LPIS steam mass flow measurement data could
importance of line length preservation and

be obtained downstream of the effective end of
increases the importance of surface area to

the LPIS line (the filter).
volume.

The LPIS line measurements are identified
In summary, the design for the LP-FP-2

in Figure B-4. The D2 and D3 deposition spools
Experiment was concluded to meet the objective are removable pipe sections for the study of
of providing data on the initial phase of a severe fission product deposition. Steam temperature
fuel damage transient resulting from a high-risk and inside pipe wall temperature were to beaccident scenario. However, the LP-FP-2

measured in pairs upstream and downstream of
Experiment must be viewed not as a study or

the removal pipe sections and downstream of the
simulation of an actual V-sequence transient, but

filter. Several of these measurements failedrather as an experiment in which V sequence
during the transient. Figure B-4 identifies those

themial-hydraulic and fission product /aeroso)
measurements that provided valid data,

transport phenomena were created with timing
and magnitude within the range expected for V-

B-1.5 LOFT Core Design. The
sequence phenomena in commercial PWR's.

design of the CFM for LP-FP-2 is shown in >

B-1.4 LOFT PCS Design.The plan Figure b., and a summary of design

view of the LOFT PCS is shown in Figure B-2. characteristics is given in Table B-1. The outer
two rows of fuel rods in the standard 15 by 15

The shaded region indicates those broken loop

components that were removed for LP-FP-2. A array were replaced with a shicid that provided

blind flange was placed on the broken loop cold
thermal insulation and hydraulic separation of

leg pipe. The simulated LPIS line was located
the remaining 11 by 11 array of fuel rods from

between the flange on the broken loop hot leg the peripheral fuel modules. The shield consisted

and Vent No. 4 in the BST. The other three BST
of zircaloy walls with zirconium oxide ceramic

intemal insulation.vents were blindflanged. In addition, all other

systems and hardware in containment that were The fuel rods in the 11 by 11 array were

not needed for plant operation or postexperiment enriched to 9.74 weight % *U, which is more

NUREG/CR-6160 B-8
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Figure B-5. LOFT center fuel module design.
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Table B-1. LP-FP-2 test design parameten.

Parameter Definition

FuelRods

Number of fuel rods 100

Outer diameter 10.72 mm

Cladding thickness 0.62

Length 1.8 m

Cladding material zircaloy-4

Fill gas helium (2.4 MPa)

Enrichment 9.74 wt% 235U

Fueldensity 94.7i 0.4% TD

Control Rods

Number of control rods 11

Outer diameter 11.23 mm

Cladding thickness 0.51 mm

Cladding material 204 stainless steel
|

Neutron absorber 80 wt% Ag,15 wt% In,5 wt% Cd I
Guide Tubes 1

)
Number of guide tubes 6 empty,15 on non-fueled rods

Outer diameter 13.84 mm |

Inner diameter 12.98 mm

Material zircaloy-4

Spacer Grids

Material Incone1718

Shroud

Wall material zircaloy-4

Outer wall thickness 3.18 mm

Inner wall thickness 1.52 mm

Insulation solidZrO (20% TD)2

Insulation thickness 22.35 mm

B-13 NUREG/CR-6160
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than a factor of three above the standard LOFT the active core, are shown in Figure B-6; and the

fuel enrichment. The purpose of increasing the axial orientations of both instrumented and
CFM enrichment was to provide for at least three uninstrumented fuel rods are shown in Figure B-

minutes of cladding temperatures above 2100 K '' The two neutron flux scan tubes were used for

before the peripheral fuel rods reached tne limit traversing neutron detector power profile
of 1462 K. The thermal design of the shield was measurements during preexperiment power

intended to decrease the heat transfer rate from operations. The tubes were sealed during a

the CFM to the peripheral fuel modules. reactor shutdown interval prior to final power

Calculations of fuel cladding heatup rates and operation and establishment of experiment initial
B4heat transfer rates showed that, with all conditions.

