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I ABSTRACT -

This document is a summary of the main research results of the Loss-of-Fluid Test
(LOFT) Program relative to code asse: sment, code development, licensing, rulemak-
ing, safety technology, and reactor operations. The LOFT facility is a 50 MW(t)
pressurized water reactor (PWR) system with instruments that measure and provide

,

data on the system thermal-hydraulic and nuclear conditions. The transient response
of the LOFT system to accident events is similar to large [N1000 MW(e)] commer-,

' cial PWRs. The main objectives of the LOFT Experimental Program were to qualify
the engineered safety systems used in commercial PWRs and to verify the computer

,

codes used in safety analyses.

The LOFT Program contributed to the improvement of computer codes used to
predict the rssponse of commercial PWRs, demonstrated the adequacy of engineered

,

safety systems, and contributed to improved understanding of PWR accidenti

phenomena, particularly those associated with the evaluation models in Appendix K
~

to 10 CFR 50 (the "ECCS rule").

4

4
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EXECUTIVE SUMMARY

In six years of operation, the Loss-of-Fluid Test
(LOFT) Experimental Program has produced a a. Provide a comparison of nonnuclear
large volume of data. The results of individual and nuclear experimental data to deter-
experiments or experiment series have been mine and separate the effects of
documented in technical reports, research informa- nuclear heat on blowdown phenomena
tion letters, journal articles, and other summary
reports. This document presents a concise summary b. Provide data on thermal-hydraulic andn
of the main research results of the LOFT Program fuel behavior
related to thermal-hydraulic modeling, licensing
(Appendix K to 10 CFR 50), safety issues, safety c. Use the data to evaluate and verify

,

technology, rulemaking, and accident management. computer models and nuclear safety
codes.

The LOFT facility is a 50 h1W(t) pressurized
2. Nine were nonnuclear and nuclear small-water reactor (PWR) system that was designed to ea ape ments wM were &signd to:simulate the major components and system

responses of a commercial, four-loop PWR [s1000
a. Determine the important thermal-

h1W(e)] during a loss-of-coolant accident (LOCA).
hydraulic, operational, and neutronicThe volume of the LOFT facility is ~1/50th of a
phenomena during a variety of small-commercial PWR. The LOFT Experimental Pro,
break LOCAsgram was conducted by EG&G Idaho, Inc., at the

Idaho National Engineering Laboratory (INEL).
b. Evaluate the effectiveness of plant

The program was sponsored by the United States
recovery methods, diagnostic pro-

Nuclear Regulatory Commission (USNRC) as part
cedures, and emergency core cooling

of their Water Reactor Safety Research Program
systems (ECCSs) during slow depres-

and was admimstered by the United States Depart- g ;
ment of Energy (DOE).

3. Two experiments were nuclear intermediate-
Since 1976,43 nonnuclear and nuclear experi- break experiments intended to:

ments were performed in the LOFT facility. The
first 10 experiments were nonnuclear " mini- a. Determine the effectiveness of degrad-
blowdowns" performed to check out the system, ed ECCSs during an intermediate-size-
especially the blowdown suppression system. The break LOCA
next six experiments were nonnuclear,large-break
LOCA simulations. The nonnuclear large-break b. Determine and understand the core
experiments were designed to (a) explore subcooled cooling and system hydraulic behavior
and saturated blowdown phenomena, (b) provide for a break size that may include
an information base from which nuclear core and characteristics from both small and
steam generator heat transfer effects could be large breaks.
established during nuclear experiments, (c) deter-
mine the effects of emergency core coolant (ECC) 4. Thirteen were anticipated transients and
injection into the primary system, and (d) establish anticipated transients with multiple
the history of ECC delivery into the lower plenum. failures. The objectives of the anticipated

transient experiments were to
.

The remaining 27 experimeats consisted of the
a. Evaluate plant and control system per-

following:
formance durm.g anticipated transients

..

such as loss of steam load and loss of
1. Three were nuclear large-break (200% feedwater

double-ended cold leg break) experiments.
The main objectives of the nuclear large- b. Provide data to assist in analyzing the
break experiments were to: relationship between the behavior of

iii
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LOIT and the behavior of a commercial ditions before the reflood phase was shown to be
PWR during operational transients invalid under the conditions of Experiments L2-2

and L2-3. During Experiments L2-2 and L2-3, the
c. Continue development and testing of core was quenched during the early part of the

the operational diagnostic and display blowdown by a flow reversal.
system (ODDS).

An assessment was made of the impact of LOFT
The objective of the anticipated transient with results on two unresolved safety issues: shutdown
multiple failure experiments was to study multiple- decay heat removal requirements and station
failure scenarios such as an anticipated transient blackout. Small-break Experiment L3-7 and the =
without scram (ATWS) initiated by a loss-of-offsite recovery phase of Experiment L9-1/L3-3 (an
power. ATWS initiated by a loss of feedwater) verified that

shutdown decay heat could be transferred from the .

The LOFT program contributed to the develop- primary system to the steam generator by single-
ment and assessment of thermal-hydraulic models phase and two-phase natural circulation. A station
used in computer codes such as RELAP4 and blackout is defined as a loss-ot-offsite power fol-
RELAP5, which are used to simulate accidents in lowed by a failure to start the emergency diesels.
nuclear plants and to improved modeling techniques in the event of a station blackout, the capability to
used to represent components and systems in plants. cool the core depends on systems which do not
Examples of important thermal-hydraulic models depend on alternating current power, such as a
include installation of a posteritical heat flux (post- steam-driven auxiliary feedwater system. LOFT
CHF) heat transfer correlation (Biasi-Zuber) that Experiment L9-4 simulated an ATWS combined
was needed to predict the rewet that occurred early with a station blackout. The LOFT auxiliary feed-
in the blowdown during LOFT large-break Exper- water system, which has the scaled capacity of the
iments L2-2 and L2-3. An example of an improved Zion-1 steam-driven auxiliary feedwater system,
modeling technique is the development of a split- was able to remose decay heat and cool the core
downcomer model which was developed to mort after the initial pressure surge was maintained
directly approximate the azimuthel asymmetry within acceptable safety levels by the safety relief
observed in downcomer flow during large-break valve (SRV).
experiments.

LOFT research results contributed data that could
Results from the large-break experiments were help resolve four issues related to the accident at

used to evaluate the conservative nature of several Three Mile Island-Unit 2 (TMI-2): human-machine
features of the ECCS evaluation models contained interface, interruption of ECCS after a LOCA,
in Appendix K to 10 CFR 50. Specific features instrumentation to follow the course of an accident,
discussed are the discharge model, end of blow- and revised small-break LOCA methods to show
down, CHF heat transfer, and post-CHF heat compliance with Appendix K to 10 CFR 50. The
transfer. The discharge model that produced the human-machine interface problem was addressed by
best agreement with LOFT data was the Henry- the augmented operator capa .lity (AOC) program.
Fauske model for subcooled conditions and the The principal results of the LOIT AOC program
homogenous equilibrium model (HEM) for was the development of cost uter generated color
saturated conditions with a break-flow multiplier cathode ray tube (CRT) displays that show the func-
of 0.848 for both. The Henry-Fauske/ HEM com- tional relationship among a number of related
bination produced better agreement with LOFT parameters. Typical dispinys show the limits of ,

results than the Moody model which is specified in primary system temperature ksed on reactor power
Appendix K. The conservativeness of the assump- and the current operating poir,t, and the history of
tion requiring bypass of all ECC until the end of primary system temperature versus pressure. The

,

blowdown was demonstrated during the nonnuclear temperature-pressure display also shows the normal
and nuclear large-break experiments. During these operating range, the saturation line, and the steam
experiments, ECC was able to reach the lower region. During LOFT Experiments L3-5/L3-5A and
plenum during the blowdown. The experiments L2-5, the ECCS was interrupted. During L3-5/
showed that as much as 80% of the ECC reached L3-5A, the ECCS was interrupted intentionally to
the lower plenum. Finally, the asnmption pro- achieve specific program objectives. During L2-5, the
hibiting the return to nucleate boiling under all con- ECCS was terminated as planned, but had to be

iv



reinitiated after the core boiled down and the core ATWS rule and the ECCS rule. Two LOFT exper-

heated up. The results showed that following a large iments addressed the ATWS issue: Experi-
break (Experiment L2-5) ECC injection must not be ment L9-3, which was an ATWS initiated by a loss

interrupted for an extended period or the core would of feedwater, and Experiment L9-4, which was an

be uncovered and would heatup excessively, while ATWS initiated by a loss-of-offsite power. The

a longer interruption of ECC could be tolerated after LOFT ATWS experiments demonstrated that a
a small break (Experiment L3-5/L3-5A) if alternate properly sized SRV could relieve the initial pressure

means of decay heat removal were available. The surge caused by the power mismatch between the

LOFT experiments demonstrated the overall ade- reactor and the steam generator and that the steam

quacy of the nuclear plant instrumentation require- generator or power-operated relief valve (PORV)

ments specified in NRC Regulatory Guide 1.97. could remove decay heat after the reactor is shut*

Revised small-break LOCA methods to show com- down. The LOFT data were also used to evaluate
pliance with Appendix K deals with documentation the two-phase approach proposed by the NRC in

requirements for the ECCS evaluation models. 1978 for updating the ECCS rule. LOFT data sup-
-

LOFT data are presented which can be used to ports basing Phase 1 on more realistic models of

qualify vendor condensation heat transfer models, blowdown phenomena such as discharge, end of

and natural circulation models. blowdown, and return to nucleate boiling.

The LOFT Experimental Program made a signifi- During the LOFT small-break and anticipated
cant contribution to four areas of safety technology: . experiment series, several acc. denttransient

.

i
fuel prepressurizatioa, liquid level detectors, ther- m nagement procedures were evaluated. The tech-
mocouples (TCs) (fuel cladding and core exit), and ngun wem steam generaw feed and Meed,reactor coolant pump current monitoring. Data primary system feed and bleed, and operat,on ofi
from the LOFT experiments indicate that unpres- the primary coolant pumps. The steam generator
surized fuel may perform as well as prepressurized was used successfully as a heat sink during 12 exper-
fuel if the fuel pellets are designed and manufac-

iments gat varied from small-break LOCEs to an
tured properly. Specific fuel pellet design features AT%,S imtiated by a loss of feedwater. LOFT,.

that are important are: chamfered, length to width Experiments L3-5 and L3-6 were used to investigate
ratio, density, and pore size. LOFT uses conduc- the optimum time to trip the primary coolant pumps

,

tivity probes and differential pressure transducers dudng a sma%reak w% & reub of tb
to measure liquid level. In addition, self-powered LOFT study were that the pumps should be tripped

,

neutron detectors (SPNDs) have been shown to ea@ in th trandent, and as Acussed prMoush,
respond to changes in liquid density. Conductivity pump current could be used as a measure of the
probes respond best when the liquid-vapor interface ptimum time for tripping the pumps. Pump cur-
is clean. Droplets and froth tend to wet the probes rent hadeen skwn to conelate weH G W hao
and give false readings. Differential pressure

!i n which ,is a measure of primary system coolanttransducers can be used to measure liquid level if inventory.
density changes in the reference leg and vessel are
compensated for. The important contribution of TW m a Mu M mm&h h
fuel cladding TCs to the LOFT Program ,s dis- future applications of LOFT data. The two areasi

cussed in detail Fuel cladding TCs provided the where LOFT data could be used very effectively are
most direct and reliable information on core con- ccident diagnosis and licensing with best estimate

, ,

ditions during experiments involving core uncovery. m dels. Accident diagnoses techniques and pro-
Under certain experiment conditions, however, the "'" C " qua ed usMg data kom N
LOFT core exit TCs did not provide reliable infor- experiments. Us.mg actual data that corresponds to' mation on conditions in the core during core measurements available m commercial PWRs will

,

uncovery experiments. During LOFT small-break gnos& tp,e" * ' * " C "SS"S**"'S
Experiment L3-6, primary coolant pump monitor- ques and will indicate where more m. formation is
ing provided a reliable measure of primary system required to improve diagnostic capability.

~

coolant inventory. A display of cold leg temperature An lytical codes and models are at the stage of
versus primary coolant pump current was developed development where they could replace the present
and shown to be useful for differentiating between evaluation models used in licensing. LOFT results,

an overcooling transient and a small-break LOCA. could be used to develop uncertamty factors and

A considerable amount of LOFT data has been safety factors that would provide the same or
accumulated relative to rulemaking, specifically the greater level of safety to the public.

v
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NOMENCLATURE

Acronyms L/D Length to diameter (ratio)

AEC Atomic Energy Commission (United LLT Liquid level transducer
States)

LOBI Loop Blowdown Investigation
AFW Auxiliary feedwater

LOCA Loss-of-coolant accident
AOC Augmented operator capability ^

LOCE Loss-of-coolant experiment
ATWS Anticipated transient without scram

LOFA Loss-of-feedwater accident *

BST Blowdown suppression tank
LOFT Loss-of-Fluid Test

BWR Boiling water reactor
LPIS Low-pressure injection system

BWST Borated water storage tank
LSTF Large-Scale Test Facility

CE Combustion Engineering
LVDT Linear variable displacement transducer

CRT Cathode ray tube
htLHGR hlaximum linear heat generation rate

CilF Critical heat flux
NRC Nuclear Regulatory Commission

DHR Decay heat removal (United States)

DNB Departure from nucleate boiling NSSS Nuclear steam supply system

DOE Department of Energy (United States) PCI Pellet-cladding interaction

DTT Drag disk-turbine t r.cAlucer PKL Primarkeislauf

ECC Emergency core coclu PNA Pulsed neutron activation

ECCS Emergency core co< rg system PORV Power-operated relief valve

Eh! Evaluation model PST Pressure suppression tank

ESF Engineered safety feature PWR Pressurized water reactor

FRD Federal Republic of Germany QOBV Quick-opening blowdown valve

llEh! Homogeneous equilibrium model RDT Reactor Development and Technology r

llPIS liigh-pressure injection system RilR Residual heat removal
.

INEL Idaho National Engineering Laboratory RNB Return to nucleate boiling

JAERI Japan Atomic Energy Research Institute ROSA Rig of Safety Assessment

KWU Kraftwerkunion RTD Resistance temperature detector
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SDHR Shutdown decay heat removal Conversion Factors for Sla an.d
* *

SIG Special Inquiry Group

' " ' " 'E'I ISPND Self-powered neutron detector

K *F 1.8 K - 459.67
SRV Safety relief valve

kg/s-m2 lb/ft -h 737.42

STEP Safety Test Engineering Programa kg/s Ib/s 2.2046
(INEL)

kW/m kW/ft 0.3048
TAN Test Area North (INEL) m ft 3.2808,

TMI-2 Three Mile Island-Unit 2 MPa psi 145.05

m tu/ th 0.3169
TSC Technical Support Center

L/s gpm 15.85
USI Unresolved safety issue

WCL Westinghouse Canada Limited a. SI-system or International Units.
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SUMMARY OF THE NUCLEAR REGULATORY
COMMISSION'S LOFT PROGRAM

RESEARCH FINDINGS

1. INTRODUCTION

The Loss-of-Fluid Test (LOIT) Program dis- technology, (f) rulemaking, and (g) accidenta'
cussed in this document was one of seseral water management procedures.
reactor research experimental programs conducted
by EG&G Idaho, Inc., at the Idaho National Section 2 presents a history of the LOFT Pro-

~

Engineering Laboratory (INEL). The program was gram, a facility description, and an outline of major
sponsored by the United States Nuclear Regulatory experiments. Next, the LOFT scaling rationale and
Commission (USNRC) as part of their water reac- the relationship of LOFT to a commercial PWR are
tor safety research and was administered by the discussed in Section 3. This is followed in Section 4
United States Department of Energy (DOE). The by a discussion of the impact of LOFT results on
LOFT facility is an experimental system contain- thermal-hydraulic modeling. Section 5 presents
ing a nuclear pressurized water reactor (PWR) that LOFT data that confirm the conservativeness of the
was designed to simulate the major components and acceptance criteria for emergency core cooling
system responses of a commercial PWR during loss- systems (ECCSs) (10 CFR 50.46) and the Appen-
of-coolant accidents (LOCAs) and during antici- dix K evaluation criteria for ECCS models.
pated transients caused by abnormal PWR Section 6 presents LOIT results that relate to
operations. unresolved and resolved safety issues. Section 7

deals with issues related to the small-break LOCA
The LOIT experimental program has produced at Three Nfile Island Unit 2 (TN11-2). This section

a large amount of data investigating PWR behavior also presents results important to the resolution of
during a variety of simulated accident conditions. four generic issues, and two TN11 Action Plan items.
These data have been documented in numerous Section 8 deals with the impact of LOFT on such
technical and topical reports, at conferences and in safety technology items as fuel prepressurization,
the subsequent proceedings publications, and in thermocouples, liquid level detectors, and pump
scientific and technical journals. This document current monitoring. Section 9 discusses the use of
includes a concise presentation of the most impor. LOFT results in the USNRC rulemaking process.
tant LOFT research results (experimental and This is followed in Section 10 by a summary of
analytical) and a discussion of how the results relate accident management procedures that have been
to resolution of USNRC regulatory concerns for used in the various LOFT experiments and a dis-
PWRs. Specifically, it discusses how LOFT results cussion of their effectiveness. Section 11 lists a
relate to PWR LOCA analyses for (a) thermal- number of future applications for LOFT results.
hydraulic modeling,(b) Appendix K to 10 CFR 50, Section 12 is an overall summary of the major
(c) safety issues, (d) Three Nfile Island, (e) safety LOFT accomplishments and conclusions.

-<
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2. HISTORY AND SCOPE OF THE LOFT PROGRAM

'

The initial planning for an experimental program the basic mission of the LOFT Program was redi- |

to investigate maximum credible hazards in PWRs rected by the AEC in hlay 1%7.2-4 S nce the
began in March 1%2, when the United States initiation of the LOFT Program, changes of
Atomic Energy Commission (AEC), Division of emphasis in the nuclear industry indicated that a
Reactor Development, initiated the Safety Test test of engineered safeguards designed to prevent
Engineering Program (STEP) as part of their loss of coolant would be more valuable than the
Nuclear Safety Program. The STEP tests included data collected in a LOCA simulation. The revised
kinetic tests and engineering field tests. The program objectives were 10:2-5'*

engineering field tests were to investigate the max. ,

'

imum credible hazards, the most important of 1. Verify the capability of analytical methods
which were identified as loss-of-coolant accidents to predict the LOCA response of large-

(LOCAs). Initial studies resulted in a proposed test power reactors, the performance of
program designated as the Loss-of-Fluid Test engineered safety systems, and the margins
(LOFT) Program to investigate LOCAs in PWRs. of safety inherent in their performance

A detailed history of the early years of LOFT and 2. Identify any unexpected events or thresh-
details regarding the initial LOFT proposal are olds not then accounted for in the analysis
presented in References 21 and 2-2, respectively. of plant response or in the design of
The following give a brief history of the LOFT Pro- engineered safety systems.
gram, describe the LOFT facility and compare it
with other experimental facilities where PWR The LOFT Program, thus reoriented, was to
accident behavior can be studied, and discuss the evaluate core cooling systems in a series of at least
experimental program completed in LOFT. four integral tests.a

Early in 1%9, the second major modification was2.1 History made to the LOFT design. As stated in Refer-
ence 2-7, the program objectives were revised to

The LOFT Program, as initially conceived, was require an integral test system which would:
to investigate the consequences of a LOCA in a
commercial PWR due to the rupture of a primary 1. Provide data required to evaluate the ade-
coolant pipe. The entire experimental program was quacy of and to improve the analytical
to be limited to a few nonnuclear (with a core methods currently used to predict:
simulator) experiments simulating ruptures in reac-
tor primary coolant pipes and one nuclear (with an a. The LOCA response of large PWRs
operating nuclear core) experiment simulating a
rupture in a reactor primary coolant pipe that would b. The performance of engineered safety

result in meltdown of the reactor core (uncontrolled features (ESF) with particular
LOCA). The objectives of this program were to:2-3 emphasis on ECCSs

1. Conduct experiments which would c. The quantitative margins of safety
demonstrate the behavior of the reactor inherent in the performance of the
system and plant equipment with respect ESF."

to safety under simulated accident
conditions 2. Identify and investigate any unexpected

event (s) or threshold (s) in the response of-

2. Provide quantitative information which either the plant or the ESF and develop
would assist in more accurately defining the
hazards that might be associated with the
LOCA. a. The term " integral" defines an experiment combining the

nuclear, thermal hydraulic, and structural processes occurring

Nearly 4 years of design and 3 years of construc- er"['"# *no n$ie$ sIaNIs*c"afe','tN'a '"IaNic ex >er rnents
d * *'#''" ''"

'

tion were subject to considerable modification w hen conducted for loss-or. coolant analysis.

9

21



analytical techniques that adequately describe and accoun'. for the unexpected
describe and account for the unexpected behavior (s)
behavior (s).

3. Evaluate and develop methods to prepare,
3. Provide experience in the application of operate, and recover systems and plant for

Division of Reactor Development and and from reactor accident conditions
Technology (RDT) standards and other
standards and codes generally applicable to 4. Identify and investigate methods by w hich
large PWRs by their use and evaluation by reactor safety can be enhanced, with
the LOFT Program.2-6 (Note: This objec- emphasis on the interaction of the operator
tive was satisfied during design and con- with the plant. *

struction of the LOFT facility and did not
apply to the experimental program.) The LOFT Experimental Program is outlined in

more detail in Section 2.3. -

The new design was required, therefore, to
model, as nearly as possible, a " typical current 2.2 Experimental Facilitiesgeneration large PWR primary coolant system,
reactor system, and ECCS."2-6

This section describes the LOIT facility, and then
In September 1971, the containment vessel con- briefly describes other experimental facilities where

struction was completed. The containment vessel PWR accident behavior can be studied to indicate
was successfully leak tested 1 year later. Another how LOFT operating characteristics and size com-
major milestone was the installation of the te t pare with other experimental facilities and commer-
assembly in the LOFT containment vessel in 1973. cial PWRs. The experimental facilities described are
Construction was complete in mid-1975, and non- the Semiscale facility located at the INEL, the
nucicar testing began in 1976. Large-Scale Test Facility (LSTF) in Japan, the Loop

Blowdown Investigation (LOBI) facility in Italy,
The nonnuclear loss-of-coolant experiment and the Primarkreislauf (PKL) test facility in

(LOCE) series was completed in April 1978, and the Germany. The operating characteristics for LOFT
first nuclear large-break LOCE was completed in and the other facilities are then compared with those
December 1978. In Alarch 1979, a small-break of two commercial PWRs, Trojan and Biblis.
LOCA occurred in the TN11-2 nuclear power plant.
This event changed the emphasis for LOCA analysis 2.2.1 LOFT Facility. The LOFT integral experiment
from large breaks to small breaks. A second large-

f cility is a scale m del of a commercial PWR. The
break LOCE was conducted in the LOFT facility purp se f the facility is to model the nuclear, and
onhiay 12,1979, followed by the first small-break

thermal hydraulic phenomena expected to occur in
LOCEon Alay 31,1979. Final changes made to the a commercial PWR during a LOCA. In general,
program resulted in the following program objec- c lant volumes and flow areas in LOFT were
tives which were to: scaled using the ratio of the LOIT core [50 h1W(t)]

t a e nunm al R com W y(tH. Also,1. Provide data required to evaluate the ade- c mp nents used in LOIT are similar m design to
, ,

quacy of, and to improve the analytical
those of a conunmial PWR. Because of the scal-methods currently used to predict the ing and component design, the LOFT LOCEs

response of large PWRs to postulated
ci sely m del the large-break LOCAs hypothesizedaccident conditions, the performance of #U * * # "' ' * *8 " "

,

ESFs with partiet.far emphasis on emer-
desen.PU n f the LOFT facility. A detailed system

.

#""
gency core coolant systems (ECCSs), and pu.on n prewnW k Mmnce 24
the quantitative margins of safety inherent .

In the performance of the ESFs.
22 7.1 cenere/ Arrangement. The LOFT facility is

2. Identify and inustigate any unexpected located at the INEL, Test Area North (TAN). The
events (s) or threshold (s) in the response of facility includes a containment building (vessel),
either the plant or the ESFs and develop service building, control and equipment building,
analytical techniques that adequately and a large storage building.

2-2
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The LOFT containment building is divided into 1. Reactor system
a gas-tight test chamber and basement. The test

. chamber is an above-grade 21.34-m (inside 2. Primary coolant system
diameter) cylindrical vessel with a hemispherical
head. Personnel access to the test chamber and
basement is via double-door air locks. The air locks 3. Blowdown soppression system

and the test chamber access door have closure seals
to maintain the 0.361-h!Pa design pressure of the 4. Emergency core cooling system
containment. The test chamber houses:

"* " # '*
1. The experiment assembly

These systems are instrumented to provide con-
2. The 45-hig overhead crane tinuous monitoring of the nuclear, thermal,

'

, hydraulic, and structural processes occurring dur-
3. Support eqmpment. ing the LOFT experiments. The major system

parameters of the LOFT system are given in
The basement houses: Table 2-1.

1. Boric acid tanks 2.2.1.2.7 neactor System-The reactor system
"" #

2. Emergency core coolant (ECC) low-
pressure injection system (LPIS) pumps

1. Reactor vessel and head

3. Primary component cooling system heat
2. Core support barrelexchangers

4. Other support equipment. 3. Upper and lower core support structures

The service building (Building TAN-650) and the 4. Flow skirt
control and equipment building (Building TAN-630)
are located immediately adjacent to the containment
building. These buildings are connected to a large 5. Reactor vessel fillers

storage building (Building TAN.629), originally
j designed as a large shielded aircraft hangar for 6. 1.68-m long nuclear core (core simulator

| General Electric Company's Aircraft Nuclear Pro- for nonnuclear experiments).
| pulsion Program, which was terminated in 1961.

| 2.2.1.2.2 Primary Coolant System-The primary
The LOFT integral experiment facility is shown coolant system consists of two coolant loops con-

in Figure 2-1. The major components of the experi- nected to the reactor system. The loops are
ment assembly, which includes the reactor and designated the intact loop and the broken loop. The
primary coolant systems, are mounted on a double- primary system (a) removes heat from the reactor
width railroad dolly by a special frame. The major system during normal, upset, emergency, and
components in the reactor, primary coolant, and faulted conditions; (b) provides and maintains a
blowdown suppression systems for a cold leg break primary coolant and fission product envelope;

' configuration are shown in Figure 2-2. (c) provides the capability of producing a coolant
ensironment and time behavior during an experi-

The LOIT experimental system is discussed in ment which will be similar to that found during a
more detail in the following section. The 1.01T commercial PWR accident; (d) provides the-

Experimental Program is outlined in Section 2.3; capability of removing residual heat from the reac-
experimental results are presented in Section 3. tor system during normal, upset, emergency, and

faulted conditions; and (e) simulates the three
2.2.7.2 LOrT Emper/ mental System. The LOIT unbroken loops (intact loop) and one broken loop

experimental system consists of the systems used for (broken loop) of a four-loop PWR during accident
the conduct of LOIT experiments as follows: transients.

23
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Table 21. Major LOFT system parameters
__

Parameter Value

Core

Number of fuel rods 1300
Fueled length 1.68 m
Fuel rod diameter 10.7 mm
Fuel enrichment 4.05 wt% .

UO2 density 93% of theoretical
Core power 50 h1W(t)

Primary Coolant System *

Operating pressure 15 5 h1Pa
blaximum hot leg temperature 575 K
hlaximum coolant flow rate 479 kg/s

Station a

34, 913
340 669 ap- y. _ p- Internals holddown33503 1 5 spring and shim plates
325 658 i- _Jg . p-r,

'
c Upper core support

, . ( j,}
' } structure

b I- -4,'\ i' ' ''F'*'""'*****D'YW 00
h ,g upper section

i M-
" --- . . N Reactor vessel
7'

Broken loop hot leg > '
j ) Core support barret286.36 *]

Broken loop 180* Broken loop #: ' .3. \
. Broken loop cold legA sy
* - vessel hiler assembly

cold leg - hot leg

264 00 r ~ Q | upper section

w/ A--
-

Instrument '

Stalk 1 .

Q ye"x'4 , 4

00*"C0"' 'E
.
6 ? {.243 300
N ' I

'

} ( Vt f essel hiler assemblyECC 102' /3 , ,; ssa lo.,, s,ct,an

90. - ya e n n. 270' '' nn un(J ,

\ +7 '- ECC 280*
Lower pienum .$ (. "|,f|'|'y <,

.

]\ e nunne. 3 .

'" -- Doencorner f': u n. ins |' 3 '. # Flow skert assembly
instrument 200 240 El d intermediate section

@|11LII"h.a
- r

"
.-

Stalk 2 A
Intact loop Intact loop

' 7
.

hot leg cold leg f' f k ir
-

0
, e s .

1684 M M .

7m CSection A A

i i ~r-

149 925 ['
{; # Flow skirt assembly pi

r'
;

- lower assembly

f, ' l'
125 430 4

o]-,y

(z (MM W
;. .

113 247
,

'2' [i . . .. . ~;
,

Lower core supportb,[I'?,f"If-! structure

V Pik H V
' Station numbers are a dimenseonless measure of,

82 6850relative elevation within the reactor vesset They r8 to t __[3_.,s .ssa.ned in incro-nis ot 2 s4 ceniemeie,s .ein 74 30
station 300 00 detmed at tne core barrel support 67a INEL 3 0564ledge inside the reactor vessel tiange. 64 00

Figure 2 3. Reactor system sessel and internals arrangement.
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The principal components contained in the intact The major components of the blowdown suppre<-
loop are: sion system are:

1. Steam generator 1. Blowdown suppression header

2. Primary coolant pumps 2. Blowdown suppression tank

3. Pressurizer 3. Blowdown suppression tank spray system.

4. Primary coolant venturi (flow measuring 221.24 Emergency Core Coo /ing system-The
*

device) LOFT ECCS provides plant protection and an
experimental simulation of commercial PWR

5. Intact loop piping. ECCSs. The plant protection functions are to pro-
vide (a) reuuired core cooling over the full range=

The broken loop simulates the broken loop of a of break siz:s and locations and (b) the capability
four-loop PWR during a LOCA. The loop is not for long-term core cooling in conjunction with the
closed in the LOFT system, as its hot and cold legs purification system.
end in quick-opening blowdown valves (QOBVs)
that discharge to the blowdown suppression system. The experimental functions of the LOFT ECCS
To maintain the dead-ended legs of the loop at are to (a) simulate the response of a commercial
specified hot and cold leg temperatures, two PWR ECCS during a LOCA, (b) allow for inves-
25.4-mm warmup lines are provided. tigation of the margin available in commercial PWR

ESFs, and (c) provide flexibility for investigation
The principal componen.ts of the broken loop are: beyond the capability of commercial PWRs.

1. System piping The LOFT ECCS is arranged in two separate
gr ups f equipment. Each group contains three

2. Steam generator simulator
subsystems: the high-pressure inj,ection system
(HPIS), the accumulator system, and the low-

3. Pump simulator
pressure injection system (LPIS). The groups can
"'I "8'Y ' "* ""# "
use separate pipmg, but m.Y. In genaal, the groups4. QOBVs and upstream isolation valses . some mstances, it is

5. Reflood assist bypass system ps e to vane thm into k same #ng. Dun
mg the LOFT LOCEs, normally only one group is
used. The otlier group is maintained in the standby

6. Break simulating orifices.
mode and is under the control of the plant protec-
* " 'Y'' ' '121.23 stowdown suppression system-The

blowdown suppression system was designed to
simulate the containment back pressure response of 221.25 secondary Coolant system-The secon.

commercial PWRs during LOCAs and contain the dary coolant system (a) removes the heat trans-

blowdown effluent. This system also greatly ferred to the secondary system in the steam
simplifies recovery from a LOCE and requalifica- generator to the environment, (b) controls reactor

tion of the system for succeeding experiments (that powcr during power operation and influences the

15, the LOFT containment is not contaminated dur, primary coolant and reactor systems in a manner*

ing the LOCE). similar to the secondary system of a commercial
PWR, and (c) removes decay heat under normal

During the LOIT LOCEs, the primary coolant conditions.-

will blow out of the broken loop, through the
blowdown suppression tank header and down. The main loop of the secondary coolant system
comers, and into a condensing pool (borated water) consists of the shell side of the steam generator, the
in the suppression tank. The four downcomers air-cooled condenser, the condensate receiver, the
extend into the suppression tank and direct the condensate subcooler, the main feedwater pump,
blowdown effluent (a two phase water steam mix. and the main steam control and feedwater flow con-
ture) vertically below the condensing pool surface. trol 5alves.

.
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. Steam flows from the shell side of the steam subcooler. The feedwater passes through the feed-
generator through the main steam control valve to water control valve to the feed ring in the steam
the air-cooled condenser. Condensate leaving the generator,

condenser passes through a receiver that acts as a
surge volume for the system. Condensate leaving 22 7.3 Measurements. The LOFT experimental
the receiver passes through a subcooler and then measurements are summarized in this section. The
through the main feedwater pump. The main feed- number of experimental and process measurements
water pump discharge has a recirculation line that and their locations on the LOFT experimental
allows a small amount of feedwater to return to the system are identified in Table 2-2.

.

Table 2-2. LOFT system measurements summarya

*

Number of Number of Total
Experimental Process Number of

Parameter Measurement Location Measurements hlcasurementsD NicasurementsC

Coolant temperature Downcomer 14 - 14
Intact loop piping 6 5 11

Broken loop piping 7 4 11

Suppression system 12 8 20
Steam generator 2 1 3
Core and plenums 54 - 54
Secondary coolant system 3 I 4
ECCS - 2 2
Pressurizer - 2 2

Coolant lesel Downcomer I - I
Lower plenum 1 - 1

Core J - 3

Upper plenum 1 - 3

Suppression system 2 2 4
Pressurizer - 3 3
Steam generator (secondary side) - 4 4
Condensate receiver - 2 2
Borated water storage tank - 2 2
Accumulators i 2 3

Coolant velocity, momentum, Lower plenum 2 - 2

and flow direction [ drag disk- Upper plenum 3 - 3

turbine transducers (DTTs)] Intact loop 6 - 6
Broken loop (momentum flux 12 - 12

only)

Coolant density Intact loop 9 - 9
Broken loop 6 - 6

Cootant pressure Upper plenum 4 - 4

Downcomer 10 - 10

Intact loop 7 4 11

6Broken loop 6 -

Suppression tank 15 8 23
Secondary coolant system I 3 4

ECCS - 9 9
*

Differential pressure Reactor vessel 8 - 8

Intact loop 11 4 15

Blowdown system 8 - 8
.

Pump speed Primary coolant pumps 2 - 2

Displacement Center fuel assembly fuel rods 3 - 3

Coolant flow Primary coolant system - 3 3

Pressure reduction and decon- - 1 I
tamination system
Suppression system - 4 4

Secondary coolant system - 3 3

ECCS - 8 8

28
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Table 2-2. (continued)

Number of Number of Total
Experimental Process Number of

bParameter Nicasurement Location Steasurements N!easurements hicasurementsC

Neutron flux Core 8 - 8
Shield tank - 19 19

Aletal temperatures Fuel cladding (external) 185 - 185
Fuel cladding (internal) 5 - 5*
Fuel module support structures 10 - 10
Reactar sessel 14 - 14
Guide tubes 11 - 11

* Fuel Rod Internal Fuel 10 - 10
Pressure

Fuel Pellet Centerline 5 - 5
Temperature Imbedded 5 - 5

This measurements su:nmary includes process instruments recorded on the data acquisition and sisual display system (DAVDS).a.

b. Additional process measurements are:

(1) Primary system Niotor Generators A and B frequencies

(2) Primary coolant pump soltage
.

(3) Primary coolant pump current

(4) Control rod limit switches

(5) Valse position.

c. Total number of instruments is $78.

Experimental instruments in the LOIT core area plenum. Drag disk-turbine transducers (DTTs)
monitor neutron flux, temperature, coolant level, measure coolant momentum flux, velocity, and
and fuel rod displacement. Thermocouples measure flow direction both above and below the core and
fuel centerline, fuel rod cladding, and core support in the reactor vessel downcomer.
tube temperatures. Conductivity probes measure
core coolant level. Self-powered neutron detectors Temperature, pressure, differential pressure,
(SPNDs) measure core neutron flux levels, and velocity, density, and momentum flux are measured
linear variable displacement transducers (LVDTs) in the intact loop piping, in the reactor vessel
are used to mcasure displacement of the center fuel nozzles, and between the steam generator and
assembly, primary coolant pump inlet. Additional tempera-

ture measurements are made in the inlet and outlet
The reactor vessel plenums above and below the plenums of the steam generator. The temperature*

reactor core and the reactor vessel downcomer have and pressure transducers are standard commercial
experimental instrumentation. Thermocouples units. Velocity and momentum flux measurements
measure coolant temperatures in the upper and are made with DTT rakes, and density is measured,

lower end boxes of selected fuel assemblics and in with a gamma densitometer. Eddy current displace-
the upper plenum and downcomer of the reactor ment transducers measure primary coolant pump
vessel. Strain gauge pressure transducers measure speed.
primary coolant prenures abose and below the
reactor core and in the reactor vessel downcomer. Temperature, prenure, differential pressure, den.
Conductisity probes measure water level in the reac- sity, and momentum flux are measured in the
for venet downcomer, upper plenum, and lower broken loop. In addition, temperature, pressure,
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and liquid level are measured in the blowdown sup- Table 2-3 presents a summary of the nomen-
pression tank, and pressure and differential pressure clature used to designate LOFT experimental
are measured at selected locations in the broken measurements.
loop piping.

2.2.2 Other Experiment Facilities. Other experi-
Temperature, pressure, and level of the secondary

system coolant are measured in the steam generator. *#"I I"CN".ies available or planned to study acci-
dent behavior of PW Rs or PWR fuel rods are

Standard commercial strain gaoges and accelero- Semiscale, LOBI, PKI., and LSTF. This section
sneters monitor strain and acceleration of selected provides a short description of these facilities, and
structural components. their capabilities relative to the LOFT facility.

,

Table 2-3. Nomenclature for LOFT instrumentation -

.

Designations for the Different Types of Transducers

TE Temperature element AE - Accelerometer-

Temperature transmitter RPETT Pump speed element- -

PE Pressure element DE Densitometer- -

Absolute pressure transmitter DIE - Displacement elementPT -

PdE Differential pressure element ME - Momentum flux detector-

LE Coolant level element NE - Neutron detector-

Coolant level transmitter PNE Pulse neutron detectorLT - -

Coolant flow elementFE -

FT Coolant flow transmitter-

Primary coolant intact loop UP Upper plenumPC --

Broken loop LP Lower plenumBL --

Downcomer stalk 1Steam generator ISTSG - -

Steam generator secondary 2ST Downcomer stalk 2SGS - -

Reactor vesselRV -

Suppression tankSV -

Designations for Nuclear Core Instrumentation

Transducer location (inches from bottom of fuel rod)
*

Fuct assembly row

Fuel assembly column -

Fuel assembly number

Transducer type

TE 3Hil 28
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2227 sem/:cde Teetsyst;m. The Semiscale test The design of the experimental primary loops and
system (the Stod-2A system), located at the INEL, the indisidual components ensured that the follow-
is a 1/1500th scale two-loop representation of a full- ing parameters are maintained as close as possible
size commercial four-loop PWR system. The to the value of the reference plant: (a) the ratio of
Semiscale Nfod-2A system can simulate small, power to volume, (b) the ratio of the volumes of
intermediate-size, and large breaks anywhere in a various components and pipework sections to each
PWR system (the minimum size break in Semiscale other, (c) the ratio of rupture size to primary
is equivalent to a 4-in, diameter break in a commer- coolant system volume, and (d) the single-phase,
cial PWR). It can also simulate a wide range of steady state pressure drop and temperature distribu-
PWR operational transients. tion along the flow paths. The height and relative

elevations of components are scaled 1:1, thus
The hiod-2A system consists of a pressure vessel preserving gravitational heads..

with simulated reactor internals and an external
downcomer; an intact loop with piping sections, 222.3 PKL Test Faci //ty. The PKL test facility,
pressurizer, pump, and full-length steam generator; located in the Federal Republic of Germany (FRD),,,

a broken loop with piping sections, pump, full- represents a typical Kraftwerkunion (KWU)
length steam generator, and pipe rupture assembly; 1300 h1W(e) four-loop PWR on a scale of 1:134 by
a pressure suppression system with header and sup- volume. it was designed to simulate the behavior
pression tank; a steam supply system; and a coolant of the entire primary coolant system during the refill
injection system with mjection pumps, accumu* and reflood phase of a LOCA. In view of the
fators, and delivery piping. importance of the driving gravity forces during

reflood, as well as for natural circulation, all eleva-
The reactor core is simulated by an electrically- tions correspond to actual reactor dimensions.

heated core containing 25 heater rods. Total core
power is 2 htW. All major components and sub-

The test facility is des.igned for a maximum.

components are scaled one-to-one in elevation to
paadng pressure of 3.5 h1Pa. The test bundle

a four-loop PWR. A guard heater system and exten- simulatm8 the core consists of 340 electrically
sive thermal insulation control atypical heat losses.

heated rods with a total core power of 1.5 51W. The
facility includes three primary coolant loops (one

2222 Lost Test Facility. The LOBI test facility,
f double capacity simulating two loops) w hich con-located in Ispra, Italy, and discussed in

tain steam generators w hose secondary sides can beReference 2-9, is designed as an approximately c led down. The PKL test facility is described in
1/700 by volume scale version of a four-loop

m re detail in Reference 2-10.
1300 htW(e) PWR primary coolant system. It con-
sists of two primary coolant loops connected to the
reactor pressure vessel. Both experimental loops are 222A Large sce/e rest recility. The LSTF is
active loops, each containing a circulation pump operated by the Japan Atomic Energy Research

and a steam generator. LOBI has an electrically Institute (JAERI) for the Rig of Safety Assessment

heated rod bundle consisting of 64 heater rods. (ROSA) IV Program for small-break experiments

Total core power is 5.3 hlW. The test facility is and analysis. The primary objectives of the ROSA.

designed for an operating pressure and temperature IV Program are to develop a computer code based

of 16.0 h1Pa and $98 K, respectively. Pipe ruptures upon a two-velocity, two-temperature flow model

of various sizes, ranging from double-ended large and to assess the code by using the integral test data,

breaks to single-ended small leaks, may be Integral tests will be performed in the transient

simulated at three different locations within the LSTF.

broken loop (hot leg, cold leg, or loop seal). Other,,

possible rupture locations are in the lower plenum The facility is a 1:48 scale by volume version of
of the reactor pressure vessel model and in steam a 3400 htW(t) PWR. Pressure, temperature, flow
generator U tubes. rate, pressure loss, and two-phase flow character-

,

istics in a PWR can be simulated. The height and
The ECCS consists of intermediate pressure (up elevation of each component is full scale. The facil.

to 6.0 htPa) injection pumps or accumulators, and ity has two loops simulating the intact and broken
can provide ECC water for both cold leg and com- loops. The core is simulated by 1000 full height elec-
bined cold and hot leg injection into both tric heater rods. The maximum core power is
experimental loops. 10 AlW, which is satisfactory for studying the

2 11



coolability of the core under small-break or natural 1. LOFT has one operating (intact) loop and
circulation conditions where the fission product a blowdown (broken) loop with a pump
decay heat is the principal heat source. and a steam generator simulator, while

commercial PWRs have four operating
1115 comperison. of Fecmties. A number of loops

parameters for two commercial PWRs (Trojan and
Biblis) and five experimental facilities (of which 2. The LOFT core is 1.68 m long, while com-
LOFT is the largest and also the only nuclear facil- mercial PWRs have core lengths between
ity) are compared in Table 2-4. LOFT is the only 3.66 and 3.9 m
integral nuclear PWR experimental facility and is

'
also the largest integral PWR experimental facility

3. LOFT has a short steam generator relativein the world. Of the nonnuclear experimental
to commercial PWRs.facilities, LSTF has the largest volume and

Semiscale has the smallest. .

The scaling rationale for LOIT and Semiscale and
The main difference between LOFT and a com- the effects of LOFT scaling on experimental results

mercial PWR are: are discussed in Section 3.

Table 2-4. Comparison of commercial PWR and integral experiment facilities

Semiscale LOBI PKL
Parameter Trojan Biblis LOFT Ntod-2A (30 mm downcomer) (Core II) LSTF

IVolume (m ) 347 437 7.7 0.21 0.82 2.93 7.23

Trojan volume / volume 1 0.79 45 1 652 423 119 48

Power [Mw(t)] 3 400 3 752 30 2.2 5.3 1.$ 10

hfasimum linear heat generation 50 to 62 $$ 7 62.3 s50 35.7 Decay heat Decay heat

rate (kW/m)

Trojan power / power I 0.91 62 1 545 642 227 340

Number of operating loops 4 4 1 2 2 3 2

b
Core type Nuclear Nuclear Nuclear Electru:al* Liectricai Electricata Liectrical

Number of fuel rods 39 400 49 400 l 300 23 64 340 1060

Core length (m) 3.66 3.9 1.68 3.66 3.9 3.9 3.66

Core diameter (m) 3.40 3.8 0 61 0.10 0.133 0.31 NA'

P r speed (rpm- 5400 6 749 3 338 I 680 I 509 NA NA

IIPIs available Yes Yes Yes Yes Yes No Yes

Accumulator available Yes Yes Yes Yes Yes No Yes

LPIs available Yes Yes Yes Yes No Yes NA* 4

Design pressure (MPa) 17.2 17.2 17.2 17.2 17.2 4.0 17.2

Number of operating steam 4 4 I 2 2 J 2
*

generators

Steam generator height Full f ull short Full Full full Full

s. Center heated-MsO.

b. skin heated.

c. NA-not applicable.

..S
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2.3 LOFT Experimental Program iments consisted of opening either one or both
QOBVs to allow the volumes (0.0481 m3 in each
leg) between the QOBVs and the upstream isola-

The LOFT Experimental Prograra included a tion valves to flow into the blowdown suppression
series of nonnuclear LOCEs incorporating a core tank. Table 2-5 summarizes the experiments in the
hydraulic simulator, followed by several series of mini-blowdown series, and gives the number of
nuclear experime:.ts with a nuclear core producing QOBVs, the downcomer submergence level, and the
power. Prior to the nonnuclear LOCEs, a series of fluid temperature for each experiment.<

mini-blowdown experiments was performed.
The nonnuclear LOCEs (Series LI) were large-

*
The mini-blowdown experiments (Series LO) was break blowdown experiments and were performed

a series of 10 experiments conducted between to: (a) determine that the equipment / systems func.
January 27 and February 17, 1976, to (a) qualify tion properly, (b) demonstrate that the entire
components and operational procedures for experiment facility can withstand the structural*

simultaneous opening of the QOBVs,(b) verify the loads of blowdown, (c) determine that the
ability of the blowdown suppression system to - blowdown experiment procedures are adequate,
withstand the structural loading caused by the (d) provide experience to operators prior to nuclear
injection of primary coolant system fluid during experiments, (e) obtain isothermal LOCE data for
blowdown, and (c) provide experimental data for comparison with similar data from other experi-
determining the maximum permissible blowdown mental programs, and (f) experimentally determine
suppression tank downcomer submergence level for ' thermal-hydraulic system behavior prior to nuclear
nonnuclear LOCEs based on the design load limits blowdown. The nonnuclear LOCEs are summarized
of the suppression tank. The mini-blowdown exper- in Table 2-6.

Table 2-5. Mini-blowdown experiments

QOBV Fluid
Temperatures

Downcomer (K)
Number of Submergence

Experiment QOBVs (cm) QOBV1 QOBV-15

LO-2 2 13.5 506.5 503.8

LO-3 1 28.7 501.5 504.5

LO-3A 2 28.1 506.4 502.1

LO 3B i 26.7 506.9 505.3

LO-3C 2 29.9 507.4 507.1
.

LO-4 2 38.1 523.2 523.4

LO 5 2 56.2 523.6 524.4-

LO-8 1 40.1 505.7 -

LO-9 1 21.9 518.5 510.8

LO 10 2 27.9 523.9 518.1

2 13
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Table 2-6. Nonnuclear experiments

Primary Coolant System

Temperature Pressure
Experiment Completed Description (K) (MPa) Results

Ll 1 03/04/76 Hot leg break with a scaled 555 9.21 Blowdown loads proved
area equal to 0.5 of PWR small; system and instrumen-
pipe area, tation checked out. (Semiscale

LOFT-c
S-01 la gugterpart Test- provided addi. -

tional data.)

LI 2 05/10/76 Cold leg break with a scaled 555 15.65 Minimal downcomer hot wall
area equal to PWR full pipe effect shown by delayed ECC ,

injection. (Semiscale LOF
counterpart Test S-012 {-

area.

provided additional data.)

L1-3 06/28/76 Cold leg break with a scaled 555 15.65 No accumulator injection,
area equal to PWR full pipe prosided a baseline for
area. LOCEs LI 3A and LI-4.

(Semiscale y rovided
counterpart

Test S-01-3 p
additional data.)

Ll3A 07/15/76 Cold leg break with a scaled 556 15.56 ECCS not swept out the
area equal to PWR full pipe break. Base case obtained for
area. quantification of ECC bypass

for cold leg injection.

LI-4 05/03/77 Cold leg break with a scaled 552 15.75 Amount of core bypass with
area equal to PWR full pipe ECC injection into intact loop
area. Designated International cold leg was evaluated and
Standard Problem 5 and compared to LOCE LI 3A.

United States Standard Prob- reactor vessel mater inventory.
:cm 7. (Semiscale LQ ounterpart

Test S41-4A'-I provided
additional data.)

L15 64/25/78 Cold leg break with a scaled 555 15.55 Behasiors of nuclear core and

area gqual to PWR full pipe core simulator were similar,
area. but saturation pressures were

slightly different. (Semiscale

LOFTgnterpart Test
S41-6 prosided
additional data.)

2LOFT-counterpart experiments performed in the Semiscale facility *II at the INEL provided data for comparison to study scal-a.
ing effects on L(X'E performance and, since they were performed prior to the LOFT experiments, provided assurance that the experiments
would not damage the LOIT system.

b. Nuclear core was installed, but not producing heat.

.

The nuclear experiments (Series L2, L3, L5, L6, and small-break LOCEs; anticipated transients;
L8, and L9) provided the principal source of data to transients with core uncovery; and transients with
satisfy the LOTT Program objectives. For these multiple failures. The nuclear experiments are sum-

,

experiments, the LOTT system simulated operation matized in the order they were performed in
of a commercial PWR to provide data on thermal- Table 2 7,
hydraulic behavior during large , intermediate-size ,

2-14
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Table 2 7. Nuclear experiments

Pnmary Cooiant Syuem
Reactor

Date Power Temperature Pressure flow Rate
Expenment Completed Dewnpuon (AlW) (K) (MPa) (kg/s) Resuhs

L2-2 12/0958 Cold leg break with a 24 88 Stn (aserage) 15.6 194.2 Expenenced early remet and
scaled area equal to much lower fuel cla6Lhng

e P% R fua pipe area. temperature than expected.
Peak claddmg temperature
occurred during blowdown
rather than during reflood.
(Semiseak LOFT-
counterpart Test SM2 -172*

provided additional data.)

U-3 05/12M9 Cold kg break with a 36.7 577 15.1 199.8 Confirmed behade of
scaled area equal to LOCE U-2 (lower claddmg
PWR full pipe area. temperature) at nominal
Designated Uruted PWR operaung condinons.
States Standard (Semiscak LOFT-

2s54318Problem 10,
counterpaQ" prmided ad-and S*6
dational data.)

L34 05/31M9 Smaa break simulated -b 558.2 14.74 201 Confirmed possibility for a
in prewuruer power- (aserage) suck <ipen PORV to resuk
operated relief valve in a liquid fuE preuuruer
(PORV) sinular to that with simuhancous voiding

8at TMI-2 . After the in the reactor vessel.

(Sendscale TegTMI-3Cexpenment was com-
plMed, the NRC and S.TMI.31 preided
requested the data be additional data.)
withheld from analysis
while blind prediction
calculations were
performed.

L3.I II/20M9 Cold leg single <nded 48.9 564 (average) 15.02 484 Break flow was sufficient to
break with a scaled remove decay heat; no
area equal to the flow operator action required.
area of a &in. (Semiscale LOFT-
Schedule 160 pipe con-

counterpart Teg S-SB4
nected in the cold les and S-SG4A prmided
of a commercial PWR. additional data.)
Designated International
Standard ProbM 9
and NRC Licensing Re-
quirement Standard
Problem.

L3-2 02/07/80 Cold les vngic<nded 49.0 SM (average) 14.85 481.5 Steam generator was an ef-
break with a stated fcctive heat sink. Natural
area equal to the flow circulanon rnodes wtre
area of a pipe with a stable and reverable.
1-in. inside diameter
connected to the cold
leg of a commercial

,

PWR.

1:
L65 05/29/80 Anipated trannent ex- 36.7 561 (acage) 14.79 479.7 Demonstrated the need to

penn.cnt intohing a account for near
a loss of feedwater to the equilibrium conditions in

stearrr penerator the pressuriier in computer

g secondary
, codes.

. s
L3 7 - J6 '20/80 *old kg singh nded 48.7 SM (average) 14.90 481.3 Similar to LOCE L3-2 but- x

i break with a oM without bypass kakage.o
' ' area equal ta ghe flow Steam generator feed and

area of a pipe ** a bleed was effective ing ,

1-in. inside daarcte i remming core decay heats- ,
4 connected to the ok.1 ., esen with pumps shut

leg 9 a commeral i down.
PWR. , (

v

k
\
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Tatdo 2 7. (continued

Primary Coolant Synem
Reactor

Date Power Temperature Pressure Flow Rate
Expmment Compkted Description (MW) (K) (MPa) (kg/s) Resuks

L3 5/L3-5A - 09/29/80 Cold les single-ended 49.0 567 (average) 14.86 476.4 LOCE L3-5 was used as a
break with a scaled baschne for LOCE L3-6 to
area equal to the flow compare the effect of
area of a 4-in, pump operation on system

*
Schedule 160 pipe mass depictions and was
connected in the cold an initial attempt to

' les of a commercial monitor reactor vessel
- PWR and with hquid level using vessel
i primary coolant pump thermocouples. LOCE .

shutoff. L3-5A demonstrated
reestablishment of naturd
circulation (single and two
phase) following reestab-
lishment of steam gen-
erator as a heat sink.
(Semiscale LOFT-

cogngpart Tests S-gBg
P1 and S-SB P3
provided additional data.)

L6 2 , 10/07/80 . Anticipated transient . 37.2 561 (average) 14.78 465.9 Pressurizer heaters proved

involving a loss of effective in cc,ntrolling

forced coolant flow in primary sy. tem pressure,

all primary coolant which decreased in this

loops. event as a result of
primary coolant volume
shrinkage following reac-

4 tor scram.

L6-1 10/08/80 Anticipated transient 36.9 560 (average) 14.78 478.5 Pressurizer heater and

experiment involving a spray systems proved

loss of steam load in effective in controlling*

all steam generators. primary system pressure
increases and resuking
coolant insurges into the
pressurizer in this event.

L6-3 10/09/80 Anticipated transient 36.9 560 (average) 14.87 479.3 The pressurizer heaters

experiment involving and the high-pressure

an excessive load injection system (HPIS)

increase in all steam proved effective in con-

generators, trolling the pressure in a
primary system cooldown*

resuhing from an excessive ,

steam demand.

L3-6/L8-1 12/10/80 Cold les single-ended 50.0 568 (average) 14.87 483.3 LOCE L34 was used for'

break with a scaled . comparison with LOCE

area equal to the flow L3-5 to measure the effect

area of a 4-in. of pump operation
'

Schedule 160 pipe con- onprimary system mass

nected in the cold les depletion and mass

of a commercial PWR distribution. The resuhs

and with primary demonstrated the

coolant pumps left on desirability of early pump *

(L34), and with par- shutdown after a small
,

tial core uncovery break LOCE. Experiment
4

(L8-1). Designated L8-1 provided data on

International Standard core heatup in highly

Problem II. voided conditions.
(Semiscale LOLT-

Tests

count g{2
4

S-SB- and S-SB-
P4 -2 provuled additional2

data.)
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Table 2 7. (continued)

Primary Coolant System
Reactor

Date Power Temperature Pressure How Rate
Experiment Completed Description (MW) (K) (MPa) (kg/s) Results

L9-l/L3-3 04/15/81 Multiple failure tran- 49.6 569 (aserage) 14.90 479.1 Experiment L9-I
sient experiment demonstrated the capabil-
initiated from a loss of ity of the PORV to con-
feedwater accident trol primary system
(L91), and plant pressure with a dry steam* recosery using too generator. LOCE L3-3
independent modes demonstrated two indepen-
(L3-3). dent methods to recoser

from a LOCA: 1. Latch-
ing open PORV withoute
steam generator
2. Recovery using steam
generator as a heat sink.

L6 7/L9-2 07/31/81 Anticipated transient 49.0 567 (average) 14.75 483.7 Experiment L6-7 simulated
experiment simulating an overcooling transient
a turbine trip from similar to that which
full power followed by occurred in Arkansas
a secondary side- Nuclear One-Unit 2
controlled rapid (ANO 2), provided data
cooldown with base to qualify computer
primary coolant codes for licensing calcula-
pumps operating tions, and demonstrated
(L6-7), and a con- use of pump current to
tinued rapid cooldown diagnose the accident.
with pumps tripped During Experiment L9-2,
(L9 2). natural circulation flow

was not affected by voids
in the reactor vessel and
hot leg or by thermal
stratification in the upper
plenum.

L5-1 09/24/81 Cold les single-ended 45.9 565 (average) 14.93 308.2 Ninty-five percent of the
break with a scaled core uncovered slowly,
area equal to ll.2-in. and temperature increased
inside diameter break (up to 3 Kis). Accumu-
in PWR emergency lator injection started
core cooling system temperature to decrease in
(ECCS) injection pipe. 30 s.

L8-2 10/12/81 Same as for Experi- 46.0 566 (average) 14.86 311.1 Pump restart not effective
ment L5-1 except the in cooling core during
accumulator injection high void conditions.
was withheld to deter-
mine the effect on fuel
cladding temperature
caused by restarting
the primary coolant
pumps.

L9-3 04/07/82 Anticipated transient 48.7 567 (average) 15.01 467.6 Expe-iment L9-3 was the
without scram first ATWS performed in
(ATWS) experiment a PWR. The reactor shut
simulating a loss of down due to moderator
feed-water followed by temperature feedback.
an operator-controlled PORY and safety relief,

recovery through the valve (SRV) flows com-
PORV and cooldown bined were sufficient to
by initiation of secon- control primary coolant
dary feedwater system pressure and to
injection. depressurize the system..

L6-6A 04/19/82 Each experiment was - 302 0.289 -C Experiments L6-6A and
L6-6B 04/21/82 an anticipated tran- - 298 0.285 ~C L6-6B showed that the

sient experiment perfect mixing modelis
simulating a boron valid and that the effective
dilution accident dur- mixing volume, consisting
ing refueling operation of only the reactor vessel
with residual heat volume up to the top of
remos al. the nozzles and thae recir-

culation line, is the
minimum volume.
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Table 2-7. (continued)

Primary Coolant System
Reactor

Date Power Temperature Pressure flow Rate
Experiment Completed Description (M W) (K) (MPa) (kg/s) Results

L2-5 06/16/82 Cold les break with a 36.0 573 (aserage) 14.94 192.4 The ECCS rresented core
scaled area equal to damage even under the
PWR full pipearca worse case accident
with primary coolant scenario (that is, a 200s,

*pumps turned off and offset shear of a cold leg
decoupled from their with loss of offute power
external flywheels plus atypically fast pump
within I s after experi- coastdow n).
ment initiation. .

L6-8 05/26 A series of sin anti- - - - - The thermal and hydraulic
through cipated transient response of the plant dur-

L6-8 B-1 08/31/82 experiments: L6-8B 1 37.6 564 (average) 14.9 482 ing rod withdrawal simula-
and L6 8B-2 simulated tions L6 8B-! and L6-8B-2

16-88-2 uncontrolled control 37.3 565 (everage) 14.8 475 we e as expected based on
rod withdrawal tran- preexperiment calculations.

L6-8C-1 sients; L6 8C I Shutdow n 561 (average) 15.5 476.5 The scram on high pres-
simulated a recovery sure in L6-8B-1 occurred

L6-8C-2 from steam generator Shutdown $61 (average) 15.5 475 carlier than predicted, and
tube rupture with it is believed this dif-

L6 8C-3 primary coolant Shutdow n 560 (average) 15.6 482 ference was caused by
pumps on. L6-8C-2 nonequilibrium conditions

L6-8D simulated a recovery Shutdown 532 (aserage) 7.17 484 in the pressurizer which
from steam generator were not adequately
tube rupture with calculated. Doppler
primary coolant dominated the L6 88-2
pumps off, and negative reactivity feed-
L6-8C-3 simulated a back as predicted. In
recovery from a small L6 8B-2, the reactor
break with pnmary scrammed due to a high
system void formation; peak power setpoint which
and L6-8D simulated a is not typical in most com-
primary system natural mercial PWRs.
circulation cooldown
with void formation. The continued operation

of the primary coolant
pumps during L6 8C-1
and L6-8C-3 provided the
operator with information
on primary coolant system
mass inventory which
would otherwise base been
lacking due to loss of
pressurizer liquid level and
hot leg subcooling. During
the later portion of
L6 8C-2, there was an
indivation of the presence
of a persistent steam bub-
ble outside the pressurizer.
This steam bubble caused

*
the pressurizer liquid level
to increase even through
primary coolant system
charging via HPIS flow
was reduced. .

The PORY was uninten-
tionally open dunng most
of the L6-8D transient.
However, the experiment
provided data on natural
circulation cooling in the
presence of voiding.
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Table 2 7. (continued)

Primary Coolant System
Reactor

Date Power Temperature Pressure Flow Rate
Experiment Completed Description (MW) (K) (MPa) (kg/s) Results

L9-4 09/24/82 ATWS experiment 50.7 556.9 (cold 14.84 463.0 For high pressure.
simulating a loss of- les) temperature. and power
offsite power without conditions, natural circula-
reactor scram. tion was effectise in an

ATWS situation as long as
e a heat nnk was availabk.

There was sufficient relief
capacity in the scaled SRV
to control the pressure
transient in the loss-of.
offsite-power ATWS..

Turning the primary
pumps off in a loss of.
offsite-power ATWS caus-
ed a more rapid decrease
in reactor power (in an
ATWS condition) than
occurred in a loss-of -
feedwater-induced ATWS
when the primary pumps
were left on.

a. In March 1979. a small-break loss-of-coolant accident (LOCA) occurred in the Three Mile Island-Umt 2 (TMI 2) power reactor. The LOCA was
initiated by a loss-of-feedwater to the secondary system which caused the PoRV to open and then stick open.

b. Nuclear core was not producing heat.

c. Primary coolant system recirculation flow was 4.77 L/s for LC iA and 9.51 IJs for L6-6B.
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3. LOFT RESULTS RELATIVE TO COMMERCIAL PWR BEHAVIOR

This section summarizes the scaling criteria used LOFT as in the commercial PWR. By controlling
for LOFT and discusses the compromises made as system break size, it also allows preservation of the
a result of practical considerations. A short discus- time scale. Thus, similar thermal-hydraulic
sion of Semiscale scaling is also presented to illu- phenomena occur in both systems in the same time
strate the relationship between a commercial PWR scale.
and LOFT as follows: The scale relationship
between LOFT and Semiscale is similar to the scale Table 3-1 shows the distribution of volume in

* relationship between a commercial PWR and LOFT and a commercial PWR. The comparison is
LOFT. Comparisons between LOFT and Semiscale good except for the total volume in LOFT which
results were used to verify LOFT scaling. The is 38% larger than the " ideal volumetrically scaled"
remainder of the section describes the methodology volume. The main volume differences are in: (a) the-

developed to qualify the RELAP4 and RELAPS lower plenum, (b) the downcomer, (c) intact loop
computer codes to predict the behavior of a com- exclusive of the steam generator, and (d) the reflood
mercial PWR under corresponding accident or tran- assist bypass system. The volumes in these four
sient conditions. Two examples are included to areas were purposely changed from " ideal" to
illustrate the methodology and to demonstrate the improve the LOCE performance and/or system
degree to which LOFT simulates a commercial design.
PWR.

The lower plenum volume in LOFT was increased
by 0.23 m3 over the ideal volume because ideal3.1 LOFT Scaling
volumetric scahng resulted m a distance from the
bottom of the core barrel to the bottom of the lower

Three scaling approaches were considered as a plenum of only 29.2 cm. This distance was con-
basis for the LOFT system: linear scaling, classical sidered unrealistically shallow and prone to cause
dimensionless numbers, and volumetric scaling.3-1 sweep-out of the lower plenum water during reverse
Linear scaling, which maintains length-to-diameter core flow. Therefore, this distance was increased
ratios, would be most appropriate during the very to 73.7 cm to provide a more realistic lower plenum
short subcooled blowdown. Linear scaling, how- depth and depth-to-diameter ratio.
ever, results in a large reduction of time scale and
distorts the energy distribution processes during The downcomer gap width sizing requirements
saturated blowdown which is of primary concern include not only volume but also metal surface area,
during a PWR LOCA. Also, the application of flow area, pressure drop, and flooding velocity,
dimensionless numbers to complex, transient, two- These considerations lead to a width sizing require-
phase flow situations was not understood well ment ranging from 1.91 to 5.08 cm. The 5.08-cm
enough to use them as the main scaling criteria for downcomer gap width was selected for LOFT on
LOFT. the basis of providing ECC flow down the down-

comer that is similar to that of a commercial PWR.
Volumetric scaling was the best suited for appli- While the increase of 0.36 m3 results in more

cation in LOFT. This means that, to the extent prac- relative volume in the downcomer than is typical
ticable, each component and pipe volume and the of a commercial PWR, it is less than 5% of total
total primary system volume in the LOFT system system volume. Further, it results in a metal sur-
are proportional to their respective volumes in a face area-to-volume ratio in the downcomer which-

commercial PWR. The constant of proportional- is more typical of a commercial PWR.
ity is the ratio of the two systems' powers. That is,

The intact and broken loop piping diameters were.

MW(t) LOFT Volume LOFT made larger than " ideal" for several reasons.
MW(t) CPWR " Volume CPWR Larger diameter pipe (14 in. versus 10 in.) provides

a practical piping arrangement, within the allowable
where CPWR is a commercial PWR. system space envelope, that meets structural stress

requirements. Furthermore, the larger pipe has a
Volume scaling ensures that the same relative more favorable surface-to-volume ratio from a

amount of fluid is available for energy exchange in structural heat input viewpoint. In the primary
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Table 3-1. Comparison of LOFT and commercial PWR primary coolant system volume
distribution

CPWR LOFT

Percent Percent ideal LOFTa
Volume of of Volume Volume

3 3 3item (m ) Total Total (m ) (m ) .

Reactor Vessel

.

Outlet plenum 55.48 15.95 11.7 0.90 0.89
Core and bypass 26.05 7.50 4.0 0.31 0.42
Lower plenum 29.74 8.58 9.22 0.71 0.48
Downcomer and inlet annulus 20.42 5.89 8.91 0.69 0.33

Subtotal 37.95 33.91

bIntact Loop

Hot leg pipe - 6.71 1.94 4.88 0.38 0.11
Cold leg pipe 7.22 2.08 5.00 0.39 0.12
Pump suction pipe 10.71 3.09 4.41 0.34 0.17
Steam generator 91.50 26.40 18.2 1.40 1,48
Pump 6.71 1.96 2.57 0.04 0.1I

Subtotal 35.47 35.06

Broken loop

Hot leg to break 2.24 0.65 2.27 0.18 0.04
Cold leg to break 5.98 1.72 2.60 0.20 0.10
Steam generator 30.50 8.80 7.12 0.55 0.49
Pump 2.27 0.65 0.84 0.07 0.04
Additional volume, part of outlet plenum. NAc NA NA 0.20 NA
Additional volume, part of inlet plenum NA NA NA 0.27 NA

Subtotal 11.17 10.56

Pressurizer 50.98 14.70 12.50 0.96 0.82

Total 346.64 100 100 7.70 5.58 .

a. Ideal LOFT Volume = (CPWR Volume) x ~

P Core Po r of 341

b. Values for CPWR for three loops coo'ained.

c. NA-not applicable.
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system, the value of the metal surface area-to- in the commercial PWR. For the same fluid prop-
volume ratio together with the metal and coolant erties, scaled flow areas, and scaled mass flow rates,
temperatures determines the heat transfer per unit APLOFT = APPWR if KLOFT = KPWR, where
of coolant and, hence, the ECC temperature, its K is the resistance factor. This type of scaling was
effectiveness in the core, and flow regimes through- used in determining the LOFT broken loop resistances
out the primary system. A reduced scale model such given in Table 3-3 for a cold leg break. Note that the
as LOFT will have a larger surface area-to-volume pump resistance (the most significant component) is
ratio than a commercial PWR. Table 3-2 lists the five times higher than that of the steam generator.
surface areas and surface area-to-volume ratios for Outlet break comparisons give similar results. Also
LOFT and a commercial PWR. the pump and steam generator in the broken loop are*

simulated resistances. The effect of nonoperating
The pressure distribution in the intact and broken components in the brcken loop was assessed and is

loops of LOFT are reasonable in comparison to that not considered significant to the overall behavior.3-2
.

Table 3-2. Comparison of surface areas and surface area-to-volume ratios
.

Commercial
item LOFT PWR

2Core surface area (m ) 88.6 5170

2Intact loop steam generator tubes (m ) 328.1 12756a

2Structure area (m ) 145.6 6313b

2Total (m ) 562.3 24239

Core surface area
-1) II.5d 34,9

Actual PCS* volumei

|
|

| Steam generator tube area
-1) 42.5 36.7aActual PCS volume

|
|

Structure surface area
-1) 18.6 18.2Actual PCS Volume

Tc(al primary surface area .I) 718 69.9\ctual PCS volume
.

.- a. Three intact loop steam generators only.

b. By difference, commercial PWR value includes 4534 m2 for broken loop steam generator.

c. PCS-primary coolant system.

d. If the " LOFT ideal volume" of 5.58 m3 is used, this value is 15.9.
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Table 3-3. Comparison of flow resistances in LOFT and commercial PWR broken loops
for a cold leg break

K Factor

Item Commercial PWR LOFT

1. Broken loop cold leg 0.043 0.071
.

2. Hot leg to steam generator 0.087 0.12

3. Steam generator 3.5 to 4.00 3.87 ,

4. Steam generator to pump 0.48 0.14

5. Pump locked rotor resistance 18.0 18.0

6. Pump to break 0.071 0.76

Pump inertia in the LOFT intact loop is made the PWR downcomer circumference is about 3.5 m,
variable through the use of a flywheel-driven which compares reasonably well with one-half the
generator electrically connected to the pump LOFT downcomer circumference of 2.6 m. Thus,
motors. Thus, the coastdown-flow-rate / unit-speed the downcomer circumference per intact loop noz-
transient under a loss-of-power condition can be zle in LOFT is close to the commercial PWR value.
adjusted to the required value. On this basis, one might expect about the same

degree of flow asymmetry in LOFT, with a single
Selection of core length was a key design deci- operating loop, as in a four-loop commercial PWR.

sion of LOFT and it is discussed in detail in
Reference 3-2. The 1.68-m long core provides
reasonable axial and radial power profiles, it is large 3.2 Semiscale Scaling
enough diametrically (0.61 m) to allow extensive
instrumentation and allow radial flow effects, and
it has fuel assemblies which are geometric, full- Originally, Semiscale was part of the LOFT
scaled replicas of their commercial PWR counter- Program. The Semiscale hiod-l facility was a
parts (except for length) which preserves the reduced-scale version of the LOFT facility and was
commercial PWR fuel thermal time constant in scaled volumetrically to LOFT in the same way that
LOFT. The initial core AT is maintained typical of LOFT was scaled to a commercial PWR (Semiscale
the commercial PWR core AT. Although the LOFT hiod-l was approximately 1/30th the volume of
core is scaled on a volume / power basis, the flow LOFT).3-3,3-4 Semiscale has electrically heated
area is about twice, and the core length half their rods to simulate nuclear fuel rods. As with LOFT,

,

respective ideal values. Thus, the core resistance is a number of flow areas and volume distortions were
about half the ideal value. Reference 3-2 showed unavoidable and are discussed in detail in
that preservation ofinitial core AT is more impor- Reference 3-4.