conservatism accounted for, the CFM would be

above 2100 K for at least three minutes. The B-1.6 LOFT FPMS Design. The
three-miriute design objective resulted from the fmal design of the FPMS is illustrated in Figure

time predicted for release of aerosols, fuel rod B-8. The FPMS consisted of three basic systems:

gap fission products, and fuel rod matrix fission the aerosol sampling system which was operated
products; the time for transport of those materials during the transient phase only, and the gamma
through the LOFT PCS and simulated LPIS line; " #E " '

and the time required for fission product collected data during both transient and
measurement system (FPMS) operation.

posttransient phases. Each of these systems is

The outer wall of the CFM shield was the described herein.

primary structural member of the CFM. In order
to meet the requirement that the structural B.1.6.1 Deposition Sampling System
integrity had to be maintained to facilitate CFM Stainless steel deposition coupons were posi-

removal, a temperature limit was placed on the tiened in the reactor vessel upper plenum region

outer wall of the shield. This limit was 1573 K, to provide postexperiment information on fission

as noted previously. The termination criterion for Pmduct plateout. These am designated D-1 on
IFigure B-8. Two coupons were located at each of

the LP-FP-2 transient was either this limit or the three axial elevations, corresponding to 0.152,
peripheral module fuel cladding limit of 1462 K. 0.61, and 1.65 m above the upper tie plate. Both 4

|
The CFM contained 11 control rods to coupons at each elevation were exposed to the

provide approximately the same fuel rod / control reactor environment during the heatup. One cou-

rod ratio as in a standard fuel module with Pon at each elevation was isolated and sealed
Prior to initiation of reflood, while the second

contml rods. The upper suppon structure was a
coupon remained exposed. Thus, the plateout

modified standard LOFT upper structure for fuel
dming the heatup phase was to have been distin-

modules with control rods, which contained the Emshed from the plateout/ leaching during the
11 control rods in a fully withdrawn position reflood phase'
until the initiation of the experiment. Thus, the
CFM control rods did not interfere with or The D-1 deposition device is a hollow rod

influence power operation but were in the full containing deposition coupons. At experiment

insertion position (core scrammed) prior to core initiation, the D-1 deposition device was full of

heatup. liquid water. A nitrogen purge gas system was j

connected to the rod to ensure dry coupons for
CFM measurements consisted exclusively fission product plateout. The hollow rod was

of thermocouple temperature measurements pushed down before reflood to isolate the
during the experiment. The locations, with protected coupons. At that time, the nitrogen gas
elevations given in inches above the bottom of purge was restaned to remove steam, which

NUREG/CR-6160 B 14
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I

|

Gamma spectrometer.
| could condense onto the coupons. The nitrogen a

gas supply to the rod was then to have been The sample line probe, shown in Figure B-
controlled at 1.4 MPa above reactor pressure to 10, diluted the vapor / aerosol sample w.th an inerti
ensure that any leakage of the depos. .inon rod
seals was outward, thereby maintaining a dry pas numnuze sampk gne depom.u.on aM to

.. .

inhibit interactions within the sample. The
atmosphere for the protected coupons. cyclone separator / isolation valve, shown m

The D2 and D3 coupons were located Figure B-ll, isolated the filter assembly before

upstream and downstream of the simulated LPIS and after the heatup phase and removed particles

header, respectively. To allow only high-quality with an aerodynamic diameter larger than 20 to j

steam to flow into the line, it was not opened 30 m. The dilution filter reduced the mass |
i

until the primary system mass inventory had loading of the aerosols to prevent plugging of the

decreased. In addition, the line was isolated prior virtualimpactor,

to reflood so that these deposition coupons were The filter train, shown in Figure B-12,
protected from water flow consisted of the dilution filter, the three-stage

Vinual impactor (Figure B-13) and the collection
B-1.6.2 Filter Sampling System. There filters. The train separated the aerosols into size
were three filter sampling systems installed for ranges of 6 to 20 m 1.7 to 6 m, and less than
this experiment. These systems provided samples 1.7 m, with each size range being collected on a
of the vapor and aerosols generated during the
heatup phase of the experiment. Both of these separate filter.