*tant than preservation of typical core hydraulic
resistance. The similarity of scaling approach for both the

LOFT and Semiscale hiod-l designs and the closely
It had been postulated that asymmetrical flow coordinated test programs were intended to provide:

effects may be important during the LOCA, par-
ticularly relative to flooding of the downcomer. 1. An experimental basis for assessing the
There are four inlet nozzles on the 14-m downcomer applicability and limitations of the scaling
circumference of a commercial PWR. One-fourth concepts used for both facilities
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2. An experimental base needed to evaluate the S-01-4A, and the RELAP4/ MOD 5 computer
3capability of analytical models to predict the code -5 prediction for Experiment Ll-4 are shown

LOCA bchavior of two systems with sign- in Figure 3-1. The agreement was very good until
ificantly different size components. ECC water injection began. The instantaneous mix-

ing assumption in the code resulted in an under-
Since it is very unlikely that large- or small-break prediction of pressure after 25 s.

data from a commercial size PWR will ever be
available, LOFT and Semiscale are the best sources Fluid densities in the broken loop cold leg for
of data to confirm that scale effects and the distor- LOFT Experiment L1-4, Semiscale LOFT-
tions caused by design considerations do not affect counterpart Test S-01-04A, and the RELAP4/~*
the major LOCA phenomena and that scaling is MODS prediction for Experiment L1-4 are shown
well enough understood to allow the results from in Figure 3-2. The agreement up to N30 s is fairly
LOFT and Semiscale to be used to verify codes used good for all three curves, but, after that time, the
to predict the behavior of commercial PWRs. Semiscale data show much more fluid in the pipe.

-

The difference in behavior between Semiscale and
The results of a number of LOFT and Semiscale LOFT is due to the " hot-wall" effect in the

Mod-l counterpart tests have been compared. The Semiscale downcomer. Owing to the relatively thin
a

results are very similar and indicate that volume (0.0127 m) annulus of the Semiscale reactor vessel
scaling does preserve time, and that the LOCEs in downcomer, the injected ECC water heats up
both systems are controlled by the san $e phenomena rapidly and boils. The resultant steam flow up the
which are independent of size. downcomer carries a portion of the injected ECC

flow up the downcomer and out the broken loop
System pressures versus time for LOFT Experi- cold leg. Although some bypassing also occurs in

ment L1-4, Semiscale LOFT-counterpart Test LOFT, there is not as much, as indicated in
Figure 3-2.

The close agreement among LOFT and Semiscale
a. These tests are identified in Tables 2-6 and 2-7 of Section 2. counterpart tests and computer code prediction data

25 , , , , , i
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Figure 3-1. Pressure in primary system for LOFT Experiment L1-4 (measured and predicted) and Semiscale Test
S-01-4 (measured).
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Figure 3-2. Fluid density in broken loop cold leg for LOFT Experment L1-4 (measured and predicted) and Semiscale
Experiment S-01-4 (measured).

strongly indicates that LOFT and Semiscale can be 3. The system model upon which the calcula-
used to study the behavior of commercial PWRs tional mechanism operates within the con-
under accident and transient conditions, and that straints of the operational package.
LOFT and Semiscale can be used to qualify RELAP
or any other systems codes to predict the behavior The calculation mechanism is usually a computer
of a commercial PWR under accident conditions. code, such as RELAP4/ MOD 7, which contains a

collection of physics, correlations, and numerical

3.3 ' Application of LOFT Results to s luti n techniques for reactor transient analysis.
The operational package is that part of the code

Commerc. l PWRSia input deck covering input quantities such as opera-
tional setpoints, correlation selections, and 1

One of the most important applications of LOFT multipliers and other constant values. The system

research results has been to verify the capability of model is the geometric representation of the plant

the RELAP4 and RELAPS computer codes to that is constructed using the computer code model-

predict the behavior of commercial PWRs. This has ing features.

been done by developing a methodology for refer-
encing commercial PWR transient calculations to The three elements are applied first to a LOFT

,

LOFT experimental data, transient. The calculation is compared to the
measured transient and then revised until the agree-

The steps in the methodology for using a LOFT ment is considered to be the best possible. The dif-

transient as a basis for calculating a transient from ferences between calculated and measured LOFT *

the same initiating event in a commercial PWR are response are a measure of the minimum uncertain-

diagrammed in Figure 3-3. Three elements are ties that can be expected in a commercial plant i

employed: calculation. The three elements are then applied to
the commercial PWR. Changes to the operational

1. The calculational mechanism package and system model of LOFT are made based
only on operational and geometric differences

2. The operational package between LOFT and the commercial PWR The
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PWR calculation that results is, as a consequence, Zion-1 calculations and measured and calculated
traceable to the LOFT transient for an evaluation data from LOFT experiments are compared in the
of the soundness of the calculation and a measure following paragraphs. ;

of the minimum uncertainty associated with the i

calculation for the commercial PWR. Pressure in the intact loop hot leg for LOFT
3Experiment L2-2 -6 is shown in Figure 3-4. The

The next step involves analyzing the operational
imtial core power for Experiment L2-2 was 25 MW

and geometrie differences between LOFT and the
[a maximum linear heat generation rate (MLHGR)commercial PWR to determine the origins of the f 6.4 Nmb REN calculations for Experb

principal differences in the transients in the two ment L2-2 and a No coM leg Meak ,n Lond are -i
systems. The analysis is done by imposing cn the

verlayed in Figure 3-4 for comparison (Refer-
commercial system the corresponding actual opera-
tional and geometric parameters of the LOFT ences 3g and 3-9). The Zion-1 calculations were

made with imtial core power of 70To, which is com-
,

system, either singly or in combination, to make the .

parable to 25 MW in LOFT. The pressure history
commercial PWR transient more like the transient

fr and Lon-1 are very simHar.
in LOFT. In this way, the manner in which the
LOFT transient transforms to follow the commer--

cial PWR tmnsient can be understood. Fuel cladding temperature for LOFT Experi-
ment L2-3 -10 is shown in Figure 3-5. The initial3

The methodology was applied in a preliminary core power for Experiment L2-3 was 36 MW (an
fashion to the Zion-1 commercial PWR in the MLHGR of 39 kW/m). RELAP4 calculations for
calculation of an hypothesized transient resulting Experiment L2-3 and a 200To cold leg break in
from a 200% (double-ended) cold leg break. The Zion-1 are overlayed in Figure 3-5 for compari-
LOFT reference experiments were Experi- son.3-9 The Zion-1 calculations were made with
ments L2-2 and L2-3,3-6,3-7 200To cold leg break initial core power of 110To, which is comparable
LOCEs, and the calculational mechanism was to 38 MW in LOFT. The fuel cladding temperatures
RELAP4/ MOD 6.3-8 The results of these studies in Zion-1 were not predicted to be as high in LOFT;
are presented in Reference 3-9. Data from the however, the temperature trend appears similar.

20 , , ,

O ZION 1 RELAP4/ MOD 6 calculation
O Experiment L2-2
A LOFT Experiment RELAP4/ MOD 6 calculation
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Figure 3-4. Pressure in intact loop hot leg for LOFT Experiment L2-2 (measured and predicted) and Zion-1 at 70r,
power (calculated).
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Figure 3-5. Fuel cladding temperature for LOFT Experiment L2-3 (measured and calculated) and Zion-1 at 110%
power (calculated).

The results of this study for the large-break points, decay heat, pressurizer, core bypass, and
LOCAs indicate that despite some differences in energy transport to the steam generator. The Zion-1
core power !istribution and pressurizer scaling, calculation was repeated with LOFT trip setpoints
Zion-1 would behave qualitatively very much like and with decay heat, pressurizer, core bypass, and
LOFT during a large-break LOCA. energy transport to the steam genierator all scaled

from LOFT. The recalculated pressure history for
, The methodology was also apphed to the pred.ic- Zion-1 fell within the LOFT data band, as shown

tion of the response of Zion-1 to a 1-in. diameter in Figure 3-7'
cold leg break. The LOFT reference experiment was
Experiment L3-7.3-11 hieasured pressure and

The most important result of these studies was
RELAP4 postexperiment calculations of pressure

to provide a measure of the minimum uncertainty
for Experiment L3-7 and corresponding RELAP4 d hm o%W pers foWe
calculated pressure for Zion-la are overlayed for break transient in Zion-l. Referring to Figure 3-4,
comparison in Figure 3-6. The relatively large dif- a minimum uncertainty of approximately
ferences between LOFT behavior and calculated

, 1.5 N1Pa could be placed on the RELAP4/
Zion-1 behavior is due to differences in trip set- h10D6 pressure predictions. Referring to

Figure 3-5, a minimum uncertainty of i100 K
, ,

could be placed on the RELAP4/510D6 fuel clad-'

a. The Zion-1 calculations are unpublished results. ding temperature predictions.

.
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break in Zion-1 using LOFT trip setpoints power-scaled break, and core bypass ratio.
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4. IMPACT OF LOFT RESULTS ON THERMAL-HYDRAULIC MODELING

In the nuclear industry, computers are used for break flow calculations are necessary to predict if
design, safety analysis, and procedure development, and when core uncovery will occur.
as well as to drive reactor simulators used to train
operators. In all these applications, accuracy is The importance of accurate break flow model-
important, and best estimate models are used or ing was demonstrated during LOFT Experi-
referenced. Best estimate models use the most ments L2-2 -1 and L2-3.4-2 Accurate predictions4

accurate code models and the best modeling tech- of the subcooled and saturated break flow and the,

niques to predict the most probable results. transition from subcooled to saturated break flow
were important factors in predicting the flow rever-

A number of thermal-hydraulic phenomena need sal through the core that quenched the fuel rods.
*

to be properly modeled to produce accurate results.
The discussion in this section focuses primarily on RELAP4/h!OD6 has several critical flow models
the experience with the RELAP4 and RELAP5 available. However, for large breaks, the break flow
computer codes, the codes primarily used at the model combination that produces the best agree-
INEL by EG&G Idaho, Inc., to make preexperi- ment with LOFT data is the Henry-Fauske -3 (sub-4

ment predictions for the LOFT experiments. cooled) and homogeneous equilibrium (HEht)
(saturated) critical flow models, with a break flow

Two types of modeling are discussed: phenome- multiplier of 0.840 on both, with a transition from
nological and component. Phenomenological the Henry-Fauske model to the HEh1 model
modeling deals primarily with the equations and between 0 and 0.25% quality. Figure 41 illustrates
correlations used to describe phenomena. One the generally good correlation obtained with the
exception to this is pump modeling, which deals Henry-Fauske/HEh! combination and the broken
with correlations that describe the performance loop cold leg flow for LOFT Experiment L2-2.
characteristics of a component.

It should be noted that the LOFT large-break
Component modeling usually refers to the input experiments were performed with a single set of

model specified by the analyst using the modeling nozzles. For a cold leg break, the cold leg nozzle
capabilities of the code. Component models con- diameter is 10.955 cm, has a 10% taper at the inlet,
sist of the nodalization plus specific phenomeno- and is approximately 40.6 cm long. The hot leg noz-
logical models necessary to describe the character- zie diameter is 10.320 cm, has a 10% taper at the
istics of the component. inlet, and is also approximately 40.6 cm long.

The discussions of the various modeling topics Hall compared the models in RELAP4/h10D6
in this section include a description of the with experimental data from Semiscale and the
phenomena or component being modeled, a General Electric Company in Reference 4-4. The
description of the model, and a representative results of Hall's study also indicated that the Henry-
example of analytical results compared to experi- Fauske/HEh! combination critical flow model pro-
mental data. duced the best overall results. The data for Hall's

study were obtained from flow tubes and nozzles

4.1 Phenomenological ModelS with the following geometry:
.

1. Converging-diverging nozzles with throat
The phenomenological modeling considered in diameters from 0.43 to 2.45 cm

this section includes modeling of break flow, heat
transfer, dynamic loading, and pumps. 2. Tubes with a 1.27 cm diameter and from

-

0 to 63.5 cm long
4.1.1 Break Flow Modeling. Break flow model-
ing is very important in best estimate calculations. 3. An orifice with a 1.27 cm diameter.
For large breaks, accurate break flow calculations
are needed to accurately predict thermal-hydraulic This study showed that break geometry is a very
phenomena in the reactor core, and to accurately important parameter. As the length-to-diameter
predict core heatup. For small breaks, accurate (L/D) ratio of the type of nozzles used for the

4-1
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Figure 41. Measured and predicted mass flow rate in broken loop for LOFT Experimem L2-2.

LOFT large-break experiments increases, the break conditions. The effect of flow regime on break flow
flow decreases rapidly until the L/D is in the has not been investigated, but could be significant.
5-to-10 range, and then decreases very slowly as the
L/D ratio increases to SO or more. In the subcooled Despite the possibility of slug flow near the end
regime, the break flow through a very short nozzle of a large break LOCA, computing critical flow for
(L/D s 0)is more than three times the break flow small breaks is more difficult than it is for large
through a long nozzle (L/D = 50). In the saturated breaks. Conditions upstream of a small break can
regime, the nozzle L/D ratio also has a large effect be more variable over the whole pressure range.
on break flow. Hall's work demonstrated the Stratified flow has been found to have a particularly
importance of considering the L/D ratio of a noz- important effect on break flow. The critical flow
zie when making break flow predictions. This is par- models used in the RELAP4 codes, MOD 0 through
ticularly important since the same size break in MOD 7, were developed for large break transients,
different parts of a system can produce significantly and did not contain a stratified flow model. An
different flows and make comparisons of accident attempt was made to compensate for this model-
consequences invalid. ing deficiency. Specifically, the control volume, or

cell, immediately upstream of the break was split
Conditions upstream of a large break tend to be into two cells of equal fluid volume. The first new

more nearly homogeneous (single-phase liquid, cell maintained the full pipe geometry of the old
*

dispersed bubble, mist, etc.). Near the end of a cell. The second new cell, located next to the break
large-break blowdown, when ECC water reaches orifice, had a cell height equal to the orifice
the break, the flow regime becomes slug flow. This diameter. The junction between the two cells had -

is apparent from fluid density, momentum flux the same diameter and flow area as the orifice, but
measurements upstream of the break, and from the critical flow model was not activated. Other cell
break flows computed from measurements. The and junction input parameters were chosen so as
RELAP4 and RELAPS codes tend to homogenize, to minimize the pressure difference between the two
or smooth, the flow. The computed mixture tends new cells. With phase separation in the upstream
to be more uniform (homogeneous or s: ratified), cell and a RELAP4 model called the junction
and the break flow is computed from the average smoothing model at the intervening junction, the

4-2



fluid entering the downstream cell was represen. Bernoul!i equation and the differences between the
tative of the Duid at the orifice elevation rather than upstream pressure and the vaporization pressure at
the pipe average Duid. The critical flow was then the throat. The vaporization pressure at the throat
calculated based on the average fluid conditions in is obtained from the Alamgir-Lienhard-Jones cor-
the downstream cell. This technique provided an relation (Referene.s 4-7, 4-8, and 4-9).
improved critical flow calculation prior to orifice
uncovery. However, the complex phenomena which As with the RELAP4 break flow models, break
occur at the entrance of a partially covered orifice flow coefficients are needed to obtain good agree-
could not be modeled. Break flow multipliers ment between RELAPS and LOFT experiment
derived from separate effects testing were applied results. Figures 4-3 and 4-4 show a comparison of*

to the critical flow at the break orifice. A value of postexperiment calculations with data from LOFT
1.13 was applied to the Henry-Fauske model, and large-break Experiment L2-3.4-10 For the cold leg
1.8 was applied to the HEht. These coefficients break, a subcooled coefficient of 0.98, and a
were obtained empirically from separate effects saturated coefficient of 0.84 was used. For the hot

-

testing. The default transition quality of 2% was leg, a coefficier.t of 1.0 was used for the subcooled
used. Figure 4-2 shows predicted and measured and saturated coefficients. The hot leg coefficient
mass flow for LOFT Experiment L3-7. The predic- of 1.0 was ne:essary because of the flow control
tion is with the RELAP4/h10D7 stratified flow effect caused by the pump and steam generator
model. simulators in the hot leg piping.

The RELAPS/h10D1 computer code -54 uses a RELAPS/h10D1 break flow predictions for
choked flow model developed by Ransom and small breaks are not as good as the corresponding
Trapp.4-6 The RELAPS choked flow criteria for large-break predictions. Figure 4-5 shows a post-
two-phase flow is based on thermal equilibrium experiment calculation compared with measured
(equilibrium interphase mass transfer) and allows data for LOFT small-break Experiment L3-6.4-II
i,terphase slip in the throat and stratified or A nozzle discharge coefficient of 0.84 for the sub-
homogeneous flow upstream of the break plane. cooled and saturated critical flow regimes was
Subcooled choked flow is computed using the applied to the model in order to compensate for the

2.2 i i i i i i i i
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Figure 4-2. Afeasured and predicted mass flow rate in broken loop for LOFT Esperiment L3-7 (prediction is with

RELAP4/h10D7 stratified flow model).
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t

actual nozzle characteristics. This value provided 4.1.2 Heat Transfer Modeling. Accurate predic-
the best calculation of breal . low and pressure tions of the core thermal response during large-break
response when the upstream densities were prop- LOCAs require precise calculations of core heat
erly calculated. transfer. Posteritical heat flux (post-CHF) heat

transfer is particularly important since departure
A study reported in Reference 4-12 showed that from nucleate boiling (DNB) can occur very early

the empirical break flow multipliers currently used in severe accidents. The preexperiment analyses of
with one-dimensional critical flow models are a LOFT large-break LOCEs L2-2 and L2-3 did not
function of multidimensional effects and the L/D predict a quench of the core which occurred between
ratio of the nozzle. The multidimensional analysis 5 and 10 s after experiment initiation.41,4-2 For
of the Semiscale Henry nozzle reported in Experiment L2-2, the problem with the calculation
Reference 4-12 showed that theoretically, a break was believed to be related primarily to the break flow
flow multiplier of 0.833 was necessary to correct calculations. Further analysis showed that the
a one-dimensional critical flow analysis for calculation of heat transfer was ale inc+Tect.
multidimensional effects. This compares well with
the empirical multiplier of 0.84. The postexperiment analysis of the irrge-break

Experiment L2-3 -2 showed that the he il transfer4;
'

All of the one-dimensional break flow models are packages in RELAP4 and RELAPS (whi:b included,

based on the equilibrium assumption (thermal modified Condie-Bengston and Groenveld film
; equilibrium between phases) or the frozen assump- boiling correlations) could not predict the quench- '

tion (no vapor production during depressurization). ing of the core observed during low-flow, low-
' *

The RELAPS/\f0DI subcooled choked flow quality, and high pressure (N7 MPa) flow
model is also based on thermal equilibrium, but conditions experienced during the experiment,
includes the effect of rapid depressurization on the because these conditions were outside the range of
pressure at which flashing occurs. The effect of data that they were developed from. A review of
nonequilibrium vapor production was discussed in heat transfer data and additional heat transfer

; Reference 4-13, and is shown to be important dur- research has led to development and use of
i ing the early portion of a blowdown when sub- improved film boiling heat transfer correlations and'

cooled water enters the nozzle. concomitant improvements in predictive capability.

!
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The inability to predict the LOFT rewet behavior CliF correlation -IS used by RELAP4/h!OD6 was4

led to an evaluation of many of the correlations developed by correlating the Semiscale high-flow
used in the heat transfer portions of the computer CliF data and is not suitable for LOFT mid-flow
codes. A comparison of the minimum film boiling cases (mass flux of 100 to 600 kg/s-m ). For the2

temperature (ATmin) versus X (quality) curve data Experiment L2-3 postexperiment analysis,4-2 the
from a test conducted by General Electric 4Biasi C11F correlation -16 was installed into
Company -14 and data generated by the IITS2 RELAP4/h10D6 which covered the mass flux

4

routine of RELAP4/h10D6 is shown in Figure 4-6. ranges from 100 to 6000 kg/s-m . Figure 4-72

Figure 4-6 shows that the RELAP4/hlOD6 heat presents a similar comparison to that shown in
transfer correlation is in poor agreement with the Figure 4-6. The Biasi CHF correlation is in better

.

experiment data and will never predict rewetting agreement with the data. With the Biasi CHF cor-
when the local equilibrium quality is greater than relation, RELAP4/h10D6 can calculate rewetting
50% at 6.87 h1Pa. The reason is that lisu-Beckner's for quality higher than 50%.

,
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During the preexperiment analysis for Experi predicts the core rewet very well, but predicts a
ment L2-5,4-17 the Biasi-Zuber CliF correlation lower maximum cladding temperature than*

was installed in the RELAPS/ MODI computer measured.
code. The Biasi-Zuber CilF correlation is based on
the Biasi -16and the modified Zuber -18.4-19CliF LOFT Experiment L2-5 was a large-break LOCE4 4-

correlations. Adding the Zuber CliF correlation that differed from large-break LOCEs L2-2 and
extended the range of the Biasi from 100 to L2-3, in that the primary coolant pumps were

2 26000 kg/s-m to -667 to 6000 kg/s-m . The results turned off within I s and simultaneously decoupled
of Experiment L2-3 were recalculated in Figures 4-8 from their external flywheels to provide an
and 4-9 using RELAPS/ MODI with the Biasi- atypically fast pump coastdown. The experiment
Zuber CilF correlation. The comparisons show that was designed to cause early flow stagnation in the
RELAP5 with the Biasi-Zuber C11F correlation core to prevent the core-wide rewet that occurred
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in Experiments L2-2 and L2-3. Figure 4-10 shows 2. Loads on internal structures and tank sur-
a comparison of maximum :! adding temperature faces due to impact of high-velocity water
with the RELAPS/ MODI predictions for Experi-
ment L2-5. The figure shows that the cladding 3. Loads due to sudden collapse of bubbles
temperatures were predicted very well(within 80 K) in the wet well and possible fluid struaure
for the first 30 s. Beyond 30 s, the predicted clad- interaction,
ding temperatures were lower than the measured
temperatures (on the order of 200 K), and the first At the time that the LOFT Experimental Pro-
quench was predicted to occur about 10 s earlier gram was to be initiated, conservative liccasing
than actually measured. calculations -20 predicted the loads on the LOFT4

,

blowdown suppression tank would exceed the
4.1.3 Dynamic Loading Modeling. Data obtained design limits of the tank (predicted loads were

6 6from the LOFT system checkout tests (mini- % 18 x 10 N in the down direction, N 13 x 10 N
6blowdown Experiment Series LO) and the first four in the up direction, and 8.3 x 10 N longitudinally;-

6nonnuclear blowdown experiments (Experiment the design limits of the tank are 13 x 10 N in the
6Series LI) can be used to evaluate the capability to down direction and 4.5 x 10 in the up direction).

predict dynamic loads on blowdown suppression A more realistic analysis in Reference 4-21 indicated
systems. During a large-break LOCE, the LOIT that the suppression tank loads would be close to
blowdown suppression system is subjected to large the design limits, but no experimental data were
transient loads as fluid discharged from the primary available to verify the analysis. The latter analysis
system is collected in a header (dry well) and is con- studied the response of a pressure suppression tank
densed under water in the blowdown suppression (PST) partially filled with water into which air and
tank (wet well). steam were discharged. This analysis treated a single

downcomer venting into a vertical cylindrical tank
The transient loads in the blowdown suppression with a hemispherical bottom, see Figure 4-11. The

tank are caused by three mechansims: noncondensable gas initially in the header was
assumed to be completely discharged before the

1. Loads associated with clearing the vents of steam began to flow into the PST. Since the water
noncondensable gas due to increased in the PST was nearly incompressible and started
pressure and flow in the dry well from rest, a potential flow solution was applied.
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Figure 410. Measured and predicted maximum fuel cladding temperature for LOFT Experiment L2-5.
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.

The analysis was divided into two phases: clear. Results of the analysis were compared with exper-
ing water from the downcomer vent (vent cleating) imental results from the Semiscale Program. The

.

and the formation and growth of a bubble at the Semiscale experimental results were particularly
bottom of the vent. The results of the analysis were good because the geometry of the Semiscale PST
reasonably salid until the bubble broke the wats was sery similar to the analytical approximation.
surface or until the effects of steam condensation Experimental and predicted pressure directly below
became important. The driving pressure in the the Semiscale downcomer vent are shown in
header was obtained from the output of a calcula- Figure 4-12 for two Semiscale tests. The predictions
tion using the RELAP computer code, were in close agreement with the experimental data.

. . .
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were also excellent, being wiSin 18% dntded isolation valves into the BST. The experiments and.

fj ,. values. 3 experimental results are reported in detail in
' #y ' A '( Reference 4-22.. t i

The same analysis was used te predict prestore wr

and vertical loads on the LOFT blowdown suppres- The results were mixed, the pressure predictions
"

:%, sion tank (BST). The LOFT BST shown in directly beneath the downcomer vents agreed well
, Figure 2-2 is very different from theiimple idealimi witti the experimental data, but the load measure-

: ~h pressure suppression system. The tank is a horizon'- ments were generally lower than predicted. A sum-
*

#'
, tal cylinder with four vertical dowOomer vdtcf t me.ry of the LOIT and Semiscale predictions along, ,

order to perform the analysis, several approxima- with the associated experimental data is presented
tions had to be made. First, the IMT was divided in TzMe 4-1. The difference between predicted and
into four equal volumes, one for enh downcomer , ana'ytical result 9for LOFT were due to the dif-

ient. Tlkn it was assumed that ea b JST volume ference in geomitry and unsynchronized venting of -

would behave like an equivalent csinddcal EST. waler through the downcomer vents which resulted
"

IInally it was assumed that the presWre and Gow in lower loads on the BST; however, the analysis
history in each downcomer vent iculd be ide $idal was considered valid for predicting trends. The.

b' and exactly in phase. *O i ' m analysis and experimental data from the mini-
i '" blowdown experim6nts were used to establish a' 3

, A ascrich of 10 mini-blowdown f experiments downcomer vent submergence level of 30 cm forw

(Experiment Series LO) was conducted in LOFT to LOFT nonnuclear LOCE L1-1.
@, provide, experimental data tderifpthe analysis ,a 1 ..

report (d in Reference 4-21 to Netermhs the max- ' BST loads were also measured during the first
'

imum permissible suppression tank dowwicmer four LOFT nonnuclear LOCEs (Experiment*

submergtuce level for LOFT nonnuclear LOUE Series L1). The measured loads were allless than
L1-1. The experiments consisted of venting tAe predicted, and well within design limits. Figure 4-13
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illustrates the pressure distribution around the wet at the same time. This can be seen in Figure 4-14,
well for Experiment L1-1 at 100,200, and 300 ms which shows pressure beneath Downcomers I and 4
from the start of the transient and were plotted as during Experiment L1-3A. This phase difference in
increasing from the wet well outward. The pressure the tank loading is a major contribution to the
distributions were only approximate, however, due relatively small loads. LOFT loads are much less
to the number of available pressure transducers. than calculated by licensing-type assumptions and
Figure 4-13a shows the distribution along the wet are less than calculated by codes specially developed
well. Early in the transient, the pressure was seen based on uniform behavior in each downcomer,
to be highest directly under the downcomers, with When performing calculations for suppression
a significant pressure reduction with distance from tanks, the codes should account for nonuniform -

each vent exit. Higher pressures were noted under venting behavior to properly calculate loads.
Downcomer 4 at the closed end of the header. The
pressure in the wet well gas space was equal 4.1.4 Pump Modeling. Pump behavior has been

^

throughout the gas space at any single time. At early demonstrated to have a strong influence on PWR
times (100 ms), the pressure along the bottom of behavior during certain types of accidents. Pump
the tank was larger than in the gas space, which characteristic curves are empirically developed by
resulted in a net download on the wet well. At later pump manufacturers and uniquely define head and
times (200 ms) the pressure in the gas space was torque response of a pump as functions of
larger, which resulted in a net upload on the wet volumetric flow and pump speed. Typically, four-
well. quadrant pump curves are generated for single-

phase conditions. The four-quadrant curves can be
Figure 4-13b illustrates the circumferential converted to simple homologous curves where head-

distribution of pressure at Downcomer 4. Behavior and-torque ratios (actual value to rated value) are
similar to that illustrated by Figure 4-13a is noted. input as functions of pump speed and volumetric
Pressure distributions circumferentially around the flow rates.
cylindrical wet well are symmetrical and produce
no net side loading. Homologous pump curves for single-phase con-

ditions are readily available. However, data relative
The major pressure increase (initial bubble to the response of pumps under two-phase condi-

growth) under all four downcomers does not occur tions are very scarce.
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Figure 4-14. Pressure variation between Downcomers I and 4 for LOFT Experiment L1-3A.
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The RELAPS/ MODI pump model allows users curves in RELAPS. An extensive analysis of the
- to provide their own homologous curves. The pump two-phase pump data for Experiment L3-6 was per-
model allows the user the option of accounting for formed and reported in Reference 4-24. The results
cavitation or two-phase degradation effects on pump of the analysis indicated that the two-phase pump
response. The user must supply a separate set of curves in RELAPS/ MODI were incorrect for the
homologous, two-phase curves for head and torque LOFT pumps. Figure 4-15 is a normalized plot of
which are in the form of difference curves. A default head versus void fraction for a LOFT pump, the
system is available to allow the analyst to use two- Semiscale pump, and a scaled Combustion
phase curves developed from the 1-1/2 loop model Engineering (CE) pump.
Semiscale pump and Westinghouse Canada Limited
(WCL) experiments.4-5 The assumptions inherent in The difference between the Semiscale and LOFT

*

use of the RELAPS/ MODI two-phase flow pump pumps is significant. The minimum normalized
curves are: head for the LOFT pump is 0.4, while the Semiscale

pump develops virtually zero head for void frac-.

1. The two-phase curves determined tions between 0.3 and 0.6.
empirically for the normal operating region
of the pump are also valid as interpolating From the Experiment L3-6 data, a new first
factors in all other operating regions. quadrant two-phase pump curve was developed for

the LOFT pump, and Experiment L3-6 was
2. The relationship of the two-phase to the reanalyzed. Significant improvement in calculating

single-phase behavior of the Semiscale mass inventory can be seen in Figures 4-16 and 4-17
pump is applicable to large reactor pumps. as a result of using more appropriate two-phase
This assumes an independent pump specific pump curves in the postexperiment analysis.4-25
speed for the pump model of two-phase
" * - 4.2 Component Models

Differences between the preexperiment predic-
tions and measured data for LOFT Experiment The component modeling considered in this sec-
L3-6 -23 were due to using the LOFT single-phase tion includes modeling of the downcomer,4

homologous pump curves and the default two-phase pressurizer, accumulator, and steam generator.
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Figure 4-15. Pump head ratio versus void fraction for LOFT, Semiscale, and scaled Combustion Engineering pumps.
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4.2.1 Downcomer Modeling. hiodeling the reac- A RELAP4/hlODS calculation was performed
tor vessel downcomer region has been an area of w hich demonstrated the inability of the code to ade-
major interest in LOCA analysis because of the quately calculate downcomer performance using the
importance of flow in the downcomer during conventional " single-downcomer" nodalization.
reflood. The conventioaal nodabzation scheme for The failure to adequately model downcomer per-
the upper annulus and downcomEr is a series of two formance is evident in Figure 4-20, which gives the
or more vertically stacked volumes. The ability, reactor vessel liquid mass calculated from experi-
however, of this one-dimensional model to calculate mental data and from a single-downcomer
the behavior of the fluid flow in the downcomer, RELAP4 calculation. While the experimental data
which is basically two or three dimensional, was showed significant ECC accumulation in the reac-,

questioned since azimuthal differences in down- tot vessel between 23 and 42 s, the single-
comer behavior had been evident in data from the downcomer calculation showed no accumulation.
first LOFT large-break experiment (Experi- In this calculation, the RELAP4 vertical slip option

-

ment L1-1).4-26 was used to simulate countercurrent flow between
the inlet annulus and downcomer. In the case of

The azimuthal difference can be seen very clear- modeling LOFT Experiment L1-4, blowdown and
ly in data from LOCE L1-4, a 200% cold leg break condensation effects apparently dominated the
with cold leg ECC injection.4-27 Figures 4-18 pressure calculations so that vertical slip did not
and 4-19 show the momentum flux in the reactor significantly affect the mass flows.
vessel downcomer instrument stalks located on
opposite sides of the downcomer. Note that there The " split-downcomer" nodalization was devised
wa< very little difference in momentum flux in the as a means of allowing the code to more directly
stalks until s28 s after rupture. At that time, ECC approximate the azimuthal asymmetry observed in
flow, which was initiated at 23 s after rupture, downcomer performance. In this nodalization, the
began to penetrate the intact loop side of the upper annulus and downcomer were modeled as
downcomer, causing the positive flow spikes at two parallel flow paths, as shown in Figure 4-21.
h1E-2ST-1, while negative flow (upilow) dominated Form loss coefficients for the cross-flow junctions
at h1E-IST-1 on the broken loop side for another were based solely on the physical geometry of the
15 s. region. The success of this modeling scheme in
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Figure 4-18. h1omentum flux in reactor vessel downcomer instrument stalk under broken loop cold leg for LOFT
Experiment L1-4.
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calculating overall downcomer performance can be pressurizer and surge line were modeled as two
seen in Figure 4-22, which shows measured data and volumes, with a single junction connecting the
pre- and postexperiment RELAP4/ MOD 6 calcula- pressurizer to the surge line, and a single junction
tions of the reactor vesselliquid mass for Experi- connecting the surge line to the intact loop hot leg
ment L1-4. The plot shows that the reactor mass piping.
inventory was predicted well with very little dif-
ference between the pre- and postexperiment Parametric studies showed that modeling the
calculations. surge line with more than one control volume had

only a slight effect on the pressurizer outlet flow
It is difficult to model the complex multidimen- rate, and the computer running time increased con- .

sional phenomena that occur in a downcomer with siderably. The effect of Fanning and single-phase
a one-dimensional code. The split-downcomer form-loss coefficients on calculated pressurizer
nodalization is an innovative application of the discharge flow rates and the effect of the critical
RELAP4 computer code that produces the best flow contraction coefficient were also investigated.

~

results within the limits of the code. The result of these investigations led to a new
RELAP4/ MOD 5 pressurizer model, which had the

4.2.2 Pressurizer Modeling. During the course of following changes to the surge line:
the LOFT Experimental Program, experimental and
analytical results from several experiments indicated 1. A small increase in the single-phase form
that the pressurizer exerts a strong infit.we on loss in the surge line nozzle
system behavior. During the postexperiment
analysis of LOFT Experiment L1-3A,4-28 it 2. An increase in the form loss in the
appeared that the pressurizer in the RELAP4/ pressurizer surge line was made to account
MODS preexperiment prediction run tended to for pipe bends
empty too fast.4-29 This was apparent from com-
parisons between the RELAP4/ MODS predicted 3. An increase in the form loss was made to
and experimentally measured pressurizer pressure account for the difference in Fanning losses
and liquid level. In the preexperiment analyses, the between smooth and rough piping
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4. Separate two-phase multipliers were runs were an unexpected result. Careful analysis of
applied to the Fanning and form losses the RELAP4 outputs revealed that the primary
discussed above to account for two-phase system pressures at the end of subcooled blowdown
effects -30 (@.2 s) tended to be controlled by the saturation4

pressure of the control volume in the primary
5. A contraction coefficient of 0.75 was system which has the highest temperature. In the

applied to the pressurizer surge line outlet two RELAP4/ MODS calculations, this proved to
junction to account for the effect of the be the volume in the intact loop hot leg into which
final bend on the critical flow rate the pressurizer discharged. By reducing the

pressurizer discharge flow of high enthalpy fluid,,

6. A 30% reduction in the bubble velocity in the energy input into the intact loop was decreased
the bubble rise model in the pressurizer was and the temperature in the intact loop was lowered.
implemented to account for the lower The postexperiment analysis agreed better with the
buoyancy effect due to the higher pressures measured data.-

in the pressurizer
A comparison among prc- and postexperiment

7. A slight increase was made in the elevation calculations and measurement of pressurizer liquid
of thejunction between the pressurizer and level is shown in Figure 4-24. The effect of chang-
the pressurizer surge line. ing the junction elevation of the pressurizer outlet

junction can be seen in the figure, which shows a
After the new pressurizer model was developed discontinuity in the pressurizer liquid level versus

and incorporated into the RELAP4/ MODS model time curve at @.1 s.
of the LOFT system, a calculation was made to
show the effects of the pressurizer model changes. A simple model of the pressurizer was found to
Figure 4-23 shows a comparison among pre- and be adequate for the LOFT large-break experiments
postexperiment calculations and measurement of (one volume for the pressurizer and one volume for
pressure in the intact loop. The differences in the the surge line). For small-break experiments, several
primary coolant system pressures in the RELAP4 volumes are required to model the pressurizer and
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Figure 4 23. hfeasured, preexperiment prediction, and postexperiment calculation of pressure in intact loop for LOFT
Experiment L1-3A.