constituents were expected to combine to pro- The recombiner contained cupric oxide,
vide the medium for transport of the fission prod- which converted the hydmgen to water. The
ucts. Figure B-9 is a schematic representation of infrared moisture detectors then provided
the design of the F1 and F2 sample lines. The fil-

quantitative data on the amount of argon,
ter sample locations were:

hydrogen, and steam entering and exiting the
F1--in the reactor vessel upper plenum at recombiner. These data provided the necessary*

1.80 m above the top of the lower tie nput for calculating the amount of hydrogen and
the dilution ratio of argon / hydrogen sampled

F2--in the broken loop hot leg spool during the transient.

piecejust outside of the upper plenum
The critical flow orifice provided a mass

F3--in the exit of the broken loop hot leg flow out of the line during the transient.*

The F1 system consisted of the following M si F1 h
'""I ' # "E ""* except for the deletion of the moisture analyzers

Sample line probe and inert dilution gas. The F3 line, also*

designated the simulated LPIS line and shown in
Cyclone separator / isolation valve]*

Figure B-14, contained the following
Dilution filter* components:

* dua Pactor Deposition samples upstream and*

Collection filters downstream of the gamma spectrometer*

(D1 and D2)
Infrared moisture detectors*

Gamma spectrometer (G5)*

Recombiner.

Filter (F3)*

Critical flow orifice*

Flow venturi.*

NUREG/CR-6160 B-18
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Figure B-10. Sample line probe.
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<

B-1,6.3 FPMS Gamma Detection Sam- operate remotely over a broad range of sample

pilng System. Four gamma spectrometers and intensities. To improve _ accuracy, the
,

one gross gamma monitor were used in the spectrometer was calibrated during the
D

j FPMS to provide a real-time quantitative mea- experiment (also remotely), using a 228 source
i surement of the radioisotopes present in the mounted on the - collimator wheel and

LOFT system during the posttransient sampling background radiation levels were recorded.;

phase. Two of the five were operated during the
transient phase. The sample points are shown on B-2. Experiment Conduct
Figure B-8 and are as follows:

Gl-spectrometer operated only during The operational procedure for the conduct -a
,

postexperiment, sampling either in the of Experiment LP-FP-2 was based on four
; reactor vessellower plenum at 0.584 m continuous phases, where the end of one phase

; below the core or from the primary was defined to be _ the beginning of the
coolant hot leg in the horizontal PC-3' subsequent phase. These phases were (a) fuel- |i

flange. preconditioning: (b) pretransient; (c) transient;'

G2-spectrometer operated during the and (d) posttransient. The conduct of the |*

uansient, sampling the combined F1 and experiment is discussed in the following sections
3

; F2 sample ' lines effluent, and. within the context of the four phases.
'

postexperiment, sampling the vapor
space of the BST. B-2.1 ' Fuel Preconditioning;

'

G3-spectmmeter operated only during Phase. This phase was defined to provide the* *

postexperiment, sampling the liquid minimum bumup (with consideration of power

j space of the BST. operation in the pretransient phase) on the new

G5--spectrometer operated during the CFM for generation of the fission product sounte: *

! transient, sampling upstream of the filter within the fuel matrix. The bumup placed on the
in the simulated LPIS line. CFM in this phase was 252 mwd /tU. The
G6-gross gamma monitor operated operational history for this bumup was a corea

during the transient; it viewed samples thermal power of 32 MW for ~84 hours. This

| being drawn by the F1 sample line phase is shown by the power operation prior to
located m the reactor vessel upper -200 hrs in Figure B-15. The remainder of the
plenum at 1.80 m above the lower tie minimum bumup required for the experiment
plate.,

(325 mwd /tU) was obtained in the pretransient
The gamma spectrometer sample systems phase.

included valves for isolation and sample point'

selection, pumps to provide flow, and pressure B-2.2 Pretransient Phase.The
and temperature mstmments. The samples were first part of th.is phase consisted of a 75-hour
retumed to the same source that was being shutdown interval during which plant systems !
sampled.The G1, G2, and G3 spectrometers were and fission product measurement systems
enclosed in a tent to which an inert gas purge was

underwent final preparations.- The.transversing
applied to minimize the buiMup of background
contamination that occurred during Expedvnt in-core probe system guide tubes were cut and

LP-FP-1. Additionally, the liquid and gas sample capped in order to prevent fission product release q

lines were purged with clean water and inert gas, thmugh the tubes to the outside of the !

respectively, to measure plateout. containment. |
|

Each gamma spectrometer was designed to Following the shutdown interval. power

NUREG/CR-6160 B-24
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Figure B-15. LOFT core power operation prior to initiation of Experiment LP-FP-2.

operation commenced to acquire the remaining modules will drop with the PCPs operating. The !fuel bumup and establish experiment initial 11-control. rod assembly in the CFM was also
conditions. A power operation of 80 hours calculated to drop with PCPs operating, but the
duration at the specified power level of 26.5 MW margin for a control rod drop was small. The first
was achieved prior to transient initiation. This step in the transient initiation sequence was
phase is shown by the second block of time-at- taken, however, the CFM control rods did not
power, from -220 to -140 hours in Figure B-15. drop and remained in the initial condition
The total fuel bumup was 346 mwd /tU at the position. A variance to the operating procedure
time the transient phase could be initiated. of this nature required experiment temiination

, and a retum to a safe shutdown state.The operational sequence defined for
initiating the transient was first to drop the 11 The CFM control rods were determined to
CFM control rods, which would establish time be stmeturally sound. The control rods did not
zero. This step would be followed by scramming drop due to levitation caused by steady-state PCP
the reactor, then opening the break path in the operation. A new experiment-initiating sequence
intact loop cold leg, and finally tripping the was defined, which consisted of scramming the
primary coolant pumps (PCPs). This procedure reactor (time zero), tripping the PCPs, dropping
would provide two independent indications that the CFM control rods at a loop flow of 189 kg/s,

_

the CFM contml rods were in-an indication of and opening the intact loop cold leg break path
negative reactivity and core power decline, and following verification that the CFM control rods
an activation oflimit switches on the CFM. This had dropped.
transient-initiating sequence also was based on
prior operating experience, which verified that Reactor power operation commenced to

,

the control rods in the standard LOFT fuel reestablish the required decay heat level and to

B-25 NUREG/CR-6160
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establish the specified initial conditions for the operational design limit of 1.38 MPa was used

experiment. The LOFT reactor was operated first for the FPMS In the event that the system

at a thermal power of 31 MW for ~26 hours. The pressure exceeded this value dunng the time the |
I

thermal power was then reduced to the specified fission product measurements were on-line, then

initial condition value of 26.5 MW for 15 hours the success of the experiment would be in doubt

to complete the decay heat buildup and to allow and dependent on the success or failure of the

the system to stabilize at the specified initial fission product measurements. Operational

conditions. The total fuel burnup at the time of procedures were defined that allowed the reactor

the transient initiation was 430 mwd /tU, with a operators to reopen the intact loop cold leg bmak |

decay heat level of 684.1 kW at 200 seconds. path and also open the PORV, if the system |
!

The power history up to transient initiation is pressure exceeded the design value during the

shown in Figure B-15. The initial conditions for early part of the core heatup. These actions

the experiment are listed in Table B-2. Except for would be taken at a CFM cladding temperature

the liquid level in the BST, all initial conditions of 800 K and would be terminated (all vent paths

were within the limits specified in the closed except for the LPIS line) at a CFM

Experiment Specification document.B4 The cladding temperature of 1050 K. These actions

single out-of-specification value did not affect were needed, as indicated in Table B 3, and were

the experiment, since an exact BST simulation of successful in reducing system pressure within the

PWR containment was not pait of the design range of the fission product

experiment, measurements prior to fission product release.