4-21



1.5 i , i

O LT-P004-008
O Pretest RELAP4/ MOD 5
A Posttest RELAP4/ MOD 5

Uncert = 1 0.007 m^
m r,

E o " "

v
1 - -

t
Ld
>
Ld *

J

Q
_

h 0.5 - - -

_

I

. . -6

O ,C, ,,

-5 0 5 10 15

TIME AFTER RUPTURE (s)

Figure 4-24. Measured, preexperiment prediction, and postexperiment calculation of liquid level in pressurizer for
LOFT Experiment LI-3A.

surge line.The preexperiment RELAPS/ MOD"0" complete liquid and vapor mixing in the large
analysis of LOFT Experiment L3-7 required a volumes containing the interface caused excessive
pressurizer model with six volumes to model the condensation and pressure reduction. This effect
pressurizer behavior.4-31 LOFT results have also can be seen in Figure 4-25, which shows measured
shown that for operational transients, where the and predicted pressure in the primary system for
pressurizer is an active system component, the Experiment L9-3.4 32 Early in the transient
pressurizer must be modeled in even greater detail. (between 10 and 30 s), the predicted pressure did

not increase as much as the actual measured
The postexperiment evaluation of Experi- pressure increased. Later in the transient (between

ment L9-3, an anticipated transient without scram 50 and 150 s) the predictions were higher than
(ATWS) initiated by a loss of feedwater,4-32,4-33 measured because of higher-than-predicted heat
indicated that nonequilibrium conditions in the transfer to the steam generator. For the Experi-
pressurizer are important and that the physical ment L9-4 prediction,4-33 the pressurizer was
models in RELAP5/ MODI did not adequately nodalized more finely (15 control volumes com-
calculate the nonequilibrium effects. Two types of pared with 8 control volumes for the Experi-
nonequilibrium behavior were evident in the ment L9-3 prediction) to minimize the condensation
pressurizer during Experiment L9-3: thermal non- effects.

~
equilibrium between the vapor and liquid when the
vapor - was compressed, and hydraulic non- Some improvement in predicting pressure
equilibrium (liquid distribution) which occurred response can be seen in Figure 4-26, which shows
when the pressurizer sprays were turned on. measured and predicted primary pressure for Exper- -

iment L9-4.4-34 The improvement is particularly
The thermal nonequilibrium behavior at the evident in the first 20 s. lietween 50 and 450 s, the

liquid vapor interface, when the system pressure predicted and measured pressure cycled between the
increased and the vapor was compressed, was same limits as the safety relief valve (SRV) cycled
poorly predicted for Experiment L9-3, because the opened and closed. The difference between
input model had large control volumes in the cen- predicted and measured pressure after 450 s was due
tral portion of the pressurizer. The assumption of to primary-to-secondary heat transfer.
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The operation of the pressurizer spray was not k was found to be between 1.05 and 1.3 for the
calculated well for Experiment L9-3 (hydraulic range of experiments performed. Typically, a value
nonequilibrium). Liquid was calculated to remain of 1.05 is used for small-break experiments, and 1.3
in the top pressurizer control volume w hile the lower is used for large-break experiments. These repre-
volumes contained va;wsc This holdup caused an sent good average values for k during experiments.
error in the calculated PORV/SRV flow. This can Slightly better results would be obtained if the value
be clearly seen in Figure 4-27, which shows of k was varied as a function of accumulator flow.
measured and predicted PORV and SRV mass flow
during Experiment L9-3. The LOFT and Semiscale experimental results

indicate that the thermodynamic behavior of PWR .

The problem of hydraulic nonequilibrium is more accumulators will be nearly isentropic for all size
difficult to solve than thermal nonequilibrium. It LOCAs (that is, k * 1.4). Because of the larger size
cannot be overcome by finer nodalization. In fact, of a commercial PWR accumulator, the surface-to-

*

finer nodalization may make it worse. The stratifi- volume ratio is smaller than it is in LOFT and
cation models used for the pressurizer require Semiscale. Therefore, heat transfer effects are also

improvement. much smaller. See Reference 4-35 for details of this
study.

4.2.3 Accumulator Modeling. With RELAP4, the
accumulator was modeled as a volume filled with To overcome the difficulties associated with the
water and nitrogen. A value of k, the polytropic gas polytropic gas constant in RELAP4, an accumu-
constant, had to be input into the code. Calcula- lator model has been installed in RELAPS/
tions showed that the flow rate from the accumu- MO D I .4-5 This model features mechanistic rela-
lator was sensitive to k RELAP4 calculations for tionships for heat transfer from the tank wall and
the LOFT system showed a reduction in accumu- water surface, condensation in the vapor dome, and

lator flow rate of sl5% when k is increased from vaporization from the water surface to the dome.
1.0 (isothermal) to 1.4 (isentropic). The gas constant The accumulator model consists of a hydrodynamic

is dependent on the volumetric expansion rate and model and a heat transfer model. The latter includes
the surface-to-volume ratio of the gas. For LOFT, the saporization and condensation effects.
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The accumulator is modeled as a lumped- LOIT Experimert L3-1 was a small-break exper-
parameter component. The basic features of the iment that previitd a slow transient for the

'
model are: accumulator model checkout. Figure 4-28 shows a

comparison among measured and calculated
1. Heat transfer from the accumulator walls pressure versus vapor volume for Experiment L3-1.

is modeled using natural convection The plot includes a calculated isothermal curve
correlations. (uppermost curve) and a calculated isentropic curve

(lowermost curve). In the early part of the
2. The nitrogen is modeled as an ideal gas blowdown (high pressure and low vapor volume)

'

with constant specific heat. The energy the expansion of the nitrogen gas was essentiallyi *

released as a result of vapor condensation isentropic. As the gas expanded in the accumulator
is transferred to the nitrogen. dome, its temperature decreased, causing a temper-

ature difference between the gas and its surround-,

3. Because of the high heat capacity and large ings. The surroundings then lost heat to the gas,
mass of water below the liquid-gas inter- causing the gas expansion to behave in a more
face, the water is assumed to remain at its isothermal manner.
initial temperature.

The Westinghouse UH1 accumulator was the
The accumulator model has been tested in second experiment simulated. This accumulator was

RELAP5 and gives good agreement with experi- tested (in place) by allowing it to discharge into the
mental data from LOFT small-break Experi- atmosphere (pressure vessel with cover off). This
ment L3-1 -36 and a Westinghouse UHI performance test resembled a large-break-type4

accumulator performance test.4-37The comparison experiment and provided a fast accumulator tran-
I to the experimental data in both experiments is of sient for verifying the accumulator model. This

the form of pressure versus vapor volume. The accumulator was simulated by using the measured
LOFT data used for comparison are liquid level and data and performance information contained in
pressure history; the Westinghouse data used for Reference 4-37 as input. Figure 4-29 shows the
comparison are integrated mass flow and pressure results of the comparison among the calculated
history. results and the experimental data. The calculated
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isothermal (uppermost curve) and isentropic (lower- ment L9-4 consisted of 10 volumes to represent the

most curve) curves are included for reference. The primary side and 13 volumes to represent the secon-
results calculated using RELAP5 are in good agree- dary side, lleat structures were included to model
ment with the measured data, the U-tubes and structural elements of the steam

generat r. In a nt t mr etaM
, 4.2.4 Steam Generator Modeling. The impor-
! model, a condensation heat transfer correlation was

tance of steam generator modeling has become'

added to the RELAPS/AIODI code to improve the
increasingly apparent as the LOFT Experimental calcul ti n f steam genuator secondary essure.

Program has progressed, and the role of the steam during the early portion of a transient .
generator has become more important in the tran-
sient. The steam generator models used for the

Despite more detailed models, and an additional
large-break experiments were relatisely simple. The heat transfer correlation, the results of experiments
RELAP4 model for Experiment L2-3 consisted of

stillindicate that primary-to-secondary heat transfer
five volumes for the primary side and one volume

in the steam generator is not computed correctly,. .

for the secondary side.4-38 The simple model was
particularly during experiments involving loss of

,

adequate for the large breaks where the steam feedwater. hgure W sliows pre &cted and
generator was shutdown and played a relatively measured primary system pressure during LOFT -

passive role m, the experiment. '

Experiment L9-4 (a loss-of-offsite-power experi-
During the small-break experiments, the steam ment that resulted in a loss of feedwater).4-34The

generator played a more active role. Consequently, generally poor prediction beyond 450 s was due to ,

the steam generator models became more detailed. poor prediction of primary-to-secondary heat
The RELAP5 steam generator model for Experi- transfer.4-39
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5. IMPACT ON 10 CFR 50.46 AND APPENDIX K

One of the main missions of the LOFT Program Series L2) were designed to provide thermal-
was to evaluate the performance of ECCSs to aid hydraulic and fuel behavior data during double-
in determining the margin of safety in the acceptance ended (200%) cold leg break experiments at various
criteria and the conservativeness in the Appendix K reactor power and ECCS conditions. The non-
evaluation criteria for ECCS models. This section nuclear large-break experiments (Series LI) are
presents the results from the LOFT large , summarized in Table 2-6. The nuclear large-break
intermediate , and small-break experiment series as experiments (Series L2) are summarized in

.

they relate to 10 CFR 50, Section 50.46, " Accept- Table 2-7, which summarizes all the nuclear
ance Criteria for Emergency Core Cooling Systems experiments.
for Light Water Nuclear Power Reactors,"5-1 and
10 CFR 50, Appendix K "ECCS Evaluation Preexperiment calculations were made for LOFT*

Nfodels."$-2 Experiment L2-3 -3 conducted from initial condi-5

tions comparable to a commercial PWR at 100%

5.1 Large-Break Experiments power. Figure 5-1 shows that results obtained using
the Eh! are conservative. The maximum cladding
temperature was 900 K, while the Eht predictionIn order for a nuclear plant to be licensed to
was 1465 K. The results showed that even the bestoperate by the USNRC, an analysis of a LOCA
estimate model was conservative. The results of themust be performed using an evaluation model(Eht)
large-break experiments demonstrated the conser.that contains certain required and acceptable
vativeness of the following features of the ECCS

features described in Appendix K to 10 CFR 50.
evaluation models:The analysis must demonstrate that the fuel clad,

ding will not exceed 1477 K.
1. Discharge model

The LOFT large-break experiments (nonnuclear
Experiment Series L1 and nuclear Experiment 2. End of blowdown
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Figure 51. hleasured and predicted maximum fuel cladding temperature for LOf-T Experiment L2-3 (predictions
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3. CliF heat transfer LOFT Experiment L2-2, the first large-break
nuclear experiment, demonstrated the importance

4. Post-CliF heat transfer. of accurately calculating break flow.5-7 The core
quench that occurred during the first 6 s of the

5.1.1 Discharge Model. Appendix K states that, blowdown was a result of a Dow reversal through
"for all times after the discharging fluid has been the core. Predicting the flow reversal required more
calculated to be two-phase, the discharge rate shall accurate prediction of break flow, particularly dur-
be calculated by use of the htoody model.5-4 The ing the transition from subcooled to saturated con-
calculations shall be conducted with at least three ditions. The discharge model that produced the best
values of a discharge coefficient between the values agreement with LOFT data was the break flow .

of 0.6 and 1.0." multiplier of 0.848 on the llenry-Fauske (sub-
cooled) and the homogeneous equilibrium

Since Appendix K was first issued, a large (saturated) critical flow models, with a transition
amount of experimental data has been generated in from the llenry Fauske model to the homogeneous

*

LOIT and compared with various discharge models equilibrium model between 0 and 0.25% quality.
to determine the most accurate discharge model. Figure 5 2 illustrates the excellent correlation
Calculations for the first large-break experiment in obtained with the lienty-Fauske and the llEN1
LOFT, nonnuclear Experiment L1-1, used the models with the 0.25% transition quality.
Ilenry-Fauske model for the subcooled water
blowdown and the hloody model with a break flow Using the htoody break flow model over a range
multiplier of 0.6 for the saturated portion of the of break sizes with a range of break flow multipliers
blowdown.5-5 The results were considered satisfac- gives some indication of plant behavior. Using the
tory since the overall characteristics of the llenry-Fauske/IIEN1 combination over a range of
blowdown were predicted reasonably well and the break sizes with a range of break now multipliers
uncertainty of the mass flow measurement was would provide a more realistic indication of plant
relatively large (up to i25% according to a study behavior, and would allow somewhat better
reported in Reference 5-6). judgments to be made regarding plant licensing.
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showed sensitisity of critical flow transition quality).
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1 A more detailed discussion of the discharge ECC water injected between 22 and 65 s after rup-
,

model is presented in Section 4.1.1. ture during L1-4 was either bypassed or stored in
'

!. the intact loop piping. The figure shows that ECC
5.1.2 End of . Blowdown. Appendix K, Sec- water continued to drain into the reactor vessel from,

tion I.C.I.c states that, "for postulated breaks, all the intact loop piping after the ECC accumulator
ECC water injected into the inlet lines or the reac- was empty. By 100 s, over 80% of the ECC water i

'

tor vessel during the bypass period shall be sub- had reached the lower plenum.
tracted from the reactor vessel calculated inventory.
The end of the bypassing period shall be defined Using the Appendix K evaluation mo.delcriteria, !

by calculation of when downward flow is predicted all of the ECC water injected before the end of,
I to occur in the downcomer, or prediction of a blowdown (s50 s) would be subtracted from the
I threshold for droplet entrainment in the upward reactor vessel inventory. This would amount to
i velocity or a suitable combination of analysis and sl100 kg, or 50% of the vessel volume (that is, at
I cxperimental data." N50 s after blowdown initiation, the vessel liquid

*

volume would be considered to be totally empty). i,

. LOFT Experi'nents L1-3A and Li-4, nonnuclear
!

large-break experiments, provided specific data with The modeling of the reactor veise.1 downcomer
'

1 which to evaluate the conservativeness of the region had been an area of major interest in LOCA
Appendix K end-of-blowdown criteria. For Experi- analysis during the nonnuclear experiment series
ment L1-4,5 8 ECC water was injected into the (Series LI). The conventional nodalization scheme

'

intact loop cold leg. The lower plenum refill rate for the upper annulus and downcomer was a series
; for this experiment was compared with that for of two or more vertically stacked volumes. The
j Experiment L13A,5-9 which had the ECC water ability of this one-dimensional model, however, to

injected directly into the lower plenum. These data, calculate the behavior of the fluid flow in the
!

; shown in Figure 5-3, determined the amount of downcomer, which is basically two or three dimen-
'

ECC water bypass, which was a primary objective sional, was seriously questioned early in the pre-
for Experiment L14.510 Figure 5-3, which shows Experiment Ll-4 analysis effort, and led to

,

liquid fraction in the reactor vessel for Experi- development of- the " split-downcomer" model
! ments LI-3A and L1-4, indicates that N45% of the which is discussed in more detail in Section 4.2.1.

c
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The LOFT experimental data and the innovative 15 ECC water 45 s after experiment initiation. Fuel
modeling technique provided improsed understand- tod temperature behavior is shown in Figure 5-4,
ing of the complex phenomena that occur in the which shows predicted and measured fuel cladding
downcomer during ECC injection. The results temperatures for the center fuel module.
(a) demonstrate that the Appendix K end-of-
blowdown criteria are conservative and (b) provide The early rewet was caused by the resumption of
a basis for assessing the conservativeness of the positise core now (that is, flow from bottom to-
criteria or for changing it. top through the core) and the subsequent introduc-

tion of high-density fluid into the core from the

5.1.3 CHF Heat Transfer. Appendix K states that, intact loop cold leg. Flow behavior in the core is .

" correlations developed from appropriate steady illustrated in Figure 5-5. Saturation of the upper

state and transient state experimental data are and lower plenum fluid decoupled the core inlet and

acceptable for use in predicting CilF during LOCA utlet flows from the broken loop hot and cold leg

transients." The rule goes on to say that, "after fl ws, respectively. The coolant pumps in the inf act *

I p then w cre free to reestablish positive core nowCl!F is predicted at an axial fuel rod location dur-
ing blowdown, the calculation shall not use nucleate by 2.5 s. Saturated choking occurred in the broken

I p c Id leg starting at 3.4 s,1.7 s prior to theboiling heat transfer correlations at the CllF loca-
tion subsequently during the blowdown, esen if the inception of saturated fluid conditions in the intact

1 p c Id leg. This condition caused the fluidcalculated local fluid and surface conditions would
apparently justify Ihe reestablishment of nucleate imentory in the reactor vessel to increase for almost

boiling. Return to nucleate boiling (RNB) shall be 2 s, starting at 4.0 s. The added, high-density fluid

permitted in the calculation, howeser, when in the reactor sessel flowed from the lower plenum

justified by the calculated local fluid and surf ace through the core, rewetting the fuel rod surfaces,

conditions during the reflood portion of the starting at 5.5 s.

LOCA."
The measured cladding temperature response of

Experiment L2-3 (conducted from an initial core
The conservatiseness of not permitting the use power level of 36.7 htW) was similar to that

of nucleate boiling heat transfer correlations in the observed in Experiment L2-2, as shown in
calculation from CilF until the reflood phase was Figure 5-6. The observed differences in fuel clad-
demonstrated very clearly by LOIT Experi- ding temperature response are attributable to the
ments L2-2, L2-3, and L2-5, nuclear large-break difference in core power for the two experiments
experiments (see References 51I through 5-23)* and are: (a) the peak fuel cladding temperature was
Experiments L2-2 and L2-3 were perfarmed with higher for Experiment L2-3 than for Experi-
the primary coolant pumps running for the entire ment L2 2,914 and 789 K, respectisely, and (b) the
experiment. During both experiments, the core was pattern of the final rewet, or renood, in Experi-
quenched during the blowdown phr se. During ment L2 3 was bottom, top, then middle; whereas,
Experiment L2 5, the pumps were tripped at 0.94 s the rewet pattern for Experiment L2-2 was bottom,
and atypical primary coolant pump coastdow n was middle, then top.
incorporated to create core flow stagnation condi-
tions to prevent the early core quench. The revised predictions for Experiment L2-3,516

based on a computer model developed using the
The analytical predictions for Experiment results of Experiment L2-2,5-15 were very good for

L2 2 -12 (conducted from an initial core power level system hydraulics, but did not predict the rewet that5
*

of 25 htW) indicated that the maximum fuel rod occurred at 8 s after blowdown initiation. A post-
cladding temperature would reach 900 to 1000 K cxperiment analysis reported in Reference 519 was
and that the nuclear core would be cooled by ECC performed to determine the reason for the disparity
water 70 to 90 s after blowdown initiation. Imtead, between the predicted and measured fuel rod clad- -

the maximum cladding temperature was limited to ding temperature responses in the LOIT core. The
789 K by an unpredicted, core-wide rewet that analysis indicated that the post-CliF heat transfer
started at 5.5 s and ended at 8 s. The rewet started calculations were incorrect. Post-CliF heat transfer
at the bottom of the core and progressed upward modeling is discussed in more detail in Section 4.1.2.
Io the top of the core. The core remained rewet until
12 s. Subsequent fuci tod eladding temperatures did Experiment L2-5 combined a 200% cold leg
not exceed 680 K, and the cladding was fully cooled break experiment with a loss of site power.5-23 The

5-4
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Figure 5-6. Afasimum fuel cladding temperatu c for LOIT Experiments L2 2 and L24.

experiment was initiated from a core power level The thermal response measured in the upper half
of 36 MW. Following the reactor scram, the of the cental fuel assembly was markedly different
operators tripped the primary coolant pumps at from that measured in the lower half. As shown in
0.9410.01 s. The pumps were disconnected from Figure 5-8, the cladding temperatures were similar
their flywheels to produce an atypical pump to those in the lower half (Figurc 5 7) for ne.~.rly
coastdown which would create core flow stagnation 15 s. Then there was a top-down quench lasting up
conditions. to 5 s which was followed by a second cladding

temperature excursion with a generally lower peak
Cladding temperatures in the lower half of the value. Final quench in the upper half occurred dur-

central fuel assembly departed from saturation ing core reflood, as in the lower half. The top-down
within the first 2 s after experiment initiation. Clad- quench in Experiment L2-5 was similar to the top-
ding temperatures initially rose quickly in response down quench which occurred somewhat later in
to degraded cooling, reached a plateau within 10 s. Experiment L2 3, as shown in Figure 5-8.
and then remained at approximately those lesels for *

an additional 20 s, see Figure 5-7. The maximum The main conclusion of the LOFT large break
measured cladding temperature of 1077 K occurred experiments relative to RNIlis that RNIl will occur
during this time. At s30 s, a gradual cooling trend very early in the blowdown, and can only be -

initiated as ECC water filled the lower plenum. The prevented by a total and prolonged stagnant flow
gradual cooling trend continued until all fuel rods condition in the core. Following Experiments L2-2
were quenched by 65 s. As shown in Figure 5-7, this and L2 3, a detailed study was performed using the
thermal behavior differed from that which occur- RELAP5 computer code to determine the primary
red during Experiment L2-3, in that Ihe early rewet coolant pump effects on core thermal response dur-
in Experiment L2 3 did not occur in Experi- ing large break LOCA transients in the Zion nuclear
ment L2 5. gwer plant.5 24 The study concluded that the only

56
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conditions which would prevent an early core ing the reflood portion of the LOCA when justified
quench after a 200% cold leg break in the Zion by calculated local fluid and surface conditions." '

nuclear plant were a loss of site power and a broken !
intact loop pump shaft occurring at the same time LOFT Experiment L2-3 demonstrated that the j
as the cold leg pipe break. Groeneveld correlation could not predict the core

;
i quench that occurred early in the blowdown. A '

5.1.4 Post CHF Heat Transfer. Appendix K. Sec- review of the post-CHF correlations in RELAP4/ j

tion I.C.5 states that, "the following correlations ' hlOD6 showed that rewet could neser be predicted
2are acceptable in the post-CHF regimes: for the mid flow conditions (100 to 600 kg/s m )

encountered during Experiment L2-3. As a result '
,

l. Groeneveld flow film boiling of the review, the Biasi CHF correlation 295 !was
correlation 25 installed in RELAP4/NIOD6 to cover mid flow5 '

conditions. See Section 4.1.2 for additional discus-
2. Dougall Rohsenow flow film boiling sion of post-CHF heat transfer modeling. *

,

correlation 265

The postexperiment analysis -3 used the same !5
'

3. Westinghouse steady state transition boil. RELAP4/hlOD6 model of the LOFT system, break
ing correlation -275 flow multipliers (0.848), and transition qualit

(0.0025) as the revised experiment prediction 51g
4. hicDonough, hiilich, and King transition but used the Biasi CHF correlation and the

boiling correlation."$-28 measured initial experiment conditions instead of
| the Condie Bengston correlation used in the revised

Appendix K prohibits the use of the Groeneveld experiment prediction.
correlation near its low pressure singularity and the
first term of the Westinghouse correlation in the Typical fuel rod cladding surface temperature
post CHF regimes. In addition, the rule states that, response calculated in the postexperiment analysis
" transition heat transfer shall not be reapplied is compared with the experimental data in (

| following CHF in a LOCA transient even if fuel rod Figures 5 9 and 510. A core wide rewet was
! cladding superheat returns below 422 K, except dur- predicted in the postexperiment analysis calculation.
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figure 5-10. hieasured, preexperiment prediction, and postexperiment calculation of fuel cladding temperature on
Fuel Rod 534 at 0.533 m above bottom of core in center fuel module for LOFT Experiment L2-3.

The fuel rod cladding surface temperature calcu- The LOFT large-break experiment and analytical
lated in the postexperiment analysis was in results provided valuable data regarding heat
reasonably good agreement with the experimental transfer phenomena that can occur during an early
data. The peak cladding surface temperature in the core quench following a large-break LOCA. The
postexperiment calculations, however, was about results demonstrated that accurate heat transfer cor-
70 K higher than was observed in the experimental relations are necessary to predict the accident con-
data. During the first 10 s of the Experiment L2-3 sequences accurately.
blowdown, the CHF time calculated in the postex.
periment analysis occurred about 0.5 s later than 5.2 Small Break Experiments
in the experimental data, and for the lower and
upper thirds of the fuel rod, the rewet time was
calculated to occur about 0.5 to 1.0 s earlier in the LOFT Experiment Series L3 provided data
postexperiment calculation than in the experimen- regarding the performance of ECCSs during a
tal data. For the upper third of the fuel rod, the variety of small break LOCEs, plus iong-term cool-
experimental data showed that the fuel rod exper- ing required to prevent core damage. A short sum-
ienced a muhiple rewetting. This multiple rewetting mary of the small break experiments is presented
phenomenon was calculated in the postexperiment in Table 2-7. Store detail regarding the experiments
analysis, but was not predicted in the preexperiment can be obtained from References 5 30 through 5-53.*

prediction. Similarly, the postexperiment calcula-
tion for the second rewetting for the upper third of This section discusses long-term cooling require-
the fuel rod was about 3.0 to 3.5 s earlier than was ments specified in 10 CFR 50.46 and documenta-.

shown in the experimental data, and the second tion requirements for the ECCS evaluation models.
CilF time was about 0.5 s later in the calculation
than in the experimental data. These discrepancies 5.2.1 Long Term Cooling Flequirements.
resulted from the dryout void fraction used in Section 50.46, " Acceptance Criteria for Emergency
RELAP4/hlOD6 and some of the fine hydraulle Core Cooling Systems for Light Water Nuclear

5structures not predicted in the postexperiment Power Reactors," of 10 CFR 50 -1 states that,
calculation. "after any operation of the ECCS, the cort
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temperature shall be maintained at an acceptably may be decontaminated by pumping decontamina-
low level, and decay heat shall be removed for the tion solution from the BST through the system and
extended period of time required by the long-lived discharging to the low-level radioactive waste
radioactivity remaining in the core." system.

After a large- or intermediate-break LOCE in The scenario for small breaks is quite different
LOFT, the primary system pressure decreases from f arge breaks. Following a small-break LOCA,
rapidly to the ECCS accumulator pressure setpoint the primary system pressure remains above the
(icss than 4.14 MPa). When the system pressure accumulator and LPIS initiation setpoints for an
drops below the accumulator setpoint, a large extended period of time (the pressure decay curve ,

volume of borated water is released which quenches for Experiment L3-7 is shown in Figure 5-1!). The
the core. The quench removes the stored energy in major objective following a small-break LOCA,
the fuel and in the primary cooling system struc- therefore, is to remove sufficient stored energy from
tural components. the fuel and primary coolant system structural com- -

ponents to reduce the primary system pressure to
Following the quench by the accumulator, decay the accumulator and LPIS pressure setpoints so that

heat is removed by the ECCS LPIS and the low- long-term cooling can be activated,
pressure heat exchanger s. The LPIS consists of a
borated water storage tank (BWST), two high- LOFT Experiment L3-7 simulated a 1-in.
capacity pumps, and valves and piping to inject diameter break in the cold leg of a commercial PWR
borated water into any combination of the follow- (see References 5-51,5-52, and 5-53). During Exper-
ing: reactor vesselinlet piping, outlet piping, upper iment L3-7, the steam generator was used to remove

and low er plenums, or downcomer. The BWST ' vill decay heat, and to accelerate the cooldown and
supply coolant; however, the LPIS pumps also have depressurization of the LOFT system. The primary
the capability to take suction from the broken loop coolant pumps were turned off during the experi-
hot leg, BST, or the decontamination sump for ment, and single- and two-phase natural circulation
decay heat removal and for long-term cooling. Heat was used throughout the experiment to transfer heat

exchangers in the pump discharges are provided as to the steam generator, which was maintained as
an alternate decay heat removal path. The LPIS a heat sink.
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' An a'motated depressurization curve for the including the period of system repressurization
primary system Is hn in figure 5-11. At 36 s beginning 2t 7915 s. Measured steam generator
after the break occurred, the reactor scramraed on bilet-to-outlet and primary-to-secondary tempera-
a low <ystem $ressure signal. Wilhin 10 s der ture differences confirmed that the primary-to-
'y
scram verificati:.n, the primary coolant pumps 9 tad secondary heat transfer rates were high. The liquid
bm manually tripped and had coasted dodn. hvel in the steam generator secondary side was
Pump coas!down was followed by the ichtion'of udintained throughout the experiment, see
natural loop circulation. Between 1800 dd 5974 s, Figure 5-12.
the 1(PIS was attned off to hasten the loss of fluid
inventory. Starting at 3600 s, operator-controlled The parameter of primary interest during Experi--

steam b.'eeding (opening the main steam bypass trient L3-7 was fuel cladding temperature. Cladding
valve e&ly and the main steam vah'e latu in tie draperatures at four locations in the center fuel
transient) and steam generator feeding (using botti bundle are shown in Figure 5-13. Coolant temper-

~

the auxiliary and main feedwater systemsiwere used - a'ure in the upper end box of Fuel Assembly 5 is
to decrease primary system pressure. Steam shown in Figure 5-14. Figures 5-13 and 5-14 show
generator secondary feed and bleed maintained an that the fuel cladding temperature was very close
effective heat sink throughout the experiment. to M coolant temperature throughout the experi-

.

exct. Tth means that the core was never uncovered
, Att'30Ys after experiment initiation, the and that the rate of energy removal through the

biowdmyn isolation valve was closed, which isolated break and thmugh the steam generator was suffi-
th6 break. System mass depletion stopped, and all cient to keep the fuel temperature from increasing.
decay heat energy not lost to the environment was In fact, the fuel cladding temperature decreased.
removed by the steam generator. Primary system
pressure gradua'Jy increased due to continued The important result of Experiment L3-7 was
coolant input fronithe HPIS and decay heat input, that the LOFT primary coolant system temperature
causi 1,; he fluid in the system to become subcooled. and pressure could be controlled during a small-
Subsequently, the purification system was uscito break LOCA by the steam generator and its eux-,

bring the reactor to e cold shutdown condition, and iliary systems until the setpoints were reached to
tl'e experiment vs'; termimted. Wiec the safety grade decay heat removal systems2

,
and' establish long-term cooling. This experiment'

Conditions were esablished in Sperinient L3-7 demonstrated the importance of the steam generator
a' ,~

for natural decalatin in the prirtary system. in accident recovery procedures.
Measurable nrqural circulation continM from 61 s
into the transieni, until after the purifica tion system 5.2.2 Ddt:-dentation Requirements for the
recirculation staced at 18,180 s. Single-phase ECCS Eva6ation Models. Section 11.4 of Appen-

,

neural circulatbn started at 61 s, and continued dix K to 10 CFR 50 states that, "to the extent prac-
unt'l a'oout 3 5 5, at which time the upper plenum ticable, predictions of the evaluation model, or*

i temperature riaehed saturation and the transition portions thereof, shall be compared with applicable

{ to two-phve natural circulation began. Two-phase, experimental information."
natural circulation was fully established by abent:

1550 s, when the core temperature differential After the accident at Three Mile Island-Unit 2
approached zero. (TMI-2), the USNRC issued a clarification to the

" \~ documentation requirements for small breaks
' Sing [e-phase natural circulation was reestablished (Requirement II.K.3.30, " Revised Small-Break% '

*

i , after ;he break was isolated at 7200 s. By that time, LOCA Methods to Show Compliance with
g the fluid in the system had become subcooled. Fluid 10 CFR 50, Appendix K").5-54 In the clarification,

velocitics in the system w cre lower t han during two- vendors were directed to provide experimental"

phase naturaD circulation. Core fluid dlocity, verification of condensation heat transfer rates, and* / u
'

calculated from decay power and temperature dir- single- and two-phase natural circulation models,
ferentid, was so.05 m/s from 7800 to 15,000 s. In addition, vendors were directed to provide

_j y additioqal systems verification of their small-break
Q,* The combination of sturalloop circulation and LOCA models by providing predictions of

steam generator heat transfer was sufficient to Semiscale Test S-07-10B and LOFT Experi-'' 4

4 *

remove decay heat' throughout the experiment, ment L3-1.
s
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Figure 5-12. Liquid levelin steam generator secondary side for LOFT Experiment L3-7.
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Figure 5-14. Coolant temperature in reactor vessel at upper end box of center fuel module for LOFT Experiment L3-7.

Since Reference 5-54 was issued, LOFT Small- break LOCA. In L3-5, the primary coolant pumps
Break Experiment Series L3 has been completed, were tripped. The second part of the experiment,
and more data are now available on condensation L3-5A, demonstrated reestablishment of the steam
heat transfer, single- and two-phase natural circula- genrator as a heat sink and the reestablishment of
tion, and system performance during small-break two-phase natural circulation. Pressure versus time
LOCAs. for the primary and secondary systems are temper-

ature difference across the core are shown in
s22 7 condenser /on uent Transfer. LOFT Experi- Figure 5-15 and 5-16, respectively, for Experiment

ment L3-7 (see References 5-42, 5-51, and 5-53) L3-5/L3-5A.
provided data that could be used to qualify a con-
densation heat transfer model. During a significant Experiment L3-7 simulated a single-ended offset
portien of the experiment, two-phase natural cir- shear break of a small (1-in. diameter) pipe con-
culation was used to transfer heat to the steam nected to the cold leg of a four-loop commercial
generator. The heat transfer modes in the steam PWR. The prime objective of the experiment was
generator were convection and condensation of to impose a break flow equal to HPIS flow at an
steam within the fluid. intermediate (~6.9-MPa) pressure during the tran-

sient, to establish conditions for steam generator
1222 Single- and Two-Phase Natural Circulation. cooling, and to isolate the break and recover the

Single- and two-phase natural circulation was plant to cold shutdown.*

observed during several LOFT experiments. The
small-break experiments that are most suitable for An annotated plot of pressure in the primary and
quilifying natural circulation models are LOFT secondary systems during Experiment L3-7 is shown.

Experiments L3-5/L3-5A -46 and L3-7.5-53 in Figure 5-17. At 36 s after the break occurred, theS

reactor scrammed on a low system pressure signal.
LOCE L3-5/L3-5A consisted of two parts. The Within 10 s after scram verification, the pumps were -

first part, L3-5, simulated a 4-in. (2.5%) diameter manually tripped and coasted down. Pump coast-
J pipe break in a commercial PWR and was one of down was followed by the inception of natural loop

two experiments required to investigate the effects circulation. Starting at 3600 s, operator-controlled
of primary coolant pump operation during a small- steam bleeding (by opening the main steam bypass

5-13
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Figure 5-17. Pressure in primary and secondary systems for LOFT Experiment L3-7.

valve early and the main steam valve later in the In addition to overall performance, the experiments
transient) and feeding (using both the auxillary and provided specific information about: (a) pressurizer
main feedwater systems) were used to decrease behavior when the PORV is open, and (b) system
primary system pressure. behavior with primary coolant pumps on and off.

At 7200 s, the break was isolated. System mass
8'### # #'***"'#**' #***"#*' "#'h #08" 0#*"~depletion stopped and all decay heat energy, not lost

LOFT Experiment L3-0 simulated a small break at
to the environment, was removed by the steam the top of the LOFT pressurizer by opening the
generator. Due to HPIS injection, primary system PORY (see References 5-30, 5-31, and 5-32). The
pressure gradually m.ereased, causing the fluid m. ctor was shut down for the experiment, and the
the system to become subcooled. Subsequently, the ECCS (including the HPIS, LPIS, and accumu-
purification system was used to bring the reactor , , gyg ;
to a cold shutdown condition, and the experiment was terminated. Power to the primary coolant
was ternunatd pumps was tripped at transient initiation, and the

pumps were allowed to coast down.
The steam generator was an effective heat sink

throu;;hout the experiment. Both convection and
condensation heat transfer modes were observed in Experiment L3-0 was initiated by opening the*

the steam generator during the time the system fluid PORV which allowed fluid from the top of the
was saturated (382 to 7915 s). Naturalloop circula- pressurizer vessel to blow down through pressurizer
tion was effective in transporting energy from the system piping to the BST. The transient was slow-

core to the steam generator from pump coastdown and remained under manual control until it was ter-
at 61 s to initiation of purification system recircula- minated when the primary system pressure had
tion cooling at 18180 s. dropped to 3.53 0.2 MPa at 2460 s after initia-

tion. System depressurization to 6.8 MPa was rapid
5.223 System Performence. LOFF Small-Break until primary system saturation occurred at 48 s;

Experiment Series L3 provided information about a gradual pressure reduction continued until the
system performance during small-break transients. transient was terminated.