ign bjective of the transient was to i

B-2.3 Transient Phase. The produce CFM claddmg temperatures above
transient was initiated with the operational 2100 K for a minimum of three minutes. As
sequence described in the previous section. The indicated in Table B-3, approximately 4.5
chronology of events in the transient are listed in minutes elapsed from the time the temperature

Table B-3. Those events that were defined to be was reached until initiation of the ECCS. De

operational setpoints are listed in Table B-4. FPMS (Dl, F1, and F2) and the simulated LPIS

These setpoints were detennined from line were isolated within 5 seconds of ECCS
|

experiment prediction calculations.B4 A detailed initiation in accordance with operational

event sequence for the fission product specifications. The experiment termination

measurement systems is listed in Table B-5. Procedure, starting with the isolation of the
B simulated LPIS line, began when the temperature

Analysis of data on core damage -6 led to a
limit of 1517 K on the CFM outer wall was

chronology of com damage events, which is
reached at 1776 seconds.

given in Table B-6.

The system depressurization was not as B.2.4 Posttransient Phase. The
rapid as had been predicted in the two-phase nitiation of plant recovery at 1776 seconds was
region extending to high-quality (steam) the beginning of the posttransient phase. All
conditions. A variance from prediction in this events listed in Tables B-3, B 4, and B-5 !

'

area was recognized as a possibility because of f 11 Wing 1776 seconds are the result of plant !

the difficulties encountered in the modeling of recovery procedures to bring the plant to a
the simulated LPIS line and in the application of controlled steady-state shutdown with the PCS
the systems codes to this transient. A variance of

temperature maintained by primary-to-secondary
this nature is not detrimental to the success of the '

heat transfer following PCS refill and
experiment relative to simulation of the V.

establishment of loop natural circulation. Prior to
sequence thermal-hydraulics; however, an

NUREG/CR-6160 B-26
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Table B-2: Initial conditions for Experiment LP-FP-2.

'

Parameter Specifieda Value Measured Value

PRIMARY COOLANT SYSTEM

i

Core delta T (K) -- 11.7 1.4

Primary system pressure (hot leg) (MPa) 14.95 0.1 14.98 0.1
'

Hotleg temperature (K) 571 1.1 571.6 0.8

Cold leg temperature (K) 559.9 1.1-

Loop mass flow (kg/s) 479 19 475 2.5

Boron concentration (ppm) -- 499 15,

Primary coolant pump injection (both pumps) 0.127 0.016 0.128 0.003
(L/s)

REAClOR VESSEL

Power level (MW) 26.5 0.5 26.8 1.4
Decay heat (200 s) (kW) 685 10 684.8

Maximum linear heat generation rate (kW/m) 40 42.6 3.6
b

Control rod position (above full-in position) (m) 1.37 0.01 1.38 0.01

STEAM GENERA'IDR

Secondary system pressure (MPa) 6.38 0.08--

Water level * (m) 0.17 0.06--

PRESSURu2.K

3Liquid volume (m ): 0.57 0.03--

3
Steam volume (m ) 0.37 0.03--

Water temperature (K) -- 616.9 2.1
!

Pressure (MPa) 15.1 0.1-

Liquid level (m) 1.12 0.1 1.06 0.06

SUPPRESSION TANK

Liquid level (m) 1.19 0.051 1.18 0.06 {*

-0.0 -|
3

Gas volume (m ) -- 59.11 2.02
_.

Water temperature (K) < 311 295.6 0.5

Pressure (gas space) 100 20 95 3

Boron concentration (ppm) 3710 15--

B 27 NUREG/CR-6160
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Table B 2: Initial conditions for Experiment LP-FP-2. (Continued)

Parameter Specified Value Measured Value

EMERGENCY CORE COOLING SYSTEM

Borated water storage tank temperature (K) 303 3 301.3 3

Accumulator A liquid level (m) <2.17 1.81 0.02

Accumulator Apressure(MPa) >4.21 5.1 0.06

Accumulator A liquid temperature (K) 303 3 303.1 0.7

Accumulator B liquid level (m) <2.16 1.81 0.02

Accumulator B pressure (MPa) >4.21 4.95 0.06

Accumulator B liquid temperature (K) 303 3 305.6 0.7

a. lf no value is listed, none was specified.

b. Approximately,
c. Steam generator liquid level referenced to 2.95 m (116 in.) above the top of the tube sheet.

NUREG/CR-6160 B-28
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Table B 3. Chronology of events for Experiment LP-FP-2.

Event Time (s)

Scram 0.0

Control rods fully insened 2.4 0.1

PCP coastdown initiated 9.7 0.1
CFM control rods fully inserted 23.4 0.5

ILCL break initiated 32.9 0.1

PCP coastdown complete * 25.1 0.1

End of subcooled blowdownb 53 1

LPIS line break initiated 221.6 0.1

Secondary pressure exceeded primary system pressure 260 10

Earliest coolant thennocouple deviation from saturation

Upperplenum 300i10
Hotleg pipe 390 i 10 i

Downcomer 730 i 10

Lower plenum 800 20
Fuel rod cladding heatup staned in PFM 662 2

Fuel rod cladding heatup staned in CFM 689 2
ILCL break closed 735.5 0.1

ILCL break reopened 877.6 0.1

PORV opened 882.0 0.1

LPIS bypass closed 951.9 0.1

FPMS lines opened 1013.1 0.1

ILCL closed 1021.5 0.1

PORV closed 1162.0 0.1

First indication of (gap) fission products at F1 and F2 1200 20

First indication of (gap) fission products at F3 1249 60

Peripheral fuel cladding reached 1460 K (2172 F)
. _ _

C

dMaximum upper plenum coolant temperature reached 1495 5
.
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Table B-3. Chronology of events for Experiment LP-FP-2. (Continued)

Event Time (s)

First indication of (fuel) fps at F1, F2, end F3 1500 10

Cladding temperatures reach 2100 K (3320 F) 15M 1

1st shroud thermocouple reached trip setpoint 1743 i 1

2nd shroud thermocouple reached trip setpoint 1766 1

'

Maximum cladding temperature reached __

i

LPIS break closed 1777.6 0.1 |

FPMS lines closed 1778.1 0.1 j

Id 1780 5Maximum upper plenum metal temperature reached

1780.6 i 0.1Deposition couponsisolated

ECCS initiated 1782.6 0.1

Accumulator flow stopped 1795 2

Maximum LPIS line coolant temperature reached 1800 5

Core quenched 1795 i SI

a. The pumps were allowed to coastdown under the influence of the motor generator flywheel until the pump
speed reached 750 rpm. At that time, the flywheel was disconnected from the motor generator and the
pumps quickly stopped adding energy to the fluid.The time at which the flywheel was disconnected is
defined as the time the PCP coastdown was complete. j

b. End of subcooled blowdown is defined as the time when the first measured fluid temperature outside of

the pressurizer reaches saturation conditions.
-

c. None of the cladding thermvouples in the peripheral fuel bundle measured validated temperatures above
the setpoint. The two that gave readings above this setpoint were failed before reaching the setpoint. ;

|
d. These temperatures represent the maximum measured temperatures before reflood at these locations. The

thermocouple output during reflood could not be interpreted.
e. Because of the large number of cladding thermocouples in the central fuel module that failed at high tem.

peratun:s during the transient,it is not possible to detennine the precise maximum temperature or the time
at which it occurred. The time is estimated to be between 1782 and 1795 s.The maximum temperature
exceeded 2400 K (38600F) based on extrapolations from valid temperature readings before thermocouple
failure,

f. The peripheral fuel modules were quenched by 1793s. Most of the central fuel module cladding thermo-
couples were quenched by 1795 s. Some isolated thermocouples indicated persistent high (superheated)
temperatures a few minutes longer. Interpretation of the temperature data is complicated by the large num-

'

ber of thermocouples in the center fuel module that failed during or just before reflood.

!

|
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Table B-4. Operational setpoints for Experiment LP-FP-2.