5-15



System hydraulics were characterized by pres- was obtained from LOFT Experiments L9-3
surizer blowdown to primary saturation pressure, and L9-4, which are discussed in Section 4.2.2.
followed by a refill of the pressurizer to the top of

5.223.2 system sehavior with Pumps On and Off-
its indicating range by 84 s due to vapor generation LOFT Experiments L3-5 and L3-6 were conducted

to mdicate "hqu; stem. The pressurizer continued
,m the primary s> to investigate the effect of pump operation on

id full" until sl450 s when the system behavior (see Reference 5-43 and 5-50). For
liquid level slowly dropped back mto the , dicatmgm Experiment L3-5, the primary coolant pumps were
range, see Figures 5-18 and 519. tripped within I s after break initiation, and had

,

coasted down by 18 s. For Exp'eriment L3-6, the
The main conclusions of Exper, ment L3-0 were:i primary coolant pumps continued to operate at full

speed until they were tripped at 2371 s, when the
1. During a LOCA caused by a stuck open reactor primary coolant system pressure had -

PORV, the pressurizer starts filling when decreased to 2.27 MPa. Continued operation of the
the primary system fluid saturates some primary coolant ;) umps in LOFT produced a signifi-
place other than ,m the pressurizer itself. cant difference in system mass inventory relative to
The pressurizer fills and may remain full the early pump trip case. A comparison of the com-
even though steam exists m the hot leg pip- puted primary coolant system mass inventory in
mg and in the top of the reactor vessel. This Figure 5-20 shows that the minimum coolant inven-
will give a false mdication of system tory reached in Experiment L3-5 was 1820150 kg
coolant inventory. at 2100 s,a whereas the minimum in Experi-

ment L3-6 was 679 i 50 kg at 2400 s. Minimum
2. During a blowdown, the . dicated pres-m coolant mass was s33% of initial mass for the early

surizer liquid level will be higher than the pump trip case, as compared to s12% for the
actual level unless the level indication ,si delayed pump trip case. The difference in coolant
compensated for fluid temperature, depletion is directly attributable to the effect pump

Additional information on pressurizer behavior
with the PORV/SRV cycling open and closed to a. Total LOFT primary coolant system water inventory at
control primary pressure during ATWS simulations operating conditions is s5500 kg.
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operation had on the rate of discharge through the marked decrease, indicating the passage of a greater ,

break. proportion of steam. The break orifice being I
located at the end of a tee connection to the main

The mass flow rate at the break was significantly coolant pipe accentuated the separation of liquid
higher for most of the transient with the pumps and steam, since the steam component negotiates
operating than with them tripped (see Figure 5-21) the 90-degree turn into the tee more easily than the
because of the delivery of higher density fluid to liquid. I

the break location, as shown in Figures 5-22 and I

5-23. The exception to this occurred during the first In Experiment L3-6, the pumps continued to
135 s in the blowdowns, when the total system mass deliver a homogeneous mixture of steam and liquid -

depleted more rapidly in Experiment L3-5 (see to the intact loop cold leg throughout the period
Figure 5-21). The absence of pumped flow in this they were operated. Consequently, source fluid at
experiment caused the fluid in the intact loop cold the tee connection was of higher density than was

~leg to remain subcooled longer and to a greater the case in Experiment L3-5.
extent than in Experiment L3-6. Pump operation
in Experiment L3-6 caused greater homogenization The primary coolant pumps were operated at a
of loop coolant temperatures. The greater degree constant speed of 3250 rpm until 2371 s in Experi-
of subcooling in Experiment L3-5 led to a slightly ment L3-6. At N30 s, the pumps began to cavitate
higher break mass flow during this period. with little change in inlet and outlet coolant den-

sity. Performance of the pumps throughout the
With the pumps tripped in Experiment L3-5, transient was smooth, with no indication of slug-

primary coolant mass depletion was characterized ging as would be indicated by fluctuations in pump
by draining of liquid from the higher elevations current, differential pressure, and coolant density.
downward, and eventual stratification ofliquid and The gradually decreasing density of coolant pass-
vapor in the intact loop cold leg. When the water ing through the pump was attended by a corres-
level in the intact loop cold leg dropped to the eleva- ponding drop in pump motor power. Figure 5-24
tion of the tee connection to the break orifice, the shows that the correlation of these two parameters
density of fluid delivered to the break showed a produces a fairly uniform relationship.
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Figure 5-21. Break mass flow rate for LOFT Experiments L3-5 (early pump trip) and L34 (delayed pump trip).
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Figure 5-24. Pump inlet fluid density versus power for LOFT Experiment L3-6 with delayed pump trip.

Experiment L3-5 was terminated at 2400 s, when initiated accumulator injection, which began N53 s
the break was isolated and secondary feed and bleed later. A maximum recorded fuel rod cladding
operations began. At this point, the coolant level temperature of 637 K occurred at 2466 s.
in the reactor vessel was determined to be s0.6 m
above the top of the core. In Experiment L3-6, the Clearly, for the accident scenario investigated in

primary coolant pumps were intentionally tripped LOFT, early pump trip produced a much less severe

off at 2371 s, and coasted down within 90 s. Fuel transient in terms of primary coolant depletion and,

rod cladding temperatures remained near the system consequently, core coolability. However, care
saturation temperature while the pumps were should be taken to not extrapolate the LOFT results

operating, indicating satisfactory forced cooling was directly to a commercial PWR. Differences in break

occurring even into a dispersed-droplet or annular. location and system geometry could produce

flow-regime period which occurred just prior to significantly different results.

pump trip.
5.3 Intermediate-Break

Within 25 s after pump trip in Experiment L3-6 Experiments
(that is after the experiment was terminated), the
coolant velocity in the reactor vessel was insuffi- After extensive investigation of large- and small-
cient to entrain liquid droplets up through the core. break LOCAs, the behavior of a commercial PWR

*

The liquid level collapsed to below the lower core after the rupture of an ECC injection line or other
elevation, exposing the core to a pure steam primary coolant system penetration lines remained
environment. As the liquid film on the fuel rods a concern because of the potential of degraded ECC
dried out, temperature excursions began. The rate performance, and because of the uncertainty in *

of fuel rod cladding temperature increase at the modeling flow regimes transitional between stratified

maximum power elevation (0.74 m) was s2.5 K/s, and homogeneous. LOFT Experiments LS-1 and
which is close to a computed adiabatic heatup rate L8-2 (see References 5-55,5-56, and 5-57) were per-

of 2.8 to 3.3 K/s. formed to investigate ECCS performance and
thermal-hydraulic response during intermediate-

The onset of core temperature excursions in break LOCEs. These experiments are summarized

Experiment L3-6 was rapidly followed by operator- in Table 2-7.
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Experiment LS-1 was an intermediate b e k tinued to drop, uniformly, at a rate of s0.02 m/s-ra
experiment designed to simulate the rupture of a until the core was s95% mcaered at 186 s, when
single 28.45 cm (ll.2-in.)inside diameter accumu- the accumulator injection ininated. The primary
lator line in a commercial PWR. All three com- coolant system mass inventory had decreased to
ponents of the plant protection system (HPIS, 16% of its original value at the time accumulator
accumulator, and LPIS) were used to bring the injection began as shown in Figure 5-27. The fuel
plant to a safe shutdown. Experiment L8-2 was a cladding started quench s2.5 s later, which cor-
repeat of Experiment L5-1- up to the time of responds to the delay time observed in previous
accumulator injection. Accumulator injection was experiments.
delayed in Experiment L8-2 to evaluate the LOFT

,

system thermal-hydraulic response following a During the Experiment L5-1 reflood, the peak
significant primary system coolant inventory loss cladding temperature reached a maximum of 715 K
and a primary coolant pump restart. Annotated at the 0.99-m elevation, s0.33 m above the peak
depressurization curves for the primary and secon- power elevation. The reflood continued in a radially-

dary systems during Experiment LS-1 are shown in uniform manner at an average reflood rate of
Figure 5-25. 0.055 m/s until the core was completely reflooded

at 214 s.,

'

5.3.1 ECCS Performance After Intermediate
Break. As the primary coolant system mass inven- After the core reflood was started, the primary

i tory decreased, the reactor vessel liquid level had system pressure started to increase because of steam
dropped from the upper plenum into the core by generation from the ECC. By 225 s, primary system
108 s. The liquid level was radially uniform, as pressure exceeded the accumulator injection
evidenced by the thermocouple measurements at the pressure, and this injection ceased. It did not restart
same elevation in the various fuel assemblies w hich until 308 s, when the primary system pressure again
showed departure from saturation at the same time decreased to below accumulator injection pressure.

. as shown in Figure 5-26. The cladding heatup rate The reflood of the core was completed with the
! in the hottest region in the core was 2.7 K/s, or 57% injection of s28% of the scaled accumulator liquid
1 of adiabatic. The reactor vessel liquid level con- volume.
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The res'ults of Experiment L5-1 demonstrated pump steam through the core, and did slow down
that ECCS injection was sufficient to recover the the heatup rate by as much as 25Vo in the lower half
system during an intermediate-size break (28.45-cm of the core; however, the pumps were unable to
inside diameter) and prevent an excessive core ther- reverse the thermal excursion in any part of the core
mal excursion with accumulator injection starting except during the initial surge.
at a primary system pressure of 1.66 MPa '

Accumulator 'A' injection was manually initiated
Experiment L8-2 was a repeat of Experi- at the predetermined cladding temperature of

ment LS-1 up to the time of accumulator injection. 950 K. The cladding temperature increased at a
s In Experiment L8-2, accumulator injection was heatup rate of 2.8 K/s, or 60To adiabatic, to a

withheld in order to determine the effect of restart- second predetermined value of 978 K before the
ing the primary coolant pumps on the fuel cladding reflood process halted the cladding temperature
temperature. Accumulatorinjection was maraually rise. At this temperature, HPIS *B' and Accumu-
initiated on a predetermined value of fuel cladding lator 'B' injections were added. The renood proc--

temperature. The initial conditions were sery nearly ess quenched the hot region of fuel cladding during
the same for both experiments. this time, and limited the cladding temperature to

a maximum of 987 K.
Of primary interest in Experiment L8-2 was the

primary coolant pump behavior and the effect on The calculated and measured fuel cladding sur-
cladding temperature after the pumps were face temperatures near the core hot spot are com-
restarted. At the initiation of pump restart, the pared in Figure 5-29. The comparison is good until
pump frequency quickly surged to s56 Hz and then the primary coolant pumps were restarted. The
slowed down to between 18.3 and 28.3 Hz. The measured data show a minor influence starting at
initial surge caused a partial quench of the fuel clad- 235 s, when the pumps were restarted; whereas, the
ding . in the lower 0.13 m of the core (see prediction shows that the heatup rate decreased
Figure 5-28) and minor cooling up to 0.99 m. After more.
the initial surge, the fuel cladding, which had been
partially quenched, again dried out and the ther- The fuel cladding quench and core reflood results
mal excursion continued. The pumps continued to of these intermediate-break experiments did not
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Figure 5-28. Fuel cladding temperature in center ruel module for LOFT Experiment L8-2.

5-23



10 00 - --- --r-- - --'

)

O TE-5 J7-030 PCPs RESTARTED

Q O RELAP5/ MOD 1
O Uricert = + 4 K

y 800 - -

D
V-
4
cr
W
$ 600 Q -

'

Y %
0
Z -

_

@400
- -

<
J

O

' ' '200
O 10 0 200 300 400

TIME (s)

Figure 5-29. Measured and predicted maximum fuel cladding temperature for LOFT Experiment L8-2.

reveal the occurrence of any phenomena that would small-break experiments. Pre- and postexperiment
adversely affect the design of the ECCSs, even to analyses of Experiments LS-1 and L8-2 were per-
the use of a low-pressure setpoint (1.66 MPa) for formed with RELAP5/ MODI.
the accumulator. Since this conclusion also applies
for the largest pipe break possible in commercial During the preexperiment analysis phase, a sen-
PWRs and since these intermediate-break transients sitivity study was run on the discharge coefficient
exhibited some of the characteristics of the large for subcooled and saturated discharge because no
break transient, these data support the position that calibration data were available for deriving the
the ECCS design currently employed in commer- discharge coefficients. Coefficients of 0.7,0.84, and
cial PWRs is adequate for " automatic" PWR 1.0 were used for subcooled discharge, and 0.84 and
recovery from pipe breaks within this size range. 1.0 were used for the saturated discharge. Without

specific data, it was believed that the range of coef-
5.3.2 Intermediate-Break Flow Modeling. The ficients spanned the current values.
response of Experiment L5-1 was dominated by the
break flow because most of the system energy was In the postexperiment analysis reported in
removed through the break. The break nozzle Reference 5-57, the best agreement was obtained
designed for Experiment LS-1 has a smooth ellip- with a subcooled discharge coefficient of 0.98 and

~

tical entrance and a small L/D ratio, which is a saturated discharge coefficient of 0.84. The results
different from nozzles used for previous LOFT are shown in Figure 5-30.

.

1,
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6. IMPACT ON SAFETY ISSUES

The reactor licensing process is based upon con- on reactor primary coolant systems, and the mini-
servative design and development practices. The blowdown experiments (Series LO) and the non-
adequacy of the licensing process is continuously nuclear large-break experiments (Series LI)
questioned. In most cases, tae questions are readily provided experimental and analytical results that are
and fully answered. Occasionally, however, there applicable to several USIs that deal with hydro-
are questions or concerns which the USNRC does dynamic loads on a BST (Mark I Long-Term Pro-
not censider to be immediate safety concerns, but gram and SRV Pool Dynamic Loads).

~

which require additional consideration for resolu-
tion. These items are called unsolved safety issues

This section presents the LOFT results relevant
(USIs)' to SDHR requirements and station blackout. A

A total of 26 USIs have been identified.6-1
discussion of ATWS is presented in Section 9
Rulemakmg. Section 4 presents the results of the

,

Technical resolution is complete for 11 USIs',
. mmi-blowdown and nonnuclear large-break exper-

however, complete resolution, which requires imple-
i sh & m&MI Te

mentation, is generally an ongoing task. Table 6-1
Program and SRV Pool Dynamic Loads.

presents a short summary of LOFT data that relates
the USis.

The data from Experiment Ll-5 regarding asym-
LOFT has provided a significant amount of data metric blowdow n loads on reactor primary coolant

to three USIs: shutdown decay heat removal systems has not been analyzed in detail because the
(SDHR) requirements, station blackout, and measured displacement of the center fuel module (see
ATWS. In addition, LOFT Experiment L1-5 pro- Reference 6-2) was much less than predicted in the
vided data regarding asymmetric blowdown loads preexperiment analysis reported in Reference 6-3.

Table 6-1. Summary of LOFT information relevant to unresolved safety issues

Unresolved Relevant LOFT
Safety Issue Description

_
InformationStatus

Water hammer Shock waves in the primary or secondary system Unresolved None
generated by rapid valve motion, rapid pump startup,
rapid condensation of steam pockets, etc. Damage
from water hammer to pipe, pipe supports and valves
has been reported.

Asymmetric The ccucern is that loads generated by a pipe break Technical LOFT IIxperiment L1-5 provided
blowdown may damage the reactor vessel supports, primary resolution data regarding decompression
loads on reac- system piping, or reactor internals. complete loads on the reactor core.
tor primary*

coolant
systems

*
Steam Steam generator tube integrity can be degraded by Unresobed None
generator tube corrosion, cracking, denting, and vibration-induced
integrity fatigue cracks. The concern is the ability of degraded

steam generator tubes to withstand normal operating
and transient conditions.

Stark i Short- Preliminary evaluation of suppression pool Technical See hlark I Long-Term Program.
Term Program hydrodynamic loads associated with LOCAs and resolution

operation of SRVs. complete
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Table 6-1. (continued)

Unresolved Relevant LOFT
Safety issue Description Status Information

hlark I Long- Determine suppression pool hydrodynamic loads Unresobed The LOFT experiments did not
Term Program associred with LOCAs and operation of SRVs. The directly provide data for resolv-

program invohes analytical and experimental studies. ing the klark I containment safe-
ty problem. Howeser, the LOFT
BST is similar to a htark I sup- .

pression tank, and the suppres-
sion tank data obtained during
LOFT Experiment Series LO
(mini-blowdown experiments) and

~

Series L1 (non-nuclear large-
break experiments) may be
applicable and can be used to
esaluate or serify analytical
techniques.

h1 ark 11 con. Determine the adequacy of the Afark Il containment Technical Same as h1 ark I Long-Term
tainment pool to withstand LOCA blowdown loads. resolution Program.
dynamic loads complete

Anticipated An ATWS is an anticipated transient during which Technical L OFT Experiments L9-3 and
transient the reactor fails to scram. The concern is that an resolution L9-4 were ATWS experiments.
without scram ATWS could lead to a core melt and release of complete. These experiments provide data
(ATWS) radioactive fission products. These pro- that can be used in the resolution

posed rules of the ATWS issue.
have been
issued for
comment.
Final rule to
be issued in
1983

Boiling water Cracks in feedwater nozzle in BWRs have been caus- Technical None
reactor (BWR) ed by stress corrosion at nozzle welds. resolution
feedwater nor- complete
zie cracking

Reactor vessel Concern is long-term fracture toughness of reactor Unresolved None
materials vessel material subjected to neutron indication.
toughness

Steam AShl AS72, used in support of steam generators and Unresolved None
generator and pumps, has been found to lack adequate toughness at
reactor coolant 70*F. Fracture toughness of steam generator and
pump supports coolant pump supports of all PWRs will be

reassessed.

Systems The purpose of this task is to identify where the pre- Unresobed None

interaction sent design analysis and review procedures may not -

adequately account for potential adverse systems in-
teractions, and to recommend regulatory action to
correct deficiencies in the procedures.

.

Qualification NRC staff has worked with nuclear industry to Technical None
of Class IE develop standards for equipment qualification and resolution
safety related documentation which will ensure the high level of complete
equipment equipment reliability.

Reactor sessel Th< purpose of this task was to provide an over- Technical None
pressure tran- pressure protection system that would be in use when resolution
sient the plant is in a cold shutdown condition. complete
protection

6-2
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Table 6-1. (continued)

Unresobed Relesant LOFT
Safety Issue Description Status Information

Residual heat The purpose of this task was to resohe differences Technical None
remosal between the NRC and Westinghouse Electric Cor- resolution
(RilR) poration regarding a proposed revision to the stan- complete
requirements dard review plan dealing with the RifR system. The

revision would hase required plants to hase the,

capability to go from hot to cold shutdown without
offsite power. Westinghouse contended that the resi-
sion would have significant impact on the chemical
volume control system and interface requirements on

*

balance of plant design.

Control of Oserhead handling systems (cranes) are used to lift Technical None
heavy loads heavy objects in the vicinity of spent fuel in PWRs resolution
near spent fuel and BWRs. If a heasy object, e.g., a spent fuel ship- complete

ping cask or shielding block, were to fall or tip onto
spent fuel in the storage pool or the reactor core and
damage the fuel, there could be a release of radioac-
tisity to the ensironment and a potential for radia-
tion oserexposure to inplant personnel. If many fuel
assemblies were damaged and the damaged fuel con-
tained a large amount of undecayed fission products,
radiation releases to the environment could exceed 10
CFR Part 100 guidelines.

.

Determination Operation of IlWR primary system pressure relief Unresobed Data from Experiment Series LO
of SRV pool vahes can result in hydrodynamic loads on the sup- (mini-blowdown experiments) pro-
dynamic loads pression pool retaining structures or structures vide data on the hydrodynamic
and tempera- located within the pool. These loads result from: pressures and loads generated by
ture limits for vent cleaning.
BWR contain- 1. Initial vent cleaning of a relief valve pipe
ments 2. Steam quenching due to locally high pool

temperature.

Seismic design The seismic design process required by the NRC in- Unresobed, a None
criteria cludes: defining the magnitude of an carthquake for draft report is

a site, determining free-field motion at the site, deter- being reveiwed
mining the motion of site structure and equipment,
and fully comparing seismic loads with allowable
loads. While this seismic design sequence includes
many conservative factors, certain aspects of the se-
quence may not be conservative for all plant sites.
The objective of this program is to investigate
selected areas of the seismic design sequence to deter-
mine their conservatism for all types of sites, to in-
sestigate alternate approaches to parts of desi nE

* sequence, to quantify the overall conservatism of the
design sequence, and to modify the NRC criteria in
the Standard Review Plan if changes are found to be
justified.

.

Pipe cracks in Leaks and cracks in the heat affected zones of welds Technical None
boiling water that join austenitic stainless steel piping and resolution
reactors associated components in BWRs hase been detected. complete

All the cracks were attributed to intergranular stress
corrosion cracking due to high local stress, sensitiza-
tion of material, an.d high oxygen content in the
water,

a
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Table 6-1. (continued)

Unresolved Relevant LOFT
Safety issue Description Status Information

Containment Following a LOCA in a PWR, water flowing from Unresolsed None
emergency the break in the primary system would collect on the
sump containment floor. During the injection mode, water

for core cooling and containment spray is drawn
from a large supply tank. When the water reaches a *

low level in the tank, pumps are realigned to draw
from the containment. This is called the recirculation
mode wherein water is drawn from the containment
floor or sump and pumped to the primary system or -

containment spray headers. This program addresses
the safety issue of adequate sump or suppression pool
function in the recirculation mode. It is the objective
of this program to develop improsed criteria for

'

design, testing, and evaluation which will provide ber-
ter anurance that emergency sumps will function to
satisfy system requirements. The principal concerns

are: (a) Break-initiated debris from the insulation
used on piping and components inside the contain-
ment could cause blockage of the sump or otherwise
adversely affect the operation of the pumps, spray
noules, and valves of the safety systems. (b) Adverse
flow conditions that affect hydraulic performance of
the sqmp have been encountered requiring design and
procedural modifications to eliminate them; these
conditions, air entrainmen:, cavitation, and vortex
formation, are aggravated by blockage.

Station The loss of ac power from the offsite and onsite Unresolved LOFT Experiment L9-4 was an
blackout sources is referred to as a station blackout. In the ATWS initiated by a loss of off-

event of a station blackout, the capability to cool the site power. The experiment
reactor core would be dependent on the availability simulated a station blackout
of systems which do not require ac power supplies, combined with a failure to scram
and on the ability to restore ac power in a timely the reactor.
manner. The concern is that the occurrence of a sta-
tion blackout may be a relatively high probability
event and that the consequences of this esent may be
unacceptable, for example, sesere core damage may
result.

Shutdow n The NRC staff feels that providing an alternative Unresolved LOFT Experiments L3-2, L3-7,
decay heat means of decay heat removal (DliR) could substan- and L9-l/L3-3 prosided data on
removal tially increase the plant's capability to deal with a seseral methods of removing
requirements broader spectrum of transients and accidents and shutdown decay heat.

potentially could, therefore, significantly reduce the
overall risk to the public. This task will insestigate -

alternatise means of DlIR in PWR plants, including
but not limited to using existing equipment where
pouible. The approach taken to this problem com-
prises the following subtasks: 1. Desclopment of *

criteria to judge acceptability of DilR systems in ex-
isting and future plants 2. Development of means
for improvement of DilR systems 3. Assessment
of existing plants to identify those in which DilR
systems require improvement 4. Development of a
plan for implementing new requirements, if any, for
DilR systems required to meet the acceptance criteria
above.
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Table 61, (continued)

Unresobed Relevant LOFT
Safety issue Description Status Information

Seismic The seismic qualification of the equipment in Unresobed None
qualification operating plants will be reassessed to ensure the abil-
of equipment ity to bring the plant to a safe shutdown condition
inoperating when subject to a seismic esent. The objectise of this
plants USl is to establish an explicit set of guidelines that,

could be used to judge the adequacy of the seismie
qualification of mechanical and electrical equipment
at all operating plants in lieu of attempting to backfit
current design criteria for new plants. This guidance,

will concern eqiupment required to safely shut down
as well as equipment whose function is not required
for safe shutdown, but whose failure could result in
adserse conditions which migt impair shutdown
functions.

Safety implica- This issue concerns the potential for accidents or Unresobed None
tions of con- transients being made more sesere as a result of con-
trol systems trol system failures or malfunctions. These failures or

malfunctions may occur independently or as a result
of the accident or transient under consideration and
would be in addition to any control system failure
that may hase initiated the esent. The purpose of this
USI is to define generie criteria that may be used for
plant-specific reviews. A specifie subtask of this issue
will be to study the steam generator oserfill transient
in PWRs and the reactor oserfill transient in BWRs
to determine and define the need for presentive
and/or mitigating design measures to accommodate
this transient.

Ilydrogen con- Postulated reactor accidents which result in a degrad- Unresolved None
trol measure- ed or melted core can result in generation and release
and effects of to the containment of large quantities of hydrogen,
hydrogen The hydrogen is formed from the reaction of the zir-
burns on conium fuel cladding with steam at high temperatures
safety and/or by radiolysis of water. This USI will in-
equipment vestigate means to predict the quantity and release

rate of hydrogen following degraded core accidents
and sarious means to cope with large releases to the
containment such as inerting of the containment or
controlled burning. The potential effects of proposed
hydrogen burns on safety related equipment will be
investigated.

*
Pressurized Neutron irradiation of reactor pressure vessel weld Unresobed None
thermal shock and plate materials decreases the fracture toughness

of the materials. The fracture toughness sensithity to
radiation-induced change is increased by the presence

,

of certain materials such as copper Decreased frac-
ture toughness makes it more likely that, if a sesere
overcooling event occurs followed by or concurrent
with high sessel pressure, and if a small crack is pre-
sent on the vessel's inner surface, that crack could
grow to a size that threatens vessel integrity.

6-5



6.1 Shutdown Decay Heat 4. Application of the feed and bleed concept.

Removal Requirements
5. Operation of a shutdown PWR with

limited boiling in the core.
Following a LOCA or transient, such as a loss

of offsite power or turbine trip, the reactor nor- Natural circulation (Procedure 1) was investigated
mally scrams. Decay heat continues to be generated, during LOFT Experiments L3-7 and L9-1/L3-3,
decreasing exponentially with time, and must be steam generator feed and bleed (Procedure 4) was
removed along with the stored heat in the reactor investigated during Experiment L3-7, and reflux
feel, structural components, and prim.iry coolant cooling (Procedure 2) was inferred during Experi- *

system to bring the plant to cold shutdown, The ment L3-2.
transition from reactor trip to " hot shutdown,"
excluding the initial reflood phase in a severe LOCA 6.1.1 Transfer of Heat from the Reactor Core

,

as discussed in Reference 6-4, is defined as the shut- to the Steam Generators by Natural Circulation.
down decay heat removal (SDHR) phase. Studies Natural circulation was investigated in several

6such as WASH-1400 -5 have shown that, in LOFT experiments. During Experiment L3-7,
general, for PWRs the major contributor to the which simulated a 1-in. diameter break in the cold
probability of severe damage to the fuel stems from leg of a commercial PWR,6-6,6-7 natural circula-
failures to retain cooling in the SDHR phase. tion was used throughout the experiment to remove

shutdown decay heat. The experiment results
6Subtask 2.1 of the Task Action Plan -4 is con- demonstrated that the transition between single-

cerned with phenomenological studies. Part I of the phase and two-phase natural circulation and
subtask concerns alternate means of SDHR from between two-phase and single-phase natural circula-
PWRs that appear to be technically feasible, but tion was smooth, and both single- and two-phase
which have not yet been formally approved, even natural circulation were effective means of SDHR.
for emergency situations, in either existing or future LOFT Experiment L9-l/L3-3, which simulated an
plants. The SDHR procedures being considered are: ATWS initiated by a loss of feedwater,6-8

demonstrated that two-phase natural circulation can
1. Transfer of heat from the reactor core to be restarted and used effectively to cool the plant

the steam generators by two-phase natural after a loss-of-feedwater-initiated ATWS.
circulation. Two-phase natural circulation
is a condition where coolant, heated in the The primary objectives for Experiment L3-7 were
reactor core, forms a two-phase mixture to impose a break flow equal to HPIS flow at an
which rises and flows through the hot leg intermediate pressure (4.9 MPa) during the tran-
piping to the steam generator where it is sient, to isolate the break, to cool the plant to
cooled and condensed. The cooler, denser establish cold shutdown, and to analyze the data
coolant then flows back to the reactor obtained to investigate associated phenomena such
through the cold leg piping. as:

2. Operation of the steam generating units as
1. Can the secondary coolant system cffec-

reflux condensers, as an alternative to true g7 g ;
natural circulation. When a U-tube steam

# *" system when the primary coolant
generator operates as a reflux condenser, system h. d het has &oNow enoughq
a two-phase mixture flows up the inlet leg

to void the primary side of a U-tube steam
of theU-tubesandcondensesbeforereach- ,

generatod
ing the top of the U-tubes. The condensate
then flows back down the U-tubes and Hw es tk pdmary coolant system.returns to the reactor via the hot leg. respond during a small break when the .

3. The use of a high-pressure residual heat HPIS flow is of the same order of magni-
removal (RHR) system which could, in an tude as the break flow when system pres-
emergency, be brought into use before sure stabilizes later in the transient?
stable " hot shutdown" conditions have
been established. 3. What kind of recovery procedures should

be used in the event of a small-break

6-6
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LOCA and, in particular, which recovery by about 1500 s, when the core temperature dif-
heat transfer mode is most appropriate? ferential approached zero, see Figure 6-2. The tran-

sition from single-phase to two-phase flow during
An annotated depressurization curve for the Experiment L3-7 staited at 375 s and ended at

primary system during Experiment L3-7 is shown 1500 s.
Figure 6-1. At 36 s after the break was initiated, the
reactor scrammed on a low system pressure signal. Single-phase natural circulation was reestablished
At 39 s, the primary coolant pumps had been after the break was isolated at 7200 s, as indicated
manually tripped. Pump coastdown was complete by core differential temperature shown in
by 56.2 s. The first indication of natural circula- Figure 6-2. By that time, the fluid in the system had,

tion occurred at 613 s. Between 1800 and 5974 s, become subcooled. Fluid velocities were lower than
the HPIS was turned off. Starting at 3600 s, during two-phase natural circulation. Fluid velocity
operator-controlled steam bleeding (opening the in the core, calculated from decay power and tem-
main steam bypass valve early and the main steam perature differential, was @.05 m/s from 7800 to*

valve later in the transient) and steam generator 15 000 s.
feeding (using both the auxiliary and main feed-
water systems) were used to decrease primary system During single-phase natural circulation, convec-
pressure. tive heat transfer dominated. During two-phase

natural circulation, the dominant heat transfer mode
Conditions were established in Experiment L3-7 was condensation of steam within the steam gener-

for natural circulation in the primary loop. ator. The combination of natural loop circulation
Measurable natural circulation continued from 61 s and steam generator heat transfer was sufficient to
into the transient, until after the purification system remove decay heat throughout the experiment,
recirculation started at 18180 s. Single-phase including the period of system repressurization
natural circulation was fully established by 96 s and beginning at 7915 s shown in Figure 6-1. Measured
continued until about 375 s, at which time the upper steam generator inlet-to-outlet and primary-to-
plenum temperature reached saturation and the secondary temperature differences confirmed that
transition to two-phase natural circulation began. the primary-to-secondary heat transfer rates were
Two-phase natural circulation was fully established high during the entire experiment.
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Figure 6-0. Fluid temperature in reactor vessel upper and lower plenums and fluid saturation temperature for LOFT
, Experiment L3-7.

Postexperiment analyses were performed using Primary system pressure decreased rapidly after
the RELAP4/ MOD 7 and RELAPS/ MODI com- reestablishment of the steam generator as a heat
puter codes to calculate Experiment L3-7 results.6-7 sink. Natural circulation started at s5205 s.
Calculations of the intact loop hot leg velocity for Operator-controlled steam generator feed and bleed
Experiment L3-7 are compared with the pulse operations were initiated at 6712 s, and the
neutron activation (PNA) data in Figure 6-3. Both depressurization rate increased again.
codes predicted a positive flow through the hot leg
to the steam generator. During single-phase natural LOFT Experiments L3-7 and L9-1/L3 3

demonstrated that:circulation, the predicted velocities agree with the
PNA data. As two-phase natural circulation was 1. Single- and two-phase natural circulation
established, both the liquid and vapor velocities are effective and stable modes of decay
predicted by RELAPS generally exceed the PNA heat removal in LOFT which contains an
data values. inverted U-tube steam generator. The

experiments demonstrated that the transi-
LOIT Experiment L9-1/L3-3, simulated a multi- tion between single- and two-phase natural ,

ple failure transient initiated from a loss-of* circulation is stable, and that natural cir-
feedwater accident (LOFA). L3 3 simulated tw culation occurs whenever a heat source and
recovery modes from a LOFA (L9-1). The first heat sink (steam generator) exist with suf-
recovery mode consisted of turning off the primary ficient coolant inventory, provided no flow

~

coolant pumps and latching open the PORV t blockage is present,
depressurize the primary system to the ECCS
injection setpoint. The second mode consisted of 2. The results of the postexperiment analyses
refilling the steam generator to restore the secon- indicated that both RELAP4 and RELAPS
dary heat sink and removing decay heat through the - were able to predict the characteristics of
secondary. Figure 6-4 illustrates the effectiveness of LOCEs and transients during which two-
reestablishing two-phase natural circulation, phase natural circulation occurred.

6-8

L

- _ - . . _ _ _ _ __ _ _ , , . - , - - _ . _ _ , _ . _ . ~ _ . _ . _ _ _ _ _ _ . ,



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

3 , , , ,

O RELAP5/ MOD 1 liquid
O RELAP5/ MOD 1 vapor

n A RELAP4/ MOD 7

( 2 hl _

X PNE-PC-002
5

E uncert = + 20%
v

%h .

s, 8M.

'CO M

*

3 0 -
-

d

, , , ,_,
0 2000 4000 6000 8000 10000

TIME (s)
Figure 6-3. Measured and calculated fluid velocity in intact loop hot leg for LOFT Experiment L3-7 (measurements

were made using PNA).

20 -

7- -- -

, ,,

PORV LATCHED OPEN O PE-PC-005

REACTORSCRAMMED[ [nbrt = + 0.21 MPa
C

"" ^ " '

15 g -

g . PORV UPPER PLENUM SATURATED
'

| CYCLINGo
ORV SHUT

PRESSURIZER

g jo _ SPRAY CYCLIf4G _

h!
$ STEAM GENERATOR

"
'

E REFILL INITIATED
gI

-5-

*
SECONDARY

BLEED INITIATED

i , i io
0 2000 4000 6000 8000 10000

TIME (s)
Figure 6-4. Pressure in primary and secondary systems for LOFT Experiment L9-l/L3-3.

6-9

. _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ __ ____



6.1.2 Demonstration of the Feed and Bleed was cycling is @.1 kg/s and 0.7 kg/s when the
Concept. Feed and bleed can be used in the steam PORV was latched open. These slopes represent the
generator to maintain it as a heat sink or it can be - average mass flow through the PORV, and are
used in the primary system by bleeding steam and within the scaled HPIS capacity for LOFT which
water off through.the PORV (for commercial is 0.76 kg/s. Had the HPIS been used while the
PWRs which have PORVs in the pressurizer) and PORV was cycling or was latched open, the system
by feeding water into the primary system with the mass would have been maintained.
HPIS to maintain sufficient inventory to cover the
core. The amount of coolant mass bled off through the

PORV was more in the preexperiment RELAP5 *

LOFT Experiment L3-7 was a good example of prediction than was measured during the experi-
the use of steam generator feed and bleed (see ment. The difference was due to higher emironmen-
References 6-6 and 6-7). By maintaining the steam tal heat losses from the primary system than

.

generator as a heat sink during the small-break assumed.
LOCE, the system was cooled and depressurized
more rapidly. This resulted in less coolant being lost A recent report -9 presented a theoretical analysis6

from the system which reduced the likelihood of of the capabilities and limitations of primary system
core uncovery. feed and bleed in PWRs. Data from experiments

performed in the Semiscale facility and from
The first recovery mode of Experiment L9-1/ RELAPS computer code calculations were used in

L3-3 -8 (also discussed in Section 6.1.1) this analysis. Figure 6-6 shows the parameters con-6

- demonstrated the capability of the PORV to con- sidered for determining the feasibility of primary
trol pressure by cycling and to reduce pressure when system feed and bleed operation and indicates the
it is latched open. Figure 6-4 shows primary system possibility of an operating band. The governing
pressure during the time the PORV was cycling and parameters which determine this operating band are
when it was latched open to reduce primary system decay heat level, HPIS flow rate, and PORV flow
pressure. Figure 6-5 shows measured and predicted rate (and enthalpy flow rate). Except for the core
primary system coolant inventory. The slope of the decay heat level, the remaining parameters are func-
measured mass inventory curve when the PORV tions of primary system pressure.,
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Figure 6-5. Measured and predicted mass inventory in primary system for LOFT Experiment L9-1/L3-3.
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The lower bound of the operating bmd represents 6.1.3 Operation of the Steam Generator Units
the minimum pressure at whict the PORV can pass as Reflux Condensers, as an Alternative to True

5

enough steam (with the coolant repbced by ambient Natural Circulation. During LOIT Experi-
, temperature water) to remove shfficient energy ment L3-2, reflux cooling was inferred from

from the system. Steady state operation below this temperature measurements made in the steam
pressure without additional energy removal paths generator (see References 6-7 and 6-10). Between
is not possible. Operation at a pressure above'the 500 and 8000 s a negative temperature gradient
lower bound may be accomplished by cycling the developed in the primary system coolant between
PORV open and closed. The upper pressure bound the steam generator inlet and outlet, see Figure 6-7.
to the stealy state operating band is defined by a This negative temperature difference indicated that
balance between the PORV averagh :oolant (steam) a mode 6f cooling, other than natural loop circula-
removal rate and the liPIS coolant injection rate. tion occurred. The other mode was probably reflux

cooling. The negative temperature gradient occurs
Semiscale Tests S-SR-1 and -2 were conducted ir i when condensation takes place in the inlet side of

the Semiscale hiod-2A system to evaluate syec.d the steam generator tubes. The fluid in the steam
behavior during primary system feed and bleed generator outlet increases in quality which causes
operations. The boundary conditions of HPIS the fluid temperature measurement to sense wall
injection rate were scaled from Westinghouse plants radiation neating. This contention is supported by
with either "high head" (injection capacity up to the results of the separate effects tests -116 con-
the safety alve sdpc, int) or the " low head" (pump ducted in the PKL facility in Germany. The PKL
deadheid at tygically 10.3 hlPa) HPIS pumps The test res alts showed that reflux flow occurred when

'

a

PORV dischargi cripacity was scaled close to the Se sysim was voided sufficiently. Those results-

' alue for a commercial PWR, but was slightly strongly suggest that U-tube steam generators of av
larger.! PWR could operate as reflux condensers to remove

shutdown decay heat.. .,

The results of the Semiscale tests indicated that
a.%1ong as steam was bled off through the PORy, 9.2 Station Blackout
the HPIS culd maintain primary sy Aem mventory. . <

Howver, when the steam bubble in the cressurizer +
,

cellapsed, and the pressurizer went solio; the mass Alternating current (ac) electrical power for most
y,

90w through the PORV exceeded th: HPIS PWR safety systems is normally supplied by redun-' '

a capacity. dant offsite sources. Should offsite power sources
* ,j ,
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Figure 6-7. Fluid temperature in steam generator inlet and outlet plenum for LOFT Experiment L3-2.
,

fail, onsite sources (usually redundant diesel 2. After loss of offsite power and failure of
generators) are available to power the safety all diesel generators, a core uncovery can
systems. In the event that these onsite sources also be avoided 'if the steam turbine-driven
fail, most safety functions are lost and the PWR AFW pump or a diesel generator are
enters a station blackout condition. To reach a sta- started within a time specific to the plant.
tion blackout condition requires a loss of offsite

"
power followed by multiple onsite power failures Results from LOFT Experiment L9-4 support the

. (failure to start and load diesel generators). In the
. second conclusion that a core uncovery can be

event of a station blackout, the capability to cool avoided if the turbine-driven feedwater pump
the reactor core would be dependent on the.4

operates during a station blackout.
availability of systems that do not require ac power
supplies and on the ability to restore ac power in
a timely manner. The most important sy:; tem that LOFT Experiment L9-4 was performed to'

does not require ac power and that contributes to simulate an ATWS initiate by a toss of offsite power

core cooling is the turbine-driven :feedwater in a PWR. However, the experiment was a station

pump (s). blackout combined with a failure to scram. The
experiment is described in detailin Reference 6-14.

' Loss of offsite power calculations -12 using the6

RELAP4/ MOD 7 computer code -13 were per- Experiment L9-4 was initiated by tripping the -6

- formed _on three commercial PWRs: Zion-1, a primary coolant pumps and the secondary system
Westinghouse plant; Three Mile Island-Unit 2 . main feedwater pump, and by closing the main
(TMI-2), a Babcock and Wilcox (B&W) plant; and steam control valve. Initial conditions for the LOFT --

Calvert Cliffs 1, a Combustion Engineering (CE) PWR were typical of a commercial PWR. During
plant. Results of the study are presented in the transient, the PORV, and pressurizer spray were
Table 6-2 with the following conclusions: assumed to be inoperative due to loss of offsite f

- power. Only the SRV was operative. Auxiliary feed-
. 1. A loss of offsite power followed by failure water was started 10 s after transient initiation

of all diesel generators and steam turbine- which could simulate startup of the turbine-driven
driven AFW leads to a core uncovery feedwater in commercial PWRs. The moderator

~

f
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Table 6-2. Results of calculations with failures of diesel generators and/or
turbine-driven auxiliary feedwater, primary leakage at technical
specification limit

No Turbine AFW and No Diesel Generators Latest Time Latest Time
at which at which

Time Turbine AFW Diesel Generator
Time Loop Time may be may be
Steam Natural Core Started to Started to,

Generators Circulation Uncovery Avoid Core Avoid Core
UncoverybDry Out Ends Begins Uncoverya

Plant (s) (s) (s) (s) (s)
.

Wes'tinghouse 2940 4740 5800 4240 4840
Zion-1

B&W 712 2270 2715 2115 2355
TMI-2

CE 2900 5635 6200 5200 c

Calvert Cliffs-1

a. Assumes full turbine-driven AFW capability is delivered from one pump (Westinghouse and B&W)
and two pumps (CE).

b. Assumes one diesel generator is started and used to power one motor-driven AFW pump plus ona cen-
trifugal charging pump.

c. Calvert Cliffs plant does not have motor-driven AFW pumps. One of the two turbine-driven AFW
pumps must be started or feed and bleed of the primary system initiated to avoid core uncovery.

reactivity feedback was typical of PWR core end- same time in the prediction as was observed in the
of-life conditions. The experiment was specified to experiment. As was shown by the rapid increase in
end at 1500 s with the insertion of the control rods. the predicted cold leg temperature, however, the

predicted loss of heat sink was much more abrupt
Predictions for the experiment were made using than observed in the experiment. Beyond 700 s,

the RELAPS/ MODI computer code -15 and are both hot and cold leg temperatures were predicted6

reported in Reference 6-16. A preliminary evalua- to remain constant, while the measured data showed
tion of the experiment results plus a comparison a slew cooldown. The primary system energy
between predictions and measured data are balance calculation in the prediction did not predict*

presented in Reference 6-14. this cooldown. A comparison between measured
and predicted intact loop hot leg fluid velocities dur-

A comparison among predicted and measured ing natural circulation is shown in Figure 6-9..

hot and cold leg temperatures is rhown in
Figure 6-8. The rate of the initial hot leg The difference between predicted and measured
temperature increase was predicted very well. The reactor power shown in Figure 6-10 was caused by
cold leg temperature trend was predicted well dur- the differences between calculated and measured
ing the initial 300 s, although there was an offset primary coolant pump behavior which resulted in
in magnitude. The heat sink effectiveness of the lower measured flow during the first 350 s (see
steam generator degraded at approximately the Figure 6-9). The lower flow caused a slightly higher

6-13
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Figure 6-10. Measured and calculated reactor power for LOFT Experiment L9-4.

core coolant temperature, resulting in an increased opening setpoint was predicted very well. The
- negative . moderator temperature reactivity and calculated period of cycling, however, was shorter
subsequent lower power. These differences were than measured. The second period of SRV cycling
anticipated in the experiment prediction sensitivity began and ended earlier in the calculation because
calculations discussed in Reference 6-16. the predicted heat sink degradation was more

The difference between the predicted and measured abrupt than observed in the experiment. The relative -
sm ness e measured Mat sinMgradat, ion

reactor power after 350 s was caused by the abrupt
change in the predicted cold leg temperature. Com- was responsible for both the gradual pressurization

parisons of predicted and measured reactor power to the SRV opening setpoint when the degradation
began, and the gradual depressurization after the

,

response as a function of moderator temperature
during this time showed that the moderator den- last SRV cycle. Later in the transient, both the

predicted pressurizer h,qu,d lesel and pressureisity feedback was predicted accurately. After
stabilized, rather than decreased, due to an apparent1000 s, both the predicted and measured reactor
difference between calculated and actual primarypower stabilized, although at different values.
system energy balance.

Comparisons of the predicted and measured
pressurizer liquid level and pressure are shown in The results of LOFT Experiment L9-4 demon--
Figures 6-11 and 6-12, respectively. Two rapid strated that even after a very severe transient, a sta-3
surges into the pressurizer were predicted and tion blackout followed by a failure to scram, a
measured. The first during the initial heatup follow- single turbine-driven AFW pump could remove ,

ing pump trip, and the second when the heat sink decay heat after the SRV controlled the initial
*

degraded. The initial pressure increase to the SRV pressure surge.

|
;
'

,

5

)

6-15

i= ,

,,,-k - - . -~v ;-,-.. ,- .,..,m . , -,...-r - , , , - . , _ . , - - - , _ , - - -~,--%,-_ , , . - ,-m--,---.-~ ,
- -



_ . . .. - .

2.2 , , ,

O LEPdT-P139-007
O RELAPS/ MOD 1

2 - Uncert = * 0.127 m -

E
v 1.8 - _1 O " - O O -^

.j 1.6 -

n_ TOP 0F MEASUREMENT
-

RANGE 1a
5

- *g 1.4
~

J

1.2 C -

[

' ' '
1

O 400 800 1200 1600

TIME AFTER INITI ATION (s)

Figure 6-11. Measured and calculated liquid level in pressurizer for LOFT Experiment L94.

17.5 , ,

O PE-PC-004
J O RELAP5/ MOD 1

. ' Uncert = * 0.14 MPa
16.5 -

Io
t

,
~

0.

d
$ 15.5 -

1 5;
' (n ()

[]
*

14.5 - -

O "

!

' ' '13.5,

O 400 800 1200 1600

TIME AFTER INITI ATION (s)

Figure 612. Measured and calculated pressure in pressurizer for LOFT Experiment L9-4.

'

6-16

. _ __ . _ _ _ - - . _ - _ - _- .



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

6.3 References

6-1. United States Nuclear Regulatory Commission, Unresolved Safety Issues Summary, NUREG-0606,
Vol. 4, No. 2, August 20, 1982.

6-2. P. G. Prassinos, Quick-Look Report on LOFTNonnuclear Experiment LI-5, QLR-L1-5, h1ay 1978.

6-3. W. H. Grush et al., Experiment Prediction Reportfor LOFTNonnuclear Experiment L1-5, TREE-
,

NUREG-1209, h1 arch 1978.
|

,

6-4. Letter, S. H. Hananer, Director Division of Safety Technology to H. R. Denton, Director Office
of Nuclear Reactor Regulation, " Approval of Revision 1 of Task Action Plan A-45, Shutdown Decay

# Heat Removal Requirements," June 2,1982.

6-5. United States Atomic Energy Commission, Reactor Safety Study, WASH-1400, NUREG 75/012,
October 1975.

6-6. G. E. htcCreery. Quick-Look Report on LOFT Nuclear Experiment L3-7, EGG-LOFT-5192,
June 1980.

6-7. W. H. Grush and G. E. NicCreery, Posttest Analyses ofLoss-of-Coolant Tests L3-2 and L3-7, EGG-
LOFT-5632, October 1981.

!

6-8. 3. P. Adams, Quick-Look Report on LOFT Nuclear Experiment L9-1/L3-3, EGG-LOIT-5430,
* April 1981.

6-9. D. J. Shimeck et al., Analysis of Primary Feed and Bleed Cooling in PWR Systems, EGG-
SEh11-6022, September 1982.

6-10, 3. H. Linebarger, Quick-Look Report on LOFT Nuclear Experiment L3-2, EGG-LOFT-5104,
February 1980.,

6-11. D. Hein and F. Winkler, "A Synopsis of PKL Small-Break Tests," 8th Water Reactor Safety
Research Information Ateeting, Gaithersburg, Afaryland, October 1980.

6-12. C. D. Fletcher, A RevisedSummary ofPWR Loss ofOffsite Power Calculations, EGG-CAAD-5553,
i September 1981.

6-13. G. W. Johnsen et al., RELAP4/Af0D7(Version 2) Users Afanual, CDAP TR-78-036, August 1978.

6-14. A. E. Sanchez-Pope, Quick-Look Report on LOFTNuclear Experiment L9-4, EGG-LOFT-6071,
|

| October 1982.

* 6-15. V. H. Ransom et al., RELAPS/Af0D1 Code Afanual, NUREG/CR-1326, EGG-2070,
November 1980.

6-16. Y. Koizumi and W. H. Grush, Best Estimate Predictionfor LOFTNuclear A TWS Erperiment L9-4,
1

EGG-LOFT-6023, September 1982.

1

,

6-17
.

, . , - -- _-. - - . - - - - - , , . ,n,---.,-- ,--... , -- - - - , - - . . ,,-,,~.,,,n.n.., .. - , .----



7. ISSUES RELATED TO THE THREE MILE ISLAND ACCIDENT

'%11owing the accident at Three hiite Island- The principal results of the LOFT AOC Program
Unit 2 (TA11-2), the USNRC conducted an inten- were:
sive investigation into the causes of the accident that
identified a number of eneric safety issues -I and 1. A computer which generates color cathode7

issued an Action Plan -2 aimed at preventing any ray tube (CRT) displays using LOFT plant
reoccurrence of the TN11-2 accident at other nuclear data has been installed and has been
plants. Results from a number of LOFT experi- operated successfully during nine LOFT*

ments have supplied data which aid in addressing experiments. This work provides experi-
both generic issues and items specific to the NRC ence on which to base judgments in areas
Th!I Action Plan. such as computer reliability, redundancy,

,

architecture, and capability.

7.1 Generic issues 2. Several display concepts have been
developed and used at LOFT. These
include conventional displays such as a

The Th11 Special Inquiry Group (SIG) considered primary coolant system mimic, a safety
a number of generic issues related to the accident parameter display, and an inferred reactor
at Thil. Several of the issues have not been sessel liquid level display. The display
categorized as generic by the NRC because they are development work has provided experience
all of considerable importance to reactor safety. in the use of a powerful new method for
Four of these issues have been addressed in the reactor data display and analysis.
LOFT Program:

3. Several studies have been completed. First,
1. Human-machine interfaces a review of computer hardware which is

highly reliable even in severe environments
2. Interruption of ECCS after a LOCA has been conducted and potential applica-

tions of such hardware identified. Second,
3. Instrumentation to follow the course of an a study of display techniques which might

accident be appropriate to the multidimensional
problem of a safety parameter display was

4. Revised small-break LOCA, methods to conducted. Finally, CRT display design
show compliance with 10 CFR 50, Appen- guidelines and color and symbology stan-
dix K. dardization recommendations have been

published.
A brief discussion of each of these issues is
presented in the following subsections. The significance to the NRC of the LOFT AOC

Program results lies in two areas. First, the AOC
7.1.1 Human-Machine Interfaces. Investigations Program experience confirms that computer-based
following the accident at Th11 indicated that, under diagnostic graphics have the potential of improv-
emergency conditions, the operators were unable to ing the operational safety of nuclear power plants.
assimilate the amount of data they were suddenly Second, AOC experience can help ensure that

'

receiving. This posed the problem of how to get regulatory actions are well targeted in the area of
better information to an operator without over- improved reactor data presentation in the control
whelming him in the process. room and emergency response facilities.

.

As part of the LOFT Augmented Operator Table 7-1 and the accompanying Figures 7-1*

Capability (AOC) Program, a basic computer- and 7-2 describe the diagnostic graphics developed
driven graphics display system was installed for trial for LOFT Experiment L3-6/L8-1,/-3,7-4and used
use during LOFT experiments. Evaluations based in subsequent experiments.
on the experience at LOFT affirmed the potential
benefits of computer-based graphics displays for 7.1.2 Interruption by ECCS After a LOCA. This
commercial power reactor applications. issue arises in conjunction with the generic issue,

7-1



Table 7-1. Diagnostic graphics available for LOFT Experiment L3-6/L8-1

Diagnostic
Graphic Recommendations

Display Type Graphic Description for Application

Saturation A bar chart (Figure 7-1) which horizontally shows the devia. The use of structural
temperature tion from saturation of the temperature of thermocouples thermocouples in the
deviation distributed axially through the center module and upper upper half of this -

display plenum. This display provides operators and engineers with diagnostic graphic is
the reactor vessel level information derived from the trend of applicable whenever
thermocouple readings as referenced to the saturation thermocouples within
temperature of the primary coolant. the reactor vessel are

*

available.

PCS display A mimic diagram (Figure 7-2e) of the primary coolant system
(PCS) showing its major components. PCS parameters are
displayed digitally at appropriate locations on the diagram.

SCS display A mimic diagram of the secondary coolant system (SCS) Basic graphics that
showing its major components. SCS parameters are displayed should be available
digitally at appropriate locations on the diagram. in the technical sup-

port center (TSC).

ECCS A mimic diagram of the emergency core cooling system
display (ECCS) showing its major components. ECCS parameters are I

displayed digitally at appropriate locations on the display. )
CORTEMP A display of the fuel cladding temperature at all the ther-
display mocouple locations on the selected fuel rod. A joystick is

used to select the desired fuel rod. The temperatures are
displayed as a horizontal cladding temperature bar versus These graphics sup-
thermocouple elevation. port safe conduct of

LOCA experiments
CLADTEMP CLADTEMP is composed of two diagrams on one display: a at LOFT and are not
display column chart showing the radial temperature profile of core applicable to com-

outlet temperatures just above the core, and a bar chart mercial reactors.
showing the axial fuel cladding temperature distribution in
the center fuel module. The temperature range automatically
changes when temperatures reach the upper temperature scale
limit.

T-PW An operating map (Figure 7-2c) which shows the technical
-

display specification limits of primary system temperature cased on Directly applicable to
reactor power. The current operating point is displayed. The the TSC and as sup-
trend of the operating point is displayed as a " track" of plements to the
previous operating points. minimum re- -

quirements of
F-PW An operating map (Figure 7-2d) which shows the technical NUREG-0696 for the
display specification limits of primary system flow rate based on Safety Parameter

reactor power. The current operating point and trend are Display System.
displayed as in the T-PW display.

7-2



Table 7-1. (continued)

Diagnostic
Graphic Recommendations

Display Type Graphic Description for Application

P-T display An operating map (Figure 7-2f) showing the current
operating point and trend of temperature plotted versus
presure. The map shows the normal operating region, satura- -

.

tion line, and steam region and provides the operator with a
real-time presentation of the approach to saturation during a
LOCA.

.

~

MPT display A real-time active operating map (Figure 7-2g) showing the
pressure-temperature relationships which must be maintained
during plant heatup and pressurization to protect the nuclear Directly applicable to
steam suppl system (NSSS) from over-pressurization and the the TSC and as sup-j

primary coolant pumps from cavitation. Current operating (plements to the
point and trend are displayed. f minimum re-

quirements of
HU display A plot of primary coolant system temperature versus time NUREG-0696 for the

provi' cg a plot of current value and trend of temperature Safety Parameter
change to technical specification cooldown rate limits. Display System.

HISTORY A parameter-versus-time plot (trend display) (Figure 7-2b)
display which provides the capability of simultaneously plotting up to

7 parameters against time. The operator chooses the
parameter to be plotted and the parameter scale to be used
with a default time scale of 30 minutes.

System An active functional diagram (Figure 7-2h) of the ECCS pro- A diagnosite graph
coolant viding information to the operator relative to flows, location, useful to both the
inventory and reservoir of decay-heat-removal cooling water following a Main Control Room
(SCI) LOCA. (MCR) and TSC

crews.

Safety A deviation bar chart (Figure 7-2a) of the LOFT safety An example of infor-
parameter parameter set which provides the reactor operator with an in- mation required by
display dication of the state-of-the-plant heat transfer cycles. The NUREG-%96 -3 for7

(SPD) variables are compared in real-time to their expected value SPDs
normalized to reactor power and provide the reactor operator
with rapid indication of degrading plant conditions.

.

Liquid level A deviation bar chart showing the output of the conductivity A reactor vessel
transducer liquid level probes which detect, by changes in conductivity, water level display
(LLT) the presence of water at various levels in the reactor core graphic, applicable*

display region and upper plenum. This display complements the in- where point detectors
formation presented by the SPD display. are used, e.g., heated

thermocouples.
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Table 7-1. (continued)

Diagnostic
Graphic Recommendations

Display Type Graphic Description for Application

Shutdown A mimic display of the reactor vessel with vital temperature, A diagnostic graph

safety pressure, and flow information provided for the operator. useful to both main

parameter Te aperature indication become red if they exceed the satura- control room and ,

(SSP) display tion temperature for the existing plant pressure. The (MCR) TSC crews.
temperature displayed reflect heat removal by an ECCS injec-
tion as appropriate.

.

A feature exists, referred to a: ENG display, which provides
the capability to recall data and play back stored data on any
of the various displayes. This is used to enhance the
operator's capability to analyze the information on different
displays by enabling replay of the data and observance on the
desired displays.

" Loss of Offsite Power Subsequent to Manual system auxiliary feedwater pumps were tripped to
Safety injection Reset Following a LOCA," (from allow the primary and secondary systems to
Reft ence 7-5). The issue is also discussed in the equilibrate. Next the steam generator was
TMI Report to the Commissioners,7-I because the reestablished as a heat sink (secondary feed and
consequences are potentially similar to the TMI-2 bleed) to evaluate the use of steam generator feed
accident in that a core uncovery could occur with and bleed as a plant recovery technique.
TMI-2 consequences.

A comparison of pressures in the primary and
The consequences of an interruption of ECCS secondary systems for Experiment L3-5/L3-5A is

following a LOCA will depend upon the size of the shown in Figure 7-3. As soon as the break was
break, when the interruption of ECCS occurs, how isolated, and the HPIS shut off, the primary system

long it lasts, what systems are available (opera- quickly heated up and repressurized until the
tionally) to arrest the progress of the accident, and primary system pressure equalled the secondary
what operator actions are taken. system pressure. Decay heat then heated and

pressurized both systems until secendary system
The issue has not been directly addressed in the feed and bleed was started.

LOFT Program; however, during LOFT Experi-
ments L3-5/L3-5A and L2-5, the ECCS was inter- If secondary system feed and bleed had not been

rupted and the results provided data to assess system used to recover the plant, both systems would have

response following an interruption of ECCS gradually repressurized. First the steam generators

injection. would have boiled dry, then the primary system .

would have heated up and repressurized to the
During small-break LOCE L3-5/L3-5A,7-6 the PORV or SRV open setpoint, and eventually the

break was isolated at 2309 s and the HPIS injec- primary system coolant would have boiled off and ,

tion was interrupted from 231I s until 5880 s. The uncovered the core,

reactor vessel liquid level experienced two
minimums: the first during L3-5 at 2125 s, when in summary, results from Experiment L3-5/
the liquid level was 0.6 i 0.4 m above the core and L3-5A showed that:
the second during L3-SA at $880 s, when the liquid
dropped to 0.31 10.15 m above the core. After 1. If the ECCS is interrupted relatively late
the ECCS was turned off, the secondary coolant in a transient, the system will heat up

7-4
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Figure 7-3. Pressure in primary system intact loop and steam generator for LOFT Experiment L3-5/L3-5A.

relatively slowly which will allow the in the core. The core uncovery became apparent
operator time to take action. when the cladding TCs indicated the core heatup

(see Figure 8-18).
2. Other systems (such as the stream

generator) can be used to arrest the prog. Experiment L2-5 demonstrated that if the ECCS
ress of a transient or at least delay the con- is interrupted early in a large-break LOCA, a core
sequences until ECCS injection can be uncovery can occur very rapidly, and ECCS flow
restarted. must be reinitiated quickly to prevent core damage.

The seccnd LOFT ex 7.1.3 Instrumentation to Follow the Course ofwas Experiment L2-5,7 periment with delayed ECC7 which simulated a double- an Accident.Theissue of needing instrumentation
ended 200% cold leg break with a simultaneous loss to follow the course of an accident was identified
of site power and failure, by shearing, of a main by the Technical Steering Activities Committee as
coolant pump shaft in a commercial PWR. The Generic Task A-34, " Instrumentation for Monitor-
initial core reflood and quench filled the vessel to ing Radiation and Process Variables During Acci-
the nozzle elevation, the ECCS was interrupted dents," and resolved with the publication of
(LPIS injection was terminated at 107 s and HPIS Regulatory Guide 1.97.7-8 The purpos uch

'

was terminated at 144 s when the operators deter- instrumentation is to ensure that app.opriate
*

mined that the core was quenched and cooled), and parameters are monitored during an accident so that
the liquid in the core boiled-off rapidly and operators will have sufficient information available
uncovered the entire core. HPIS was reinitiated at to mitigate its consequences.
274 s, and LPIS was reinitiated at 347 s to prevent*

the core from heating up excessively. Cladding The LOFT instrumentation in the primary
temperatures at three core elevations are shown in coolant loops, reactor vessel, and steam generator
Figure 7-4. The figure shows how quickly the core were examined in light of Regulatory Guide 1.97
was uncovered. The core uncovery that occurred to determine the degree to which LOFT complies
after termination of ECCS injection was not with current regulations, and where LOFT results
detected at the time it occurred by the upper plenum indicate that additional instrumentation would be

. TCs which were being used to monitor liquid level helpful in following the course of an accident.

7-7
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Figure 7-4. Fuel cladding temperature at three elevations in the core during second core heatup for LOFT Experi-
ment L2-5.

LOFT's process instruments are representative of process instrument, there was a wide-range process
commercial PWR instruments. The process instru- instrument in the same location that sufficiently
ments in the LOFT primary and secondary coolant covered off-normal conditicns. The evaluation is
systems meet or exceed the requirements established discussed, by measurement types, as follows.
by Regulatory Guide 1.97 (see Table 7-2), with the
following exceptions: Regulatory Guide 1.97 7.1.3.1 Temperature Measurements in loop Piping.
requires slightly greater ranges for core exit, hot leg, Process and experimental temperature sensors in the
and cold leg temperatures. hot and cold legs were compared. The (process)

resistance thermometer detectors (RTDs) in the
Instrument comparisons were made using data thermal wells responded slower than nearby (exper-

from small breaks, large breaks, and anticipated imental) thermocouples. In response to sharp
transients. Specifically, data were examined from temperature change, the delay times for the RTDs
the following experiments: with respect to the thermocouples were:

1. Small breaks simulating I- and 4-in. 1. No more than 5 s in the hot leg for either
diameter breaks in commercial PWRs, large breaks, small breaks, or anticipated
including two experiments that addressed transients
the pumps on/off issue

*

2. Approximately 5 s and no more than 10 s
2. Large (200% double-ended) cold leg breaks in the cold leg for large breaks

'

3. Loss-of-steam load, loss of reactor coolant 3. No more than 5 s in the cold leg for *

system flow, excessive load increase, and anticipated transients.
loss-of-feedwater incidents.

During an accident, rapid temperature changes can
For all the LOFT experiments analyzed, both occur. Typically, the RTDs tagged the thermo-

process and experimental instruments have ade- couples. The advantage of the faster response time
quate ranges to cover the extreme conditions that of a thermocouple in direct contact with the fluid
occurred at their locations. For every narrow-range is outweighed by the disadvantage of the potential

7-8
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Table 7-2- Range comparison of LOFT experimental and process instruments with
corresponding instruments required by Regulatory Guide 1.97

Location
and LOFT Experimental LOFT Process Regulatory

Measurement Guide 1.97
Type Measurement Range Measurement Range Range Comments

Primary Reactor Coolant Loop

Temperature*

flot leg TE-PC-2A 300 - 2300*F TT-P139-28-1 50 - 650*F 50 - 750*F -

TE-PC-28 300 - 2300*F TT-P139-32-1 50 - 650*F
TE-PC-2C 300 - 2300* F TT-Pl39-33-1 50 - 650*F,

TT-Pl39-341 50 - 650*F
TE-P139-32 500 - 650*F
TE-P139-33 500 - 650* F
TE-Pl39-34 500 - 650*F

Steam TE-SG-1 300 - 2300*F None - None -

generator
inlet

Steam TE-SG-2 300 - 2300*F None - None -

generator T E-PC-3BI 300 - 2300*F
outlet TE-PC-3 B2 300 - 2300*F

TE-PC-3B3 300 - 2300*F

Cold leg TE-PC-I A 300 - 2300*F TT P139-28-2 500 - 650*F 50 750*F -

down- TE-PC-1 B 300 - 2300*F TT-P139-29 50 - 650*F
stream of TE-PC-IC 300 - 2300*F
pump TE-PC-4 32 - 2300*F

TE-PC-5 32 - 2300*F
TE-PC-6 32 - 2300*F
TE-PC-7 32 - 2300*F
TE-PC-8 32 - 2100*F
TE-PC-9 32 - 2300*F
TE-PC-10 32 - 2300*F
TE-PC Il 32 - 2300*F

Pressure

flot leg PE PC 2 0 - 3000 psig PT P139-2 0 - 3000 psig 0 - 3000 psig No location
PT-Pl39-3 0 - 3000 psig (0 - 4000 psig is specified
PT P139-4 0 - 3000 psig for CE for coolant

plants) pressure in
Regulatory
Guide 1.97

Pressurt er PE-PC-4 0 3000 psig PT-P139-5 1500 2500 psig - -i

'

Steam PE-PC-5 0 - 2500 psig - - - -

generator PE-PC-6 0 - 2500 psig
outlet

*

Cold leg PE-PC 1 0 - 3000 psig - - - -

6Mass now (Refer to - IT-P139-27-1 0 - 5 x 10 lbm/hr None IPET's
6rate momentum IT-Pl39-27-2 0 - 5 x 10 lbm/hr ranges are
6nut and IT-Pl39-27-3 0 - 5 x 10 lbm/hr equivalent to

velocity) 0 - 130 %
design flow.

7-9
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Table 7-2. (continued)

Location
and LOFT Experimental LOFT Process Regulatory

Measurement Guide 1.97
Type Measurement Range Measurement Range Range Comments

Prirnary Reactor Coolant Loop (continued)

Momentum flux ,

2110t leg ME-PC-2A 0.8 - 14 Klbm/ft-s None - None -

2ME-PC-2B 0.8 - 14 kbim/ft-s
2ME-PC-2C 0.8 - 14 kibm/ft-s

.

Cold leg ME-PC-! A 2 - 50 Libm/ft-s2 - - - -

2M E-PC-I B 2 50 kibm/ft-s
2ME-PC-IC 2 - 50 klbm/ft-s

Velocity For LOFT
large-break

llot leg FE-PC-2A 1.5 - 30 ft/s - - - experiments,

FE-PC-2B 1.5 - 30 ft/s the iratru-
FE-PC-2C !.5 - 30 ft/s ment range

was 2 - 50
ft/s.

Cold leg FE-PC-l A 2 - 50 ft/s - - - Instruments
FE-PC lu 2 - 50 ft/s were used for
FE-PC-IC 2 - 50 ft/s LOIT large-

break ex-
periments
only.

Density

3 None - None -llot leg DE-PC-2A 0.5 - 62.4 lbm/ft
DE-PC-2B 0.5 - 62.4 lbm/ft3
DE-PC-2C 0.5 - 62.4 lbm/ft3

Steam DE-PC-3A 0.5 - 62.4 lbm/ft3 - - - -

generator DE-PC-3B 0.5 - 62.4 lbm/ft3
outlet DE-PC-3C 0.5 - 62.4 lbm/ft3

Cold leg DE-PC-1 A 0.5 - 62.4 lbm/ft3 - - - -

DE-PC-1B 0.5 - 62.4 lbm/ft3
DE-PC-IC 0.5 - 62.4 lbm/ft3

Subcooling SC-5UP 102 200"F subcooling to None - 200'F sub- Continuous
35'F superheat (core cooling to display (hot

exit) 35'F leg subcool-
superheat ing is *

available
following an
experiment

*
using LOFT's
cxperimental

data).

Pump parameters

Pump R PE-PC-1 0 - 4500 rpm - - - -

speed RPE-PC-2 0 - 4500 rpm

7-10
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Tatde 7-2. '(continued)

location
.and LOFT Experimental LOFT Process Regulatory

Measurement Guide 1.97
Type Measurement Range Measurement Range Range Comments

Primary Reactor Cooient loop (contmuod)

Pump parameters (continued)
,.

Pump - .- PCP-I-F 0 - 75 f fz - -

frequency PCP-2-F 0 - 75 IIz

Pump- - - PCP-I-IRMS 0 - 1000 A
'

No range was-*.
current PCP-2-1RMS 0 - 1000 A specified in

PCP-l-IAC 0 - 1000 A Regulatory
PCP-2-I AC 0 - 1000 A Guide 1.97.

Pump - - PCP-t-P O - 1000 kW ~ -

power PCP-2-P 0 - 1000 kW

Pump - - PCP-I-VRMS 0-600 V - -

voltage PCP-2-VRMS 0 - 600 V
PCP-1-VAC 0 - 600 V
PCP-2-VAC 0 - 600 V

Pump PdE-PC-I i100 psid None - None -

head

Reactor Vessel

Temperature

Core exit 300 - 2300*F - None - 200 - 2300*F There are
(200 1650*F 43 LOFT ex-
for operating perimental
plants) measurement

transducers.

Core inlet - 100 - 1300*F - - - 17 thermo-
couples.

Down- - 0 - 2300* F - - .- 28 thermo-
comer couples.

Cladding 300 - 2300'F - - - 175 thermo.-

300 2800'F couples.
10 thermo-
couples.

Guide tube - 300 - 2300*F - - - 11 thermo..

couples.

Pressure

"
Core exit PE-lUP-I A - 0 - 3000 psig Nonc - None -

'

PE lUP-l Al 0- 3000 psig

Down- PEISTIA 0 3000 psig - - - -

comer PEISTIB 0 200 psig
PE-IST-3A 0 - 3000 psig
PE IST 3B 0 200 psig
PE 2ST I A 0 - 3000 psig
PE-2ST lu 0 - 200 psig

7-11
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Tatdo 72. -(continued)

location
and LOFT Experimental LOFT Process Regulatory

' Measurement - Guide 1.97
Type Measurement - Range Measurement Range Range Comments

Hoector Vessel (continuedi

Momentum flux
.

Core exit M E-lU P 1 0.2 - 3.5 klbm/ft-s2 None - None -

M E-3U P-1 - 0.2 - 3.5 kibm/ft-s2
ME-5UP-1 0.2 - 3.5 Libm/ft-s2

"

Down- ME-IST-1 0.2 - 3.5 kibm/ft-s2 _ _ _ _

- comer ME-2ST 1 0.2 - 3.5 kibm/ft-s2

Velocity

Core exit FE-5UP-1 1.5 30 ft/s None - None -

Liquid LE-IST 8 in, above reactor - - Bottom of in LOFT, the
level vessel bottom to core to top upper

85 in above the top of vessel measurement
of the core. is at the reac-

tor vessel in-
let noules.

LE-IF10 Bottom to top of - - - In LOFT. the
LE-3F10 core measurement

LE-5 Ell is ! in, above
core bottom
to 13 in.
above core
top.

LE-3UP 36 in. to 92 in. - - - -

above the top of
the core.

Steam Generecer Secondary

Temperature TE-SG-3 0 - 600*F None - None -*

Pressure PE-SGS-1 atm to 1000 psia PT-P4-10A 0 1200 psig atm to 20% -

above the
lowest safety
valve setting

a

for leakage introduced by using an intrusive instru. ments, during subcooled blowdown, a maximum
- ment. Therefore, no recommendation is made to pressure difference between the hot and cold legs
exchange the current thermal well temperature meas- of si MPa was observed for 0.2 s and, (b)in the

~

urements for intrusive temperature measurements. small-break experiment that simulated a stuck open
pressurizer PORV, pressurizer pressure dropped

7.1.22 Pressm Afeesumments. For most experi. below primary coolant system pressure for s40 s
ments examined, all pressure transducers in the while fluid flowed into the pressurizer. In both
primary coolant system, regardless of location, read cases, the pressure deviations were small and of
within the uncertainty band of any one transducer short duration and thus, had no bearing on operator
with two exceptions: (a) in the large-break experi- actions. Because pressures throughout the system

,

7 12
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were almost identical, no additional pressure measurements are impossible with current
measurements are needed. technology. The drag disks and turbine meters used

in LOFT have short lifetimes in the primary coolant
7.f.23 uguidteve/Measurementsin steam Generator system even during normal operating conditions.

and Pressur/rer. LOFT used differential pressure
transducers to measure liquid level in the steam 7.f.25 oegraded core cooling Measurements. Dur-
generator and the pressurizer. Transducers with ing LOFT transients, the first indication that
internal legs and transducers with external legs were degraded core cooling was imminent was supplied
used. Difficulties was encountered with each type. by the primary coolant loop instruments. The most

* During transients, pressure and temperature con- direct indication of loop coolant voiding was the
tinuously changed. Thus, density in the active leg decrease in density recorded by the densitometers
changed. This made the level readings inaccurate. in the hot and cold legs. When the primary coolant
With extreme temperature and pressure changes, the pumps were operating, the differential pressure

,

liquid in the reference leg reached saturation and across the pumps also provided an indication of
flashed, which caused the liquid level in the liquid inventory because pump differential pressure
reference leg to change. This produced gross errors degraded as the system voided as shown in
in the magnitude of the leve! reading. However, the Figure 7-5, w hich shows differential pressure across
time that abrupt changes occur and the direction the pump and cold leg density for LOFT Experi-
of the changes could be obtained from the level ment L3-6, a transient in which the pumps were
readings, operating. In transients in which the primary

coolant pumps were not operating, the LOFT reac-
No additional instruments are recommended; tor s essel liquid level measurements (consisting of

however, for differential pressure liquid levels cur- conductivity probes) indicated liquid level within the
rently installed, density compensation is recom- vessel. However, conductivity probes can give false
mended along with some means of preventing the readings when the pumps are running. During
liquid in the legs from flashing. LOFT Experiment L3-6, a two-phase mixture,

rather than definable liquid level, existed in the reac-
7.1.24 Flow Measurements. The process flow tor vessel. LOFT reactor vessel liquid level

measurements are only valid during single-phase measurements indicated that the vessel was full of
liquid How and are not capable of indicating flow liquid when in actuality, as soon as the pumps were
direction. Experimental flow instruments in LOFT turned off, the liquid level collapsed to below the
provide additional information during two-phase bottom of the core. During Experiment L3-6,
flow and single-phase steam How, and can indicate primary coolant loop density measurements pro-
flow direction. The principal flow measuring instru- vided a more consistent measure of system mass
ments in LOFT consist of drag disks or screens depletion than the reactor vessel liquid level
(measuring momentum flux) and turbine transducers measurements.
(measuring velocity).

Also, during Experiment L3-6, once the loops
An important type of flow that LOFT experimen- were totally voided, both process and experimen-

tal flow measurements did not consistently measure tal temperature sensors in the loops experienced hot
was natural circulation. The difference in temper- wall effects. That is, thermal radiation from the hot

ature measurements across the core and/or steam pipe walls caused the thermocouples to falsely
generator indicated natural circulation as long as register superheat conditions. As the liquid level
the system fluid remained subcooled. However, dropped into the reactor vessel, the upper plenum

,

once saturation pressure was reached in the system, thermocouples and the core exit thermocouples,
neither of the temperature differences adequately respectively, began to experience hot wall effects.
indicated natural circulation conditions. Therefore, When the liquid level dropped into the core, the best

*

there could be extended periods of time during cer- indication of degraded core cooling was the
tain accidents when the operator has no knowledge dramatic temperature rise sensed by the fuel clad-
of the presence or absence of natural circulation ding thermocouples. The guide tube thermocouples
flow if only temperature difference methods are also sensed a temperature increase, but experienced

relied upon. time delays and diminished magnitudes when com-
pared to the cladding thermocouples. The subcooled

Commercial PWR operators need to know flow meter and the hot leg, cold leg, and core exit ther-
data during transient conditions; however, these mocouples, because they are farther from the core

7-13
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Figure 7-5. Fluid density in intact loop cold leg and differential pressure across the primary coolant pumps for LOFT
Experiment L3-6.

than the guide tube and cladding thermocouples, 2. Installation of density measurement instru-
did not immediately sense the temperature excur- mentation (10 to 1000 kg/m3) in each of
sion in the core. Figure 7-6 shows cladding, guide the primary coolant loops to indicate sys-
tube, and hot leg temperature behavior during tem void and warn operators of degraded
degraded core cooling and subsequent core quench. core cooling.

The process instruments (subcooled meter, hot 3. Provision for density compensation for
leg, cold leg, and core exit thermocouples) did not vessel differential pressure liquid level
provide sufficient information on degraded core measurements to account for temperature
cooling. Therefore, cladding or guide tube temper- and pressure variations, and provide a
ature measurements are recommended for this pur- method of dealing with flashing to ensure
pose. Cladding temperatures would provide the best proper level readings during transients.
data, but installation problems may dictate the use
of guide tube thermocouples instead. Measurement 7.1.4 Revised Small Break LOCA Methods to
of fluid density in both the hot and cold legs is also Show Compliance with 10 CFR 50, Appendix K.
recommended to provide a measure of voiding. This issue is addressed in detail in Section 5.2.3.

,

Based on this analysis, the following potential 7.2 TMl Action Plan
improvements were identified: Requirements

.

1. Installation of cladding temperature sen- Two items in the final recommendations of the
sors (300 to 2800*F), or as an alternative NRCTMI Action Plan -2 relate to experiments that7

temperature sensors mounted in guide have been conducted in the LOFT facility. The two
tubes (300 to 2300'F) to alert operators of items are closely related and are discussed together:
core heatup in the event of core uncovery.
Temperature sensors should have response 1. Instrumentation to verify natural

times of 75 ms or shorter. circulation

7-14
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Figure 7-6. Temperature in intact loop hot leg, Fuel Rod SL8 guide tube, and Fuel Rod $JA cladding during degraded
core cooling and subsequent core quench for LOFT Experiment L3-6/L8-1,

2. Experimental verification of two-phase module and in the intact loop hot leg are shown in
natural circulation. Figure 7-9.

LOFT uses four measurements to detect single. Single-phase natural circulation is easily detected

phasc or two-phase natural circulation: differential by differential temperature across the core and

temperature across the core, differential tempera- steam generator.

ture across the steam generator, flowmeter (turbine)
Two-phase natural circulation cannot be detectedoutput from above the core, and flowmeter (tur.

bine and PNA) output from the primary loop by differential temperatures because the system was
saturated and no temperature difference was indi-

piping, cated across the com and steam generator. When
the primary system was saturated, the fluid

LOFT Experiment L3-7 simulated the break of velocities in the primary system were higher than
a small(1 in diameter) pipe attached to a cold leg when it was subcooled. Fluid velocities in the intact
of a commercial PWR. During the experiment, loop hot leg were detected with PNA, and above
single-phase and two-phase natural circulation the center fuel module by a turbine meter.
transferred heat from the primary system to the
steam generator. Experiment L3-7 provided good During single-phase natural circulation, fluid*

experimental data to identify single-phase and two- velocities are generally low and require techniques
phase natural circulation as discussed in the follow- such as PNA, or sensitive turbine meters. Two-
ing paragraphs. phase natural circulation, however, can only be*

detected by fluid velocity. During two-phase natural

Fluid temperatures in the upper plenum, lower circulation, fluid velocities are higher than during

plenum, and corresponding saturation temperature single-phase natural circulation, and turbines and
are compared in Figure 7 7. Fluid temperatures in PNA both work well. PNA, however, only works
the steam generator primary inlet, outlet, and cor- with the liquid fraction of the two-phase flow, if
responding saturation temperature are compared in the void fraction becomes too high, the technique

Figure 7-8. Fluid velocities atave the center fuel cannot be used.
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'8. SAFETY TECHNOLOGY

)

Safety technology encompasses design features, used in the unpressurized assemblics in LOIT was
instrumentation, and devices of an innovative manufactured during June and July of 1972. Archive,

i nature that enhances or improves the safety of a UO2 samples were resintered for 14 and 24 h at
nuclear reactor. The LOIT Program has made 1973 K in order to ascertain the extent of densifica-
important contributions to safety technology in the tion with the old fuel. The average densification is

j following: 3.5% and results in a one sided upper tolerance limit
of 4.2%. According to the NRC classification.

I. Fuel prepressurization guidelines, the LOIT fuel is unstable,
i

2. Liquid level detectors The LOIT core utilization since 1977 has |
*

included three fuel cyc!cs discussed in Table 8 I.
3. Thermocouples (fuel cladding and core The LOIT fuel -3 has been exposed to the test8

exit) sequence summarized in the following paragraphs, i

4. Reactor coolant pump current monitoring. The unpressurized Al center fuel module was
used for the initial nuclear experiments and was

8.1 Fuel Propressurization rep! ced after exposure to three large-break LOCEs,
accumulation of 987 hl%d/h1TU peak fuel
burnup, and before a full power (52 kW/m peak) ;

Fuel rod pressurization was initially instituted to preconditioning status had been achieved. Poolside |
prevent fuel rod cladding flattening and intrusion examination of the center fuel bundle determined |

Into pellet stack discontinuities (gaps) caused by that it had sustained no fuel damage and was
'

densifying fuel pellets. Subsequent improvements reusable even though some of the cladding had
in the manufacture of fuel pellets eliminated the exceeded the temperature threshold for
densification problems, but pressurization was con. recrystallization during LOCE L2 3.8-4
tinued for the purpose of minimizing pellet-cladding
interaction (PCI). The A2 center fuel module was replaced after

exposure to two intermediate break LOCEs, six
Experience on the LOFT Program 1 and data smad break LOCEs, and five operational-transient8

from the Zorita Research and Development experiments, one of which (turbine load increase)
Program -2 oth indicate that unpressurized fuel caused a rapid power increase from 39 to 45 kW/m8 b
may perform as well as prepressurized fuel if the in 10 s at the peak power zone. During this time j
fuel rods are designed and manufactured properly, there was an accumulation of 2222 htWd/AITU
in addition, fuel rod burst / coolant-channel- peak fuel burnup and achievement of a full-power
blockage research indicates Ihat unpressurized fuel preconditioned status. The rapid power increase was
balloons less under severe LOCA conditions, thus sustained after achievement of the full power
improsing core coolability and plant recovery. The preconditioned status. The final experiment for this
following is a summary of the LOIT, Zorita, and fuel module caused some of the cladding to exceed
fuel rod burst / coolant channel. blockage research the recrystallization temperature, it is known that
results, no fuel rods are leaking, but further information

is unavailable since no poolside examination was
*

8.1.1 LOFT Results. Fuel rods with atmospherie pre. performed. The fuct module was replaced to
pressurization have been successfully used in the improve the core measurement capabilities and is '

LOFT reactor to study PWR behavior over a wide judged to be in a reusable condition.
range of accident conditions including LOCAs, anti-*

cipated tramients, and ATWS. To date, LOIT has The F1 center fuel module has prepressurized fuel
accumulated a peak fuel burnup of 3300 htWd/AlTU and has been exposed to one large break LOCE,

;

and 27 simulated accidents which have resulted in nine Ihree small break LOCEs, and four operational i

core uncoveries and three occurrences of fast power transients of which two (control rod withdrawals)
ramping of the fuel. During this time, the LOIT fuel caused rapid power increases (47 to $3 kW/m in 7 s
has never experienced a fuel rod break or rupture esen and 47 to $6 kW/m in $8 s at the core peak power
with the adverse effects of densifying fuel. The fuel tone). It hat accumulated 765 htWd/AITU peak

81
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Table 8-1. LOFT fuel utilization

Fuel Modules

'Cycle Peripherals (8) Center Fuel Loading Data

1 Core I Ala September 1977
2 Core I A2a July 1979
3 Core 1 Flb

*

January 1982

a. Nominal fuel density of 92.5%, all fuel rods prepressurized to atmospheric pressure. ,

,

b. Nominal fuel density of 92.5%, fuelin two rods stabilized with pore formers, and fuct rods prepressurized
to 2.41 MPa with outside row at atmospheric pressure.

.

fuel burnup and achieved a full-power precondi- (38.5 versus 35.0)of the pressurized fuel rods failed
tioned status. The rapid power increases were sus. by PCI.
tained before a full. power preconditioned status
had been achieved, with some of the cladding in a The Zorita Program did not include the follow-
recrystallized condition and with analysis indicating ing features used to counteract PCI effects:
that up to 4% swelling of the hottest fuel rod's clad-
ding may have occurred in LOCE L2-5. 1. Shorter-chamfered-end fuel pellets

The peripheral fuel modules have been exposed 2. Controlled fuel pellet temperature to
to all of Ihe experiments since September 1977 and minimize gaseous fission product release
have accumulated 3317 mwd /MT U peak fuel rod from the fuel pellets,
burnup. Some of the cladding has exceeded recry-
stallization temperatures during the experiments. The conclusions from the Zorita Program relative
The fuel rods have been maintained in a full power to fuel prepressurization are that cladding creep-
preconditioned status since February 1980. Visual down is less for pressurized rods than for identical
inspections (July 1979 and January 1982) of the unpressurized rods at all burnup levels. PCI is less
peripheral fuel module surfaces exposed by removal for the pressurized fuel rod design; however,
of the center fuel module have shown conditions prepressurization above atmospheric pressure had
which are judged to be normal for PWR fuel rods no significant effect on rod growth, fission gas
in service. The peak. power zone of the peripheral release, or PCI-related cladding defects,
fuel is s83% (43.3 kW/m at full power) of the
center fuel bundle peak power zone. 8.1.3 Fuel Rod Burst / Coolant Channel-Blockage

Research Results. United Kingdom researchers ,

8.1.2 Zorita Results. The Zorita Research and reported -5 development of severe coplanar axially-8

Development Program -4 provided information on extended flow channel obstructions under8

the performance of Zircaloy-4 clad UO fuel rods, postulated worst case (isothermal) LOCA condi.2 *

similar to the LOFT fuei rods,in up to five reactor tions which were much greater than would be
cycles to average fuel rod burnups up to predicted by the United States licensing models.8-6

58 200 mwd /MTU. Over 160 fuel tods were tested Further experimental work 7 using increasingly8

with a principal design variable being the internal larger (up to 4 by 4) bundles of fuel rods has shown

pressurization (helium and air at atmospheric r trend of increasingly larger flow blockage also
pressure or helium at 3.45 MPa). Iloth fuel rod greater than would be predicted by the licensing
types performed satisfactorily to high burnup except models for fuel rod swelling and flow channel
during a power transient when a higher percentage blockage. In addition, LOCA testing in LOFT,

.
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which approached the temperatures needed for fuel sensitivity electrodes; and a common ground plane
rod swelling, has shown a trend for uniform (refer to Figure 8-2). For each transducer, the elec-

8temperatures in large regions of the fuel modules -8 trodes are spaced equally over the expected water
w hich is a condition needed to develop large axially- level. The presence or absence of liquid is deter-
extended fuel rod deformations and flow channel mined by the voltage across the media between an
blockages. electrode and the ground plane. The impedance

between the electrode and the ground plane varies
The fuel rod swelling that will precede fuel rod from 0.25 to 1.5 kQ with a boric acid, lithium

; burst also will expand the envelope of the fuel hydroxide, water mixture, and is >5 kQ in steam.
assembly so that fuel assemblies will be wedgedo

together, significantly increasing the time (a) to The design of each transducer differs, depending
remove the damaged fuel, and (b) of no revenue on where the transducer is located. The differences -
production from the power generating facility. in design are in the spacing of the electrodes, the

'*
types of ports (either slotted or circular), and the-

The above potential for aggravating the conse- presence of and/or type of splash shielding.
quences of a LOCA by constricting the coolant '

channels and - mechanically wedging the fuel Splash shields are installed on the transducers,
assemblies together is judged to remain an area of in locations where there is a large amount of tur-
uncertainty requiring additional confirmatory bulent liquid such as the downcomer and lower

1 research for resolution. The above mentioned plenum, to prevent splashing of the primary coolant
aggravating events caused by fuel rod swelling can that could cause erroneous liquid lesel measure-
be reduced and or eliminated, depending on the ments. No shields are included for LLTs installed

'

severit' of the LOCA, by not prepressuring the fuel in the core and upper plenum because the liquid/

rods. Potentials for cost savings are: level in these areas is less turbulent. Additional
design and installation details plus measurement

1. Lower post LOCA facility clean up costs uncertainties are presented in Reference 8-9.
because of lower fission product release
due to lower fuel temperature Typically, LLT output is presented in the form

of a bubble plot that indicates the presence or
2. Earlier return of facility to revenue absence of liquid at the conductivity probe eleva-

*

production tions as a function of time. Figure 8-3 is a bubble
plot from the LLT in Fuel Assembly I during-

3. Curtailment of fuel rod swelling and burst LOFT Experiment L2-3,8-10a large cold leg break. '

and flow channel blockage research. The bubble plot shows the rapid system voiding and
the reflood of the core. During LOFT Experi-

8.2 Liquid Level Detectors ment L3-6,8-il a small-break experiment per-
formed with the pumps running, however, the LLTs
failed to indicate the correct voiding of the reactor

*

LOFT uses two types of instruments to indicate vessel because the electrodes were kept wet by the
liquid level. These instruments are liquid level circulating two-phase mixture. The LLT5 indicated
transducers (LLTs) (conouctivity probes) and dif- a much lower void fraction and, consequently, a

; ferential pressure transducers. Another instrument, higher liquid inventory than actually existed in the
the self-powered neutron detector (SPND), has been system. When the pumps were turned off, the liquid

'

investigated for its use as a liquid level detector. This level collapsed much lower than had been planned, ''

section provides a short description of each instru- and uncovered the core. The LOFT experimental
ment, a summary of the LOFT experience with results showed that the LLTs work best with a clean,

each, and a discussion of their limitations. liquid vapor interface. Experience indicates that the
* transition from wet to dry can lag the actual passage

8.2.1 Liquid Level Transducers. An LLT system of a liquid level by a substantial amount of time.
comprises a conductivily sensitive transducer, elec.

'

tronic signal conditioning equipment, and data 8.2.2 Differential Pressure Transducers. LOFT
' recording equipinent, see Figure 81. Each uses differential pressure measurements to deter-

transducer consists of a support tube; up to mine liquid levels in the pressurizer, accumulators,
19 equally spaced, independent, conductisity- and the secondary side of the stream generator.

:
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Figure 8-4 illustrates the typicalinstallation of a dif- 1. Liquid " flashing" in the reference leg dur-
ferential pressure transducer for liquid level ing changes in pressure
measurement. For applications where the temper-

2. Density changes of liquid in the vessel dur-ature and pressure do not vary significantly, good
ing transients which must be accounted for
,

liquid level measurements are possible. However,
liquid level measurements under transient condi- properly indicate the height of the liquid

tions (blowdown) are very difficult. The problems 3. In a reactor vessel with complex internal
associated with determining liquid levels with dif- structures and flow barriers, densities can
ferential pressure measurements during transients vary from region to region with time, mak-.

is discussed in Reference 8-12. ing accurate determination of liquid level
"

Typical problems identified for differential
pressure measurements in LOFT experiments Careful design and installation of differential*

include: pressure transducers are necessary to obtain
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Figure 8-4. Typical piping configuration for a transient level instrument.
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satisfactory liquid level measurements. For transient Reference 8-14. Moderator density variations affect
measurements, calibration and temperature / density neutron and gamma flux which in turn is reflected
compensation is necessary to prevent excessive in SPND output. The effect of decreasing the core
errors. water density (increasing the void fraction) on

neutron flux is twofold: first, decreased water den-
Figure 8-5 shows liquid level in the pressurizer sity results in negative core reactivity insertion due

computed from differential pressure measurements to the negative void coefficient of reactivity. This
and computed by RELAP4 and RELAP5 computer reduces the neutron multiplication and, hence, the
codes for LOFT Experiment L3-0,8-13 which neutron flux itself. Second, as the density decreases
simulated a small break at the top of the LOFT and approaches that of steam, the moderating effi- -

pressurizer by opening the PORV. The figure shows ciency drops, resulting in a reduction in the ratio
the large correction that had to be made to correct of thermal to total neutron flux, this effect com-
for the large density change in the pressurizer dur. bines with the first to reduce the SPND neutron
ing the transient. current.

,

8.2.3 Self Powered Neutron Detectors. SPNDs The effect of decreasing core water density on the
are not normally used to measure liquid level in gamma flux is, to first order, simply that of
LOFT; however, their use as liquid level detectors decreased absorption or attenuation resulting in an
has been evaluated. The LOIT SPNDs have cobalt increased gamma flux and SPND gamma current.
emitters which exhibit sensitivity to water density S nce the SPND gamma current is opposite in
that has been correlated with independently polarity to the neutron current, this charge
measured moderator density variation.8-1 The sen-

(increase) in current behaves like a decrease in
sitivity of SPNDs to water density variation indi- neutron current. Thus, the combined effect of
cates that an array of SPNDs could be used to detect reduced SPND neutron current and increased
liquid level in a PWR during accident conditions. gamma current is decreasing (more negative) SPND

current with decreasing water density. When the
The LOFT SPNDs, shown schematically in water density increases in the core (that is, during

Figure 8-6, consist of a 0.23-m long by 0.19-cm quench or reflood), the SPND current increases
diameter cobalt emitter inside an inconel collector, (that is, becomes more positive).
which also forms the sheath. The emitter is
separated from the sheath by aluminum oxide insu-
lation. Figure 8-7 is an illustration of a LOFT core The response of the LOFT SPNDs during LOCE

L2-3 is shown in Figures 8-8 and 8-9. The SPNDguide tube, cut away to show how the SPND is
installed. utput in Figure 8-8 clearly shows the reactor

scram. In addition, the initial core-wide quench that

There are two leads frou the detector assembly: ccurred at 6.5 s produced a measurable increase

a signal lead connected to the emitter and a cable in SPND output which correlated well with the large
drop in fuel rod cladding temperatures whichcompensation lead. The signals from the two lead
occurred when the liquid level in the core rose andwires are independently amplified by low-input bias

( < 10-14 A) current-to-voltage amplifiers. The com- quenched the rod, see Figure 8-9.

pensation voltage output is subtracted from the
main signal output, and this difference is again The results of these preliminary results are
amplified and input into the computerized data encouraging and indicate that SPNDs could be used
collection system. to monitor liquid level in PWRs and detect voiding

*

in the core. However, a great deal of testing, design,
LOFT SPND characteristics and the response of and verification testing are required before a reliable

SPNDs during LOFT LOCEs are reported in SPND liquid level system is perfected.
.

8-8

__



3 i , ,

O LT-P139-007
O Density corrected

2.5 - A RELAP4/ MOD 7 -

X RELAP5/ MODOy Unce rt = * .015 m
v

J 2 -% r' m
u u a w wr y-

bJ t ]
J

e i.s -

:

8 o o o c--^-

e

._J

3 -

j -
, a

[
' ' '0.5

O 500 1000 1500 2000

TIME (s)
Figure 8-5. Measured and calculated liquid level in pressurizer for LOFT Experiment L3-0, showing the effect of

transient conditions on liquid level computed from differential pressure measurements.

Inconel sheath
0.158-cm outside diameter
0.025-cm wall thickness

Magnesium oxide insulation

inconel signal wire

inconel compensating wire

\/ /

// h7 & Emitter signal
1 ( H n ~~-

,

f / / / / 4 Compensating
,| // y signal

,
<I i / /.

' //'

Cobalt emitter
*

0.19-cm diameter by 22.9-cm length

Aluminum oxide insulation

inconel collector
0.35-cm outside diameter by 0.025-cm wall thickness IN EL-J-1423

Figure 8-6. Schematic diagram of LOFT SPND.

8-9

.-_ . - _ _ _ - _ . _ _ - - -__________ _ _ _ _ _ .



*

uel j l

SPNDj

1.38 cm i
p Guide tube 0.54 in. |' I

N! U

~ ' ead wire_

Plug
1.12 cm,
0.44 in.

N I Section A-A
O

ly ##%A

N

SPND

INEL A 17 271

Figure 8 7. LOFT SPND guide tube assembly. -

.

8-10

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



____ _ - _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - __

300 i , , , i

0 Centrol fuel ossembly SPND (114 nA)
O Peripheral fuel assembly SPND (114 nA)

IN
Q 200 -

-

c (N
v.

H
Z
w
$ 100 -

-

.. 0
O

pe O' O O O- -O T C

z
O O -

-
.

C C C C Ir, , , _
w w

' ' ' ' '-100
-10 'O 10 20 30 40 50

TIME (s)

; Figure 8-8. Output from central and peripheral SPNDs for LOFT Experiment L2-3.

110 0 , i i

O Cladding thermocouple
g O Central fuel assembly SPND
v A Peripheral f uel assembly SPND
w
&
D

k' 3 C C C C C
~

m
M ', ,

3 u a
w

A AN- A a.

O
z 700 -

g y>-
O
O.-

-O O C M)
.

' ' '500
4 5 6 7 8

TIME AFTER RUPTURE (s)

Figure 8-9. Output from central and peripheral SPNDs and an adjacent fuel cladding thermocouple during quench
for LOFT Experiment L2-3.

8-11



1

l

8.3 Thermocouples variety of accident conditions. The LOFT core con-
tains 186 extemal fuel cladding TCs attached to
76 fuel rods located throughout the core, as shown

Thermocouples (TCs) have been used extensively
m h..gure 8-10. The LOFT cladding TCs provided
.

.

general represent a wellm the LOFT facility, and m.
the most direct information regarding the condition

. ..

established technology for measuring metal or fluid
of the fuel during LOFT experiments.temperatures. Two LOFT applications of TCs are

particularly important to safety technology and are
discussed in this section: fuel cladding TCs and core The thermal responses of the peak power rods
outlet TCs. are of most interest; hence, these rods are the most

,

heavily instrumented in LOFT. These peak-power
8.3.1 Fuel Cladding Thermocouples. Fuel clad- rods are contained in the center fuel module.
ding TCs have been used extensively in LOFT to Figure 8-1I shows the center module cross section
monitor real-time behavior of LOFT fuel under a emphasizing the TC locations on the instrumented -
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Figure 810. LOFT core configuration showing locations of instrumented fuel rods.
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fuel rods. Three groups, or clusters, of five ad;a- nuclear fuel rods. The experiments showed that
cent rods near the core center, are identically external cladding TCs indicated quenching 2 s
instrumented with TCs ranging in axial elevation before the cladding quenched during rapid flooding
from 5 to 162.7 cm. The center rod in each cluster experiments (1 to 2 m/s), and had negligible effects
represents the hot-test rods in the core that are com- on thermal hydraulic conditions in the core. The
pletely surrounded by other fuel rods. The four results of the studies described in Reference 8-16
single rods farther out from the core center each and 8-17 showed that external cladding TCs
contain four TCs ranging axially from 38 to 99 cm. measure temperatures to within 20 K during
These four rods are the peak power rods in the core blowdown and to within 40 K during reflood.
and have greater powers (2 to 7%) than rods in the '

five rod instrumented clusters. Examples of TC output during several LOFT
experiments are presented in earlier sections of this

The LOFT method of attaching a TC to the clad- document, for example, Figures 5-9 and 5-10 show
ding is shown schematically in Figure 8-12. The cladding temperature during large-break Experi-

,

1.17-mm outside diameter titanium TC sheath is ment L2-3.
laser welded to the cladding surface at s2.5-cm
intervals. To reduce axial rod bowing effects from Another example of TC output is presented in
nonsymmetric thermal response, dummy ther- Figure 8-14, which shows cladding temperature and
mocouple segments extend from upper level TCs to saturation temperature during LOFT Experiment
the lowest axial TC position on each rod. The ther- L8-1.8-18 Experiment L8-1 was a severe core tran-
mal junction is flattened to 0.67 mm and is shown sient which followed Experiment L3-6, a small-
schematically in Figure 8-13. break experiment performed with the reactor

coolant pumps on. Experiment L8-1 was initiated
The capability of fuel cladding TCs to provide by turning the pumps off. The pumps were turned

accurate cladding temperature measurements has off at 2371 s and coasted down within 87 s. Within
been studied extensively in support of the LOFT 25 s of pump trip, the fuel cladding temperature
Program. The studies were concerned primarily excursion began because the pump-driven flow was
with the effect of the TCs on the accuracy of the no longer sufficient to entrain liquid in the core and
measurements since it was postulated that the TCs this liquid collapsed below the lower core elevation,
and their leads acted as fins which cooled the fuel The cladding TCs provided the first indication that
rods during LOFT experiments. The results of the the fuel was uncovered. The operators initiated
studies are summarized in References 8-15, 8-16, HPIS and accumulator injection within 68 s and
and 8-17. Reference 8-15 Jescribes experiments per- quenched the core. The rapid core dryout and
formed with external, internal, and embedded TCs temperature excursion of Experiment L8-1 was not
on electrical heater rods designed to simulate predicted because the preexperiment calculations

Titanium sheathed thermocouple
(1.17-mm dia.; 2 or 4 per rod)

1 in., , Measuring junction

,

_ _> - -

) -

Zircaloy cladding (10.7-mm dia.)

U
/r *

Dummy segment Laserwelds
(approximate 1 in. intervals)

INEL-A-15 356

Figure 8-12. Illustration showing LOFT method of attaching thermocouples to cladding.
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predicted the core would be liquid full at the end Figure 8-15. The TCs protrude horizontally into the
of the Experiment L3-6 transient. Indications of flow path. Core exit TCs in commercial PWRs are
liquid level within the core responded sufficiently similar to those in LOFT.
slow that the temperature rise was terminated before
they showed significant voiding.

LOFT Experiments L3-6/L8-1, L5-1, and L2-5

8.3.2 Core Exit Upper Plenum Thermocouples. provided data on the response of core exit TCs from

PWR vendors are currently proposing the use of small , mtermediate , and large-break LOCAs. The

the core exit TCs as an indication of when the core
three experiments are examples of different,

reaches superheat and, therefore, inadequate core scenarios leading to an inadequate core cooling con-
.

cooling conditions. Several LOFT accident simula~ dition which showed similar results with respect to
the temperature differences between the core exit

tions have provided data regarding the performance
of core exit TCs that can be used to evaluate the and the core cladding temperature.

ability of the TCs to indicate inadequate core cool- '

ing conditions. LOFT Experiment L3-6/L8-1 was a small-break
accident simulation with delayed pump trip (see

There are 21 Type K (Chrome Alumel) TCs Reference 8-18), that is, the primary pumps were
located in the LOFT upper end boxes as shown in tripped 2371 s after the reactor had scrammed. By
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the time the pumps had stopped, decay heat genera- 115.6 s, the core cladding temperature began to
tion had decreased to s607 kW, corresponding to increase at a rate of 2.6 K/s. At this time, the system
slightly more than 1% of full power. At this time, upper plenum pressure was 3.34 h1Pa, and the fluid
the vessel (upper plenum) fluid temperature was temperature was 508 K. The core exit TC tempera-

- N499 K and the pressure was about 2.61 MPa. ture showed no significant response for about 19 s,
Within 25 s after the pumps tripped, a cladding after which a time reflood was initiated and it began
temperature excursion occurred, indicating an to increase at 1.1 K/s and continued increasing at
inadequate core cooling condition (see Figure 8-14). this rate for the duration that the inadequate core
The core exit TC temperature remained unchanged cooling condition existed.
for a period of about 51 s; however, during this,

period, the core cladding temperature displayed a
sigmficant increase at a rate of about 2.1 K/s. After Fuel cladding, core exit, upper plenum, and

this penod, the core exit temperature began increas- saturation temperatures for LOFT large-break
Experiment L2-5 -20are shown in Figure 8-18. As8

ing at a much slower rate (0.44 K/s) for s12 s until-

discussed in Section 5.3.1, at s212 s after the reac-the core was quenched (see Figure 8-16). Even
though the core experienced a heatup to over 620 A tor scrammed and after subsequent reflood and core

and was quenched, the upper plenum TCs did not quench, and inadequate core cooling condition

provide indication of the event. occurred with decay heat generation at 890 kW,,

corresponding to almost 2% of full power. At that
Fuel cladding, core exit, and upper plenum tem- time, the system pressure was about 0.39 MPa, the

peratures during LOFTintermediate-break Exper- fluid temperature was about 410 K, and the core
iment LS-1 -19 are shown in Figure 8-17. At cladding temperature began to increase at a rate of8

s108 s, with a decay heat generation of 1270 kW, 3.1 K/s. As the core cladding began to increase in
corresponding to almost 3% of full power, and temperature, the core exit TC temperature showed
after the reactor scrammed and primary pumps no significant change for about 160 s. After this i

tripped, the core cladding temperatures began to period of no response, core reflood was initiated
show an inadequate core cooling condition. At and the associated steam flow caused the exit
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Figure 8-16. Coolant temperature at core exit for LOFT Experiment L3-6/L8-1.

8-17

- _ _ _ - __ __



900 i i i i i i

O Core exit (fluid)
n O Core high power region (clodding)
6 800 -

A Upper plenum (fluid)
_

Uncert = 1 4.7 K
w
&
D
l--

j700 - -

W *

Q.
2
W |

600 - -

H *

Z
4
"

@500|- == C- a A A A Y7h -

m

d= mo

' ' ' ' ' '400
10 0 120 14 0 16 0 18 0 200 220 240

TIME (s)

Figure 8-17. Fuel cladding, core exit, and upper plenum temperatures for LOFT Experiment L5-1.

1200 i i i

O Clod temp
O Core exit
A Upper plenum
X Satt emp

C
v 900 - -

w
E
D
t-
4
m
u
D.

] 600 - - -

I-

'

A n- +.. = , ,, a a a n_.
,-- ,~ a m mun om _ , , g-

.

' ' '300.

10 0 200 300 400 500

TIME AFTER INITI ATION (s)

Figure 8-18. Fuel cladding, core exit, upper plenum, and saturation temperatures for LOFT Experiment L2-5.

8-18



temperature to show a sharp increase at an approx- 8.4 Primary Coolant Pump
imate rate of 3.2 K/s for about 33 s and then begin Current Monitoring
to fall off as additional core coolant was
introduced.

Use of data from several LOFT experiments indi-
The three LOFT experiments simulating accidents cate that pump current is a very useful parameter

with distinct core recovery scenarios showed the for diagnosing small-break LOCAs and operational
following important results: transients. During a LOCA, the pressurizer liquid

level does not provide enough information to
1. A significant time delay (19 to 160 s) existed monitor primary coolant system inventory,.

in a!! cases between the start of a core Pressurizer liquid level can give ambiguous
uncovery (as determined by a core cladding readings, as evidenced by the TM1 accident, or read

temperature excursion) and any appreciable zero for extended periods. Based on the LOFT
response from the core exit TCs. experience, pump current can be correlated with*

void fraction in the case of a small break or fluid
2. Once core exit TCs responded, the rate of density in the case of an overcooling transient.

temperature increase was significantly
lower than that of the core cladding TCs. During LOFT small-break Experiment
Differences in the rate ofincrease between L3-6,8-18,8-21 pump current correlated well with
core exit and core cladding temperatures density, as shown in Figure 8-19. During LOFT
ranged from d.44 K/s for a small break Experiment L6-7/L9-2,8-22an overcooling transient,
(Experiment L3-6/L8-1) to 3.2 K/s for a there was a measurable increase in current as the
large break (Experiment L2-5). In the primary coolant temperature dropped and fluid den-
large-break simulation, however, the rate sity increased. Figures 8-20 and 8-21 show coolant
was sustained for only a brief period. temperature and pump current, tespectively, during
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Figure 8-19. Pump current versus average coolant density for LOFT Experiment L3-6.
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Experiment L6-7. During the first 300 s, as the Two recent analyses address the use of pump cur-
coolant temperature dropped from N555 to 527 K, rent (or power) monitoring as a diagnostic tool for,

the average coolant density at the pump inlet accident management. The analysis reported in
3increased from 748 to 794 kg/m , the pressure Reference 8-23 develops and verifies equations for

decreased from 14.75 to 10.05 h1Pa, and the pump pump power during two-phase flow conditions, and
currents increase from N950 to 975 A. A discusses a pump power display that operators could.

simultaneous pressure and temperr.ture decrease in use to distinguish between a small-break LOCA and
the primary system could be interpreted as a plant operational transients. An analysis reported
primary system leak. A corresponding increase in in Reference 8-24 recommends turning off the
pump current, however, could only be caused by primary coolant pumps during a small-break LOCA

-

an increase in coolant density which is an indica- when pump current reaches a predetermined value
tion of an overcooling transient. in order to minimize coolant inventory loss.

.
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9. RULEMAKING

LOFT research results provided data for two the Babcock & Wilcox Company, provide:
areas of NRC rulemaking: Anticipated transient (a) an alternate means to shut down the
without scram (ATWS) and Appendix K to reactor that is diverse from and redundant
10 CFR 50, ECCS Evaluation Models. The ECCS to the electrical portion of the reactor pro-
evaluation models and relevant LOFT results are tection system up to but not including the
discussed in detail in Section 5. trip breakers, and (b) an automatic initia-

*
tion of auxiliary feedwaterindependent of
the reactor protection system.9.1 Anticipated Transient Without

Scram 3. For pressurized water reactors manufac-
* tured by the Westinghouse Electric

Corporation, provide automatic initiation
An ATWS is defined as any of a number of ant.i-

, of turbine trip and auxiliary feedwater
cipated operatmg transients during which tie reac- independent of the reactor protection
tor does not scram as designed. Concern regarding system.
ATWS events has been a subject of extensive and
continuing study by the NRC staff. The significance The utilities proposed that an ATWS rule for new
of ATWS for reactor safety is that some ATWS plants be postponed until the degraded core
events could result in meltmg of the reactor fuel and rulemaking was completed, because the issues are
the release of a large amount of radioactive fission related.
products. This section summarizes proposed ATWS
rules and presents relevant LOFT results that can s.r.F.2 First A7WS Rule Proposed by the NRc. The
be used by NRC in preparing their final ATWS rule. first NRC-proposed ATWS rule includes the follow-

ing provisions:
9.1.1 Summary of Proposed ATWS Rules.Three
proposed rules for the reduction of risk from 1. Increase the reliability of the reactor trip
ATWS events in commercial PWRs have been

, portion of the reactor protection system by
published in the Federal Register. The first is a pett- the addition of supplementary protection
tion for rulemakmg filed by 20 utilities,9 I the,

systems that would be independent and
second and third are alternate ATWS rules pro-

diverse.
posed by the NRC.9-2

2. Improve the capability to mitigate ATWS
S.T.T.T ATWS Rule Proposed by the utilities. The events by providing actuation circuitry that

utilities proposed that for light-water nuclear power is separate from the reactor protection
reactors for which a construction permit applica- system for such systems as the primary
tion was filed as of the effective date of the rule, system relief valves, turbine trip, and aux-
the ATWS rule should be as follows: iliary feedwater in PWRs.

1. For boiling water reactors manufactured by 3. Increase the capability to mitigate ATWS

the General Electric Company, provide: events by increasing the pressure relief

(a) a means to initiate a reactor scram upon capacity in the reactor coolant system.

:- receipt of a signalindicative of an ATWS
event; (b) an independent, redundant and 9.1.F.3 Second ATWS Rule Proposed by the NRC (the

diverse electrical means to initiate a reac. Nendrie Rule). Each light-water-cooled commercial

tor scram upon recaipt of a signalindicative power reactor licensee shall establish and maintain
,

of an ATWS event; and (c) a scram dis. a reliability assurance program for functions
charge volume system designed and associated with the prevention and mitigation of an

installed such that it will have sufficient ATWS employing state-of-the-art methods and pro-

capacity to receive water exhausted by a cedures to identify vulnerabilities to failure. Each
full reactor scram, licensee is responsible for the implementation of

improvements to reduce ATWS risk. Defense in
2. For pressurized water reactors manufac- depth must be maintained by operating commer-

tured by Combustion Engineering Inc. and cial power reactors only in modes that afford an

9-1
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opportunity to learn from experience with ATWS c. For pressurized water reactors, this
events without severe radioactisity releases. Specific includes providing for the prompt
acceptance criteria are delineated as follows: automatic startup of the auxiliary feed-

water system under circumstances indi-
1. An initial reliability assurance program that cative of a transient entailing loss of

includes: main feedwater and a failure to scram,
ensuring that the instruments necessary

a. An analysis and classification of the for diagnosis into recovery are not
principal determinants of the radio- disabled, and ensuring that the HPIS

. logical severity of each class of ATWS valves function after the limiting *

accident sequences ATWS transient.

b. Training of operators in the diagnosis 4. Each commercial power reactor licensee
and prognosis of the several ATWS shall prepare, submit for reviews and

'

accident sequences approval, and implement Limiting Condi-
tions of Operation that proscribe operation

c. Analysis of hypothetical errors in test in, and mandate expeditious retreat from, I

and maintenance procedures for sys- operation under conditions that com-
tems where reliability is important to promise the ATWS tolerance of the plant.
ATWS prevention or mitigation Limiting Conditions of Operation should

also minimize operation under conditions
d. An analysis of the blindspots in the in which the ATWS tolerance of the plant

experience base with systems impor- would be severely tested by a limiting
tant to ATWS prevention or mitigation ATWS event. Consideration of the prevail-
through which reliability defects might ing plant parameters as well as equipment
escape detection for considerable operability is appropriate in the Limiting
periods of time Conditions of Operation.

e. An analysis of the suceptibility of the 5. The ATWS tolerance of a plant is inade-
plant to common cause failure. quate if any of the more limiting transients,

followed by a total failure of the scram
2. A continuing reliability assurance program system, result in any one of the following:

that includes the following:
a. Containment pressure or temperature

a. Configuration control for design pro- above the design values
cedures and technical specifications

b. Loss of coolable geometry in the core
b. Procedures for updating portions of

the initial reliability assurance program c. Releases of radioactive material that
may realistically cause any offsite

c. An experience feedback system to prompt fatalities or serious offsite
review data from similar plants. property damage.

3. Design and operation for ATWS tolerance s.t.r.4 nnelATWS Rule. The final ATWS rule was
as follows: issued by the NRC on June 19, 1984.

'

a. For boiling water reactors, this (a) Applicability. The requirements of this sec-
includes providing equipment to auto- tion apply to all commercial light-water- -

matically trip the reactor coolant recir- cooled nuclear power plants.
culation pumps and to deliver liquid
reactivity poison to bring the reactor (b) Definition. For purposes of this section,

.

to hot shutdown. In addition, a " Anticipated Transient Without Scram"
reliable scram discharge volume system (ATWS) means an anticipated operational
shall be provided. occurrence as defined in Appendix A of

9-2
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this part followed by the failure of the reac- its function in a reliable manner. The
tor trip portion of the protection system SLCS initiation must be automatic and
specified in General Design Criterion 20 of must be designed to perofrm its func-
Apppendix A of this part. tion in a reliable manner for plants

granted a construction permit after
(c) Requirements [ insert the effective date of this

ammendment], and for plants granted
(1) Each pressurized water reactor must a construction permit prior to [ insert

have equipment from sensor output to the effective date of this amendment]
final actuation device, that is diverse that have already been designed and.

from the reactor trip system, to built to include this feature,
automatically initiate the auxiliary (or
emergency) feedwater system and init- (5) Each boiling water reactor must have
iate a turbine trip under conditions equipment to trip the reactor coolant-

indicative of an ATWS. This equip- recirculating pumps automatically
ment must be designed to perform its under conditions indicative of an
function in a reliable manner and be ATWS. This equipment must be
independent (from sensor output to the designed to perform its function in a
final actuation device) from the reliable manner.
existing reactor trip system.

(6) Information sufficient to demonstrate
(2) Each pressurized water reactor manu- to the Commission the adequacy of

factured by Combustion Engineering items in paragraphs (c)(1) through
or by Babcock and Wilcox must have (c)(5) of this section shall be submitted
a diverse scram system from the sen- to the Director, Office of Nuclear
sor output to interruption of power to Reactor Regulation.
the control rods. This scram system
must be designed to perform its func- (d) Implementation. By 180 days after the
tion in a reliable manner and be inde- issuance of the QA guidance for non-safety
pendent from the existing reactor trip related components each licensee shall
system (from sensor output to inter- develop and submit to the Director of the
ruption of power to the control rods). Office of Nuclear Reactor Regulation a

proposed schedule for meeting the require-
(3) Each boiling water reactor must have ments of paragraphs (c)(1) through (c)(5)

an alternate rod injection (ARI) system of this section. Each shall include an
that is diverse (from the reactor trip explanation of the schedule along with a
system) from sensor output to the final justification if the schedule calls for final
actuation device. The ARI system must implementation later than the second
have redundant scram air header refueling outage after [ insert the effective
exhaust valves. The ARI must be date of the amendment], or the date of
designed to perform its function in a issuance of a license authorizing operation
reliable manner and be independent about 5 percent of full power. A final
(from the existing reactor trip system) schedule shall then be mutually agreed
from sensor output to the final actua- upon by the Commission and licensee.
tion device.*

9.1.2 Summary of Relevant LOFT Data. Two
(4) Each boiling water reactor must have ATWS events were simulated in the LOFT facility

a standby liquid control system (SLCS) that provided data regarding system performance-

with a minimum flow capacity and and an assessment of the capabilities of the
boron content equivalent in control RELAPS computer code to predict system perform-
capacity to 86 gallons per minute of ance during an ATWS event. The first ATWS event
13 weight percent sodium pentaborate was induced by a loss of feedwater (Experiment
solution. The SLCS and its injection L9-3) and the second ATWS event was induced by
lication must be designed to perform a loss of offsite power (Experiment L9-4).

9-3
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S.7.2.1 ATWS Event /nduced by Loss of feedwater. Experiment L9-3 wasinitiated by turning off the
Experiment L9-3 simulated an ATWS induced by main feedwater pump. The steam generator steam
a loss of feedwater. The experiment extended control valve was closed manually at 67.3 10.2 s.
through the peak pressure region of the transient The experiment PORV opened at 73.8 0.2 s, and
(s10 min) and the recovery of the plant from the the experiment SRV opened at 96.8 i 0.2 s.
ATWS.

At N600 s, the recovery procedure was initiated

The principal objectives for Experiment L9-3 by starting HPIS injection, starting the steam
9-3 generator auxiliary feedwater and makeup pumps,were 10:

and opening the experiment PORV. A supply .

1. Provide experimental data for benchmark- (984 1 38 L) of 70001 200-ppm boron was
ing PWR vendors' ATWS computer codes available to the HPIS pump, which injected it to

as required by the NRC proposed ATWS the downcomer at a rate of 0.38 i 0.06 L/s. The
rule steam generator feed was manually controlled to -

keep the primary system temperature between 583
2. Evaluate alternate methods of achieving and 594 K. The main steam bypass valve was

long-term shutdown (without the insertion opened as necessary to keep the steam generator
of control rods) following an ATWS event, pressure between 6.38 and 6.63 51Pa. The experi-
to address concerns defined in the proposed ment PORV was cycled as necessary to keep the
NRC staff rule primary system pressure between 15.0 and

15.6 h1Pa. Throughout the experiment, the control
3. Determine the transient reactor power by rods remained withdrawn and the primary coolant

using available neutron flux instrumenta- pumps were running.
tion and measured core thermal-hydraulic
parameters to assess the applicability of the Upon loss of feedwater to the steam generator,
point kinetics model used in predicting degradation of primary-to-secondary heat transfer
transient reactor power began to occur. The primary coolant began a very

slow heatup, and the resulting liquid swell increased
4. Determine the steam generator secondary the primary system pressure until the pressurizer

dryout behavior and its effect on the spray setpoint was reached, as shown in Figure 9-1.
primary system response characteristics The pressurizer spray effectively controlled pressure

for the first 60 s, while the degradation in primary-
5. Determine the two-phase and subcooled to-secondary heat transfer was small.

flow characteristics of the experimental
pressurizer PORV and SRV at high At about 60 s, the liquid level in the secondary
pressures (2: 17 h1Pa). side had decreased such that the steam generator

heat transfer was no longer sufficient to remove
For experiment L9-3, a two-position actuator reactor power, and the primary coolant temperature

relief valve was installed on the pressurizer to started to increase rapidly, as shown in Figure 9-2.
simulate a scaled PORY and a scaled SRV. In the Due to moderator temperature feedback, the reac-
first position (designated as "PORV"), the valve tor power started to decrease rapidly, as shown in
was sized to relieve 0.66 kg/s of saturated steam at Figure 9-3. Between 50 to 100 s, the primary
an upstream pressure of 16.2 AIPa. This relief coolant temperature increased from 569 to 590 K
capacity was scaled to the minimum PORV capacity under an average energy imbalance (heat source
of a generic Westinghouse PWR.9-4 In order to minus heat sink) of nearly 13 h1W (26% of initial
provide benchmark data on the most severe pressure power). The resultant liquid swell increased the -

transient resulting from an ATWS for code assess. primary system pressure so rapidly that it could not
ment, it was desirable to approach a maximum be controlled by the PORV. The PORV cycled once
pressure of 18.6 hlPa for the LOFT system. To do with steam flow, then stayed open. AT s96 s, the -

this, the relief capacity in the second position pressure reached the SRV setpoint and the valve
(designated "PORV/SRV") was sized to obtain a opened, more than doubling the mass flow rate, see
flow of 1.52 kg/s saturated steam at an upstream Figure 9-4. By this time, the reactor power had
pressure of 17.2 h1Pa. This flow represented flow decreased to sl5 N1W and the relief capacity of the
through the combined PORV/SRV. Details on combined PORV/SRV flow of 4.5 kg/s was suffi-
system configuration and experimental procedures cient to rapidly decrease system pressure (see
for Experiment L9-3 are given in Reference 9-5. Figure 9-1). By the time the SRV closed (at 107 s),

9-4
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Figure 9-4. Mass flow out the PORV and combined PORV/SRV for LOFT Experiment L9-3.

the power had decreased further to sl3 MW, and dary feedwater flow was terminated, resulting in a
the primary coolant swell was balanced by the partial pressure recovery as the primary coolant
PORV liquid How alone. heated up again.

At N770 s, an operator-controlled cooldown byThe LOFT system stabilized with a gradual
way sec n ary and M was nuttatd h,s

primary system heatup. Pressure was controlled by
c ntmued until the primary coolant temperaturecycling the PORV, until the operator-controlled

recovery procedure was initiated at N600 s. The [eached 583 K at 1090 s. Subsequent to this, HPIS
injecti n c ntinued and the PORV was manually

decrease in reactor power because of the increas-
cycled to control primary system pressure untiling coolant temperatures throughout Experi- expedment ternunation at N s. & control ros,

ment L9-3 was as predicted, based on previous
were inserted at N s.

,

physics testing, and the reactor was shut down by
180 s and remained shut down through the The qualitative plant behavior during Experi-
remainder of the transient. ment L9-3 was, in general, correctly predicted (see

preexperiment RELAPS predictions in Refer-
At s600 s, the reactor operators initiated an ence 9-6). There were, however, large differences

HPIS flow of a highly concentrated boron between measured and calculated magnitudes,
(s7200 ppm) solution. This injection was sufficient especially primary system pressure. Figure 9-6
to keep the reactor suberitical, with the control rods shows a comparison between predicted and
still at the steady state system operating positions measured primary system pressure. As shown, dur-'

during the subsequent primary system cooldown ing the first 50 s the actual pressure rise exceeded
and depressurization. the prediction. In the prediction, the pressurizer

spray did not initiate until after 50 s, when signifi-a

As soon as HPIS How was verified, injection of cant primary-to-secondary heat transfer degrada-
water into the steam generator was initiated to cool tion had occurred. Since the predicted primary
down the primary system, and the experiment coolant temperature rise was correct during this
PORV was latched open to depressurize the primary time, as shown in Figure 9-7, the difference in
system. This resulted in a slight primary coolant pressure response is attributed to a nonequilibrium
cooldown and a rapid depressurization, as seen in condition (superheating of the steam bubble)in the
Figure 9-5. The PORV was then shut and secon- pressurizer that was not calculated.
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'In the 50- to 100-s time interval (refer to orcontrot rods) following an ATWS event,
Figure 9-3), the moderator temperature coefficient to address concerns defined in the proposed |
resulted in an average measured power reduction NRC staff rule
of -1.61 h1W/K. The calculated response was I

-1.58 h1W/K, which is only 2% different than the 3. Determine the effect of primary coolant .

measured value. pump operation on initial system response
and peak pressure by comparing results

During the rapid primary coolant temperature from Experiment L9-4 (pumps tripped)
rise between 50 and 100 s, the measured primary with results from Experiment L9-3 (pumps
coolant temperature and pressure were 'ower than running) '

predicted. These differences are attributed to the
steam generator primary-to-secondary heat transfer 4. Provide data for analysis of the effect of
which was larger than calculated. The larger-than- natural circulation cooling capability under

,

calculated heat transfer may in part be due to the high. power conditions
main steam isolation valve being shut earlier than
specified which resulted in a larger secondary 5. Provide data to evaluate the capabilities of
coolant inventory. Also, the pressure response dif- the computer codes to predict the fluid con-
ference is attributed to the difference between ditions (temperature, pressure, and quality)
measured and calculated now out the PORV and in both the primary and the secondary
combined PORV/SRV. The PORV and SRV Dow systems and to evaluate the adequacy of
rates were specified as 0.66 kg/s of steam at point kinetics assumptions used in predic-
16.2 h1Pa in the PORV position and 1.52 kg/s of tion of reactor power levels
steam at 17.2 h1Pa in the combined PORV/SRV
position. The corresponding How area inputs to 6. Evaluate the adequacy of the proposed
RELAPS were 2.214 x 10-5 m2 and 4.718 x 10-5 procedure for a rapid and safe recovery of

2m , respectively. However, the measured How rates the LOFT plant without insertion of the
in Experiment L9-3 were 0.80 kg/s of steam and control rods.
2.44 kg/s of liquid at 16 h1Pa in the PORV posi-
tion and 4.46 kg/s of liquid at 17 h1Pa in the com- For Experiment L9-4, the SRV relief capacity was
bined PORV/SRV position. sized to obtain a flow of 1.52 kg/s saturated steam

at an upstream pressure of 17.2 h1Pa. This flow was
9.1.2.2 A TWS Event Induced by loss of Offs;to Power scaled to represent the now through three SRVs in

Experiment L9-4 simulated an ATWS initiated b: a four-loop commercial PWR. The PORV was
a loss of offsite power. The transient was initiateC assumed to have failed closed due to loss ofinstru-
by tripping the primary coolant pump and the ment air. Details on system configuration and
secondary system main feedwater pump and by experimental configuration for Experiment L9-4 are
closing the main stream control valve. During the given in Reference 9-8.
transient, the PORV was assumed to be inoperative
due to the loss of offsite power. Only the SRV was After the primary coolant pumps tripped, the
operative. Auxiliary feedwater was started 10 s after decreasing primary system flow resulted in a rapid
transient initiation to simulate the startup of the core coolant temperature increase. This initial
diesel generator in a commercial PWR (it should heatup caused the reactor power to decrease rapidly
be noted that the auxiliary feedwater could have under the influence of moderator density feedback
simulated the startup of the steam turbine-driven mechanisms. The transition from forced Row to

,

feedwater pumps). The major objectives for natural circulation flow began during the pump
Experiment L9-4 were to:9-7 coastdown, and natural circulation flow was fully

established by s80 s after experiment initiation. As
1. Provide experimental data for benchmark- the primary-to-secondary heat transfer degraded,

'

ing PWR vendors' ATWS computer codes due to loss of flow, the volumetric expansion of the
as required by the NRC proposed ATWS primary coolant resulted in a system pressurization
rule to the SRV opening setpoint (17.2 h1Pa), by 18.5 s,

and the SRV cycled four times to control pressure.
2. Evaluate alternate methods of achieving By s200 s, steam generator boiloff had caused suf-

long-term shutdown (without the insertion ficient degradation of heat transfer such that system

9-10
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pressure again began to increase, and the SRV 0, pen- the primary coolant resulted in an increasing system
~ '

,

ing setpoint was reached again. The pressurizer pressure until the SRV opening setpoint (see
liquid level inc~reased to the top of its indicating Figure 9-10) was reached (s19 s) and the SRV

frange and by thy fourth subsequent SRV cycle at cycled to control pressure. By s200 s, the heat
* $00 s, the Dow cut the SRV was composed of single- transfer from the primary to the secondary had
phase liquid. The SRV continued cfcling an addi- degraded sufficiently to cause the primary system
tional foui fines, after which the steam generator pressure to increase, and the SRV cycled again tot

heat transfer and envircnmental losses were suffi- control pressure. By N600 s, the steam generator
cient to remoye the reduced core power and no fur- heat transfer and environmental heat losses were
ther SRV cycling occurred. By s1000 s, primary sufficient to remove the reduced core heat genera-

-

system pressure control via the pressurizer was tion, and no further SRV cyclings occurred.
regained and the depressurization rate decreased.
Subsequently, the pressurizer liquid level decreased The depressurization rate decrease that occurred

,

. at s1000 s (see Figure 9-10) was a result of bubble.

mto the m. dicating range. Plant operation continuede

with pressure being controlled by thepressurizeri reformation in the pressurizer. The system stabilized
, g ; ;g gThe core heat generation wae sufficiently small that'

"IE'"""N " * th com e. . d by deit could be dissipated by the auxiliary feedwater "" .liary feedwater flow .
ssipa

flow in the seconoary system. At 1507 s, Experi- au7i m the secondary system.
ns sn ze paa n c n nu untH the mao# ment L9-4 as terminated by a reactor scram,

tor was scrammed at 1507 s, concluding the
experiment.After the primary coolant pumps were tripped,

the mass fbw rate in the pdmary system decreased, Power to the main feedwater pump was ter-
and a transition from forxd convection flow to minated at time zero coincident with the primary
natural circulation Dow began. The loss of primary coolant pump trip. At 1.9 s, the main steam con-

' system flow caused a rapid increase in hot leg trol valve started to close, i ad equired i1.3 s to
temperature, as shown in Fi;cre 9-8. This resulted close completely. At 10.8 s, a. auxiliary feedwater
in the rapid decrease in power shown in Figure 9-9 flow of 0.5 L/s was established. The steam gener-
at s2 s, which was due to moderator temperature ator secondary side pressure was manually cen-
reactivity feedback. The volumetric expansion of trolled between 6.63 and 6.97 MPa by steam bleed
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through the main steam bypass valve, see The cold leg temperature trend was predicted well
Figure 9-11. qualitatively during the initial 300 s, although there

was an offset in magnitude. The heat sink effec-
The collapsed liquid level measured in the steam tiveness of the steam generator degraded at approx-

generator downcomer decreased to the elevation of imately the same time in the prediction as was
the top of the tubes at N50 s, as shown in observed in the experiment. As was shown by the
Figure 9-12. As the liquid level decreased, the rapid increase in the predicted cold leg temperature,
primary-to-secondary heat transfer began to however the predicted loss of heat sink was much
degrade such that at s200 s, the primary system more abrupt than observed in the experiment.

*
pressure increased rapidly. By 500 s, the steam Beyond 700 s, both hot and cold leg temperatures
generator liquid level had decreased to below the were predicted to remain constant, while the
bottom of the indicating range, or 0.25 m above the measured data showed a slow cooldown. The
top of the tube sheet. The auxiliary flow kept the primary system energy balance calculation in the

*

steam generator from completely drying out, and prediction did not predict this cooldown. The intact
provided a heat sink to maintain natural circula- loop hot leg fluid velocity during natural circula-
tion throughout the transient. tion was calculated reasonably well by RELAPS,

The predicted plant behavior -9 agreed9

qualitatively with the measured data (see The difference between predicted and measured
Reference 9-10 for an assessment of the preexperi- reactor power shown in Figure 9-15 was caused by
ment prediction). Figure 9-13 shows a comparison the differences between calculated and measured
between predicted and measured hot and cold leg primary coolant pump behavior which resulted in
temperatures. The rate of the initial hot leg lower measured flow during the first 350 s, see
temperature increase was predicted well. There was Figure 9-14. The lower flow caused a slightly higher
a 5-K overprediction at 40 s, followed by good core coolant temperature, resulting in an increased
agreement between the predicted and measured data negative moderator temperature reactivity and
until s700 s. subsequent lower power. These differences were
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I

anticipated in the experiment prediction sensitivity the primary fluid in the core. The rapid temperature
calculations. increase introduced negative reactivity into the core,

causing the reactor power to decrease more rapidly

The difference between the predicted and mea- in Experiment L9-4 than in Experiment L9-3, as

sured power after 350 s was caused by the abrupt shown in Figure 9-17. Also, this more rapid
change in the predicted cold leg temperature. Com- temperature increase caused a more rapid pressure

pa hons of predicted and measured reactor power increase in Experiment L9-4 (see Figure 9-18) and

response as a function of moderator temperature an earlier challenge to the SRV.

during this time showed that the moderator den-
sity feedback was predicted accurately. After Although there were many differences in primary

c lant system response to the two transients, there1000 s, both the predicted and measured reactor
were two similarities of interest:power stabilized, although at different values.

1. In both cases, the scaled SRV capacity was
An ob.ective for Experiment L9-4 was to provide sufficient to control primary coolant

data for assessment of the effects of primary pump pressure (see Figure 9-18)
operation on primary system response to an ATWS
by comparing the results with those of Experi- 2. As the steam generator liquid mass boiled

*

ment L9-3. Comparisens of the boundary condi- off, the primary-tosecondary heat tiansfer
tions for these experiments are summarized in degraded. When this heat transfer was no
Table 9-1. longer able to remove the heat being -

generated by the core, the pressure increase
The most obvious effect of pump trip was the accelerated. This occurred in Experi-

more rapid increase in primary coolant temperature ment L9-4 at 210 s, with the reactor power
in Experiment L9-4, as compared to Experiment equal to 7 N1W. In Experiment L9-3, this
L9-3 (see Figure 9-16), which was caused by the occurred at 55 s, and the corresponding
reduction in steam generator primary side heat reactor power was 46 N1W. Despite the dif-
transfer coefficient and increased residence time of ferences in time and reactor power, the

9-16
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Table 9-1 Comparison of boundary conditions for Experiments L9-4 and L9-3

Experiment Experiment
Boundary Condition L9-4 L9-3

Secondary feed availability Loss of main feed, auxiliary Loss of all feed, including.

feed available auxiliary feed

Primary coolant pump Pumps tripped at initiation Pump operation continued
operation throughout*

Primary relief valves PORV assumed not available, Both PORV and SRV
only SRV used available

Secondary liquid level Level below indicating range at Level below indicating range
370 s at 360 s
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Figure 9-16. Average temperature in primary system for LOFT Experiments L9-3 and L9-4.
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steam generator liquid level at which this tions in the pressurizer which were not
occurred was approximately the same for calculated by the RELAP5/ MODI com-
both experiments as shown in Figure 9-19. puter code.

9.1.3 Major Accomplishments and Conclusions 2. The reactor shut down, as expected, due
of LOFT ATWS Experiments. Two experiments to moderator temperature feedback. The
(Experiments L9-3 and 9-4) were successfully con- quantitative response of the reactor power
ducted in the LOFT system that simulated ATWS to moderator temperature was consistent
events and demonstrated plant recovery techniques. with previous data and relatively well

calculated.-

Experiment L9-3 was the first ATWS experiment
performed in the LOFT system. There have been 3. By the time the pressure increased to the
no reported ATWS events in commercial PWRs. SRV setpoint, the primary coolant heat
The results of Experiment L9-3 showed that an imbalance had decreased such that the*

ATWS initiated from a loss of feedwates can be combined PORV/SRV flow was sufficient
controlled by properly sized automatic safety to control primary system pressure and to
systems. System recovery can be accomplished with rapidly depressurize the system.
recovery procedures involving PORV cycling,
secondary system feed and bleed, and boron injec- 4. The operator-controlled recovery pro-
tion as follows. cedure was successful. HPIS injection of

highly borated water shut down the reac-
,

1. Most of the transient behavior was tor and maintained it in a shutdown
qualitatively predicted correctly. However, condition.
the calculated magnitudes of thermal and
hydraulic parameters, especially primary Experiment L9-4 demonstrated that:
system pressure, were different than
measured. Reasons for these differences 1. The RELAPS/ MODI computer code
were the larger than calcolated PORV/ predicted the transient thermal-hydraulic
SRV mass flow and primary-to-secondary and reactor kinetics phenomena reasonably

heat transfer and nonequilibrium condi- well.
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2. For high pressure, temperature, and power The two-phase approach proposed in December 6,
conditions, natural circulation was effec- 1978, is still valid, and a stronger case can be made
tive in removing fission and decay heat for basing the ECCS rule on more realistic models
generated in an ATWS situation as long as and expanding the Phase I effort to include addi-
a heat sink was available. tional research information that is well documented.

3. There was sufficient relief capacity in the LOFT research results support changes to three
scaled SRV to control the pressure transient features of the Appendix K ECCS evaluation
in the loss-of-offsite-power ATWS. models. These are the discharge model, the end of

*

blowdown criteria, and the assumptions regarding
4. The primary-pumps-off condition in a loss- return to nucleate boiling.

of-offsite-power ATWS caused a more'

rapid decrease in reactor power (in an 9.2.1 Discharge Model. At the time that Appen-
'

ATWS condition) than in a loss-of- dix K was issued, the major safety concern was the
feedwater-induced ATWS when the large-break LOCA. In addition, the discharge
primary pumps were left on. model was based on the analytical and experimen-

tal data available at the time. Since 1974, the
Relative to the three proposed ATWS rules, data understanding of break flow phenomena hat

from the two LOFT ATWS simulations: increased significantly; a summary of the LOFT'

results related to break flow modeling is presented

l. Provided data regarding the amount of in Section 4.1.1, and a discussion of the conser-'

pressure relief capacity required to mitigate vatism of the Appendix K discharge model is
ATWS events. presented in Sections 5.1.1, 5.2.2, and 5.3.2.

:

2. Provided data to qualify codes to simulate Future changes to the Appendix K discharge#

ATWS events in commercial PWRs similar model should consider the results of the LOFT

j to the two LOFT experiments. The plant results and recent analytical model improvements.
i simulations can be used to train operators Specifically:

in the diagnosis and prognosis of ATWS
events. 1. More flexibility should be allowed or

encouraged with regard to break flow
models or break flow computational

9.2 Appendix K to 10 CFR 50 techniques, which are supported by accep-
table experimental data.

On December 6,1978, the NRC published an 2. The importance of upstream condition on
advance notice of proposed rulemaking 'II calling break flow is particularly important for9

for a two-phase approach to the revision of small-break LOCAs. In formulating a new |

10 CFR 50. The first step would have been to make break flow model rule, the NRC should

procedural changes and minor model changes consider requiring that upstream condi-
without reducing the conservatism contained in tions be taken into account in the calcula-

Appendix K. The second phase would have made tions. The type of conditions that are
further technical changes based on research results important are: flow regime, void fraction,

and operating experience. Twenty-five comments fluid velocity, break location, and break
*

were received by the closing date for comments, orientation.
February 25,1979. The major comments were that
the proposed ECCS rule should be based on more 9.2.2 End of Blowdown. The conservative
realistic models and that the Phase 1 effort should assumptions regarding the bypass of all ECC

, -

be expanded to include additional research coolant before the end of blowdown was based ona

information. a poor understanding of the phenomena. A discus-
sion of the phenomena is presented in Section 5.1.2.

,

t
Staff activity on the ECCS rulemaking was Experiments in LOFT have shown that during a (

severely curtailed as a result of the accident .at Three large-break LOCE, most of the coolant reached the

Mile Island-Unit 2 (TMI-2). Since July 1981, lower pienum. The experimental results verify
j interest in ECCS rulemaking has been renewed. RELAP5 calculations for LOFT (see Section 4.2.1).
,
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Future changes to Appendix K should consider return to nucleate boiling is presented in
deleting the present end-of-bypass criteria as such, Section 4.1.2.
and allowing the use of best estimate calculations
of bypass phenomena which are supported by In light of the current understanding of the
acceptable experimental data. phenomena, and increased post-CHF data base,

consideration should be given to deleting the RNB
9.2.3 Return to Nucleate Boiling. The conser- restriction and allowing the use of best estimate
vative assumption regarding RNB before reflood calculations using post-CHF heat transfer correla-
was based on the limited experimental data available tions that are supported by acceptable experimen-
before 1974. A summary of LOFT results regarding tal data.*
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10. ACCIDENT MANAGEMENT

Accident management encompasses the auto- evaluating accident management procedures that
matic and manual operational procedures used to could be used to stop or mitigate the consequences
respond to an accident in a plant to arrest its prog- of small-break LOCAs or operational transients.
ress and to bring the plant to a safe shutdown. The procedures include primary coolant pump

operation, feed and bleed of the steam generator,
Commercial PWR safety systems are designed to and feed and bleed of the primary system.

operate automatically in the case of a large-break*

LOCA. Typically, the primary is scrammed, the 10.1 Primary Coolant Pump
reactor coolant pumps are shut off, the steam
generator feedwater train and the main steam con- Operat. ion
trol valves are shut off, and the auxiliary steam-

generator feedwater pumps are startea; the HPIS Primary coolant pump operation has been shown
then begins injecting coolant, and finally the to have an important effect on system response dur-
accumulators and LPIS begin injecting coolant into ing small-break LOCAs and anticipated transients.
the system. In the case of a large break, the LOFT Experiments L3-5 and L3-6 were designed
blowdown is over in less than 30 s, and the core is to investigate the effect of pump operation on
reflooded within 2 min. system behavior during a small-break LOCA.

Details of these results are presented in Section 5.2.
It would be impossible for operators to respond The experiments demonstrated that early in the

to a large-break accident in the time required. For- transient, operating the pumps conserves system
tunately, there are only a few well defined actions coolant by reducing break flow because a two-phase
required, and these lend themselves to automatic mixture is maintained upstream of the break rather
initiation. The results of Large-Break Experiment than single-phase subcooled coolant which would
Series L2 conducted in the LOFT Program demon- be present at the break if the pumps were off. The
strated that automatic operation of the engineered experiments further showed that once the system
safety features inherent in commercial PWR designs coolant inventory is reduced so that the liquid level
is satisfactory. with pumps off is at the level of the main coolant

system piping, break flow is reduced (and system
A small-break LOCA differs dramatically from coolant inventory conserved) if the pumps are

a large-break LOCA in the magnitude and timing turned off. Break flow is less if steam is upstream
of the system responses that are necessary. A discus- of the break rather than a two-phase mixture.
sion of the characteristics of and responses to a
small-break LOCA are presented in Reference 10-1. The appropriate time to turn the primary coolant

pumps off after a small-break LOCA can be deter-
Unlike a large-break LOCA, a small-break mined by monitoring pump current, as discussed

LOCA requires many minutes to develop trends in Section 8.4.c

that,if unchecked, lead to sustained core uncovery
and heatup. The actual onset of sustained core LOFT Experiments L9-3 and L9-4 showed the
heatup,if unchecked, would not occur for tens of

effect of pugp operation during an ATWS. Experi-,

| minutes to several hours depending upon break size. ment L9-3 was an ATWS initiated by a loss of
| feedwater, during which the pumps were kept run-

All of the ECCSs are designed to operate auto- ning. Experiment L9-410-3 was an ATWS initiated*

matically during a small-break LOCA, just as they by a loss of offsite power. The loss-of-offsite power
do during a large-break LOCA. In addition, if the tripped the pumps at the beginning of Experi-
automatic responses of the ECCSs are not ade- ment L9-4. A comparison of the boundary condi--

quate, the operators can take independent actions tions