Event Specified (s) Measured (s)

Scram reactor 0.0 0.0

Tum off primary pumps 8.0 2 9.7 0.1

Insert CFM control rods * 20. 22.4 0.1

bILCL break opened 23, 32.9 0.1

LPIS break opened 220. 5 221.6 0.1

ILCL break closed * 721. 735.5 0.1
d hF1 and F2 opened 905. 1013.l 0.1

Open the LPIS line filter 945. 950.8 0.1
Isolate gamma densitometer sources' 945. 262. 2

Close FPMS linesf 1766. 1777.1 0.1

fClose the LPIS line 1766. 1777.6 0.1

ECCS flow initiateds 1783.6 0.5 1782.6 0.1

a. Insertion of the CFM control rod was initiated when the primary coolant flow decreased
6to 189 kg/s (1.5 x 10 lbA).

b. The ILCL break was opened upon verification that the CFM control rods were fully
inserted.

c. The ILCL break was closed when cladding temperatures reached 566 K (560 F) or PCS
pressure reached 1.2 MPa (160 psig).

d. The F1 and F2 lines were opened at 1013.1 and steam was first detected in the F1 line
between 1013.1 and 1015.7 seconds.

e. The gamma densitometer sources were to have been isolated from the detectors when
the cladding temperatures reached 840 K (1052 F).

f. The FPMS sampling line and LPIS line isolation valves were closed when shroud tem-
peratures reached 1517 K (2272 F).

g. ECCS flow was initiated 6 seconds after initiation of closure of the LPIS iine isolation
valves.

|
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Table B 5. Sequence of events affecting the FPMS .
,

Event Time (s)

F1 Dilution gas line opened -199.4

F1 and F2 ventline closed -146.8

0.0Reactor scram

20.6D1 moved (to drop CFM control rods)

750.6D1 initialpurge staned

763.1D1 initial purge stopped

F1 steam analyzer external purge started 878.1

F1 steam analyzer extemal purge stopped 883.0

883.1F1 annulus gas line opened

F3 line opened 950.8

951.9F3 bypass line closed

F1 and F2 samplelines opened 1013.1

1198.0Fission products detected in the F1 line

Fission products detected in the BLHL 1201.0

LPIS line closed 1777.6

F1line closed 1778.0

F2 line closed 1778.1

Attempted closure of the D1 coupons 1780.6

1808.0D1 nitrogen backup on

F1 and F2 vent line closed 1823.0

F1 dilution gasline closed 1833.1

D1 opened 2085.6

2143.1D1 nitrogen backup bypass opened

D1 nitrogen backup bypass closed 2148.0

D1 nitrogen backup bypass opened 2933.1

2968.2D1 nitrogen backup bypass closed

F1 annulus gasline closed 3401.6

NUREG/CR-6160 B-32
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Table B-6. Chmnology of core damage events.

Events Time (s)

Estimated time ofinitial fission product gap release < 1200

Ag-Cd melt at 0.69 m elevation 1300

Metal-water reaction at 0.69 m elevation (guide tubes) 1430

Maximum measured temperatums reach 2100 K 15N

MWR spreads across 1.07 m elevation 1480 to 1530

MWR spreads across 0.69 m elevation 1450 to 1595

Control rod cladding nipture (about 1250 K) 1500

Relocation of molten material (downward) 1520 to 1680

Panial blockage 1550

Second blockage 1640

1

B-33 NUREG/CR-6160

_ _ _ _ - _ _ _ _



. - ..

i

| Appendix B i

'

|

| on-line measurement systems. Batch samples ofcompletion of refill and startup of natural'

the BST liquid and vapor and PCS liquid werecirculation, the PORV was cycled twice to
taken during the next 44 days, when the

control system pressure,
posttransient phase was ended. The state of the

| The plant was maintained in a quiescent PCS during the posttransient phase is discussed

state for 14 days, during which time fission in Appendix F of Reference B-12.

product measurements were made using the

|
,

!

|
| i
i

i i

,

|

|

1

I

l
,

1
|

|
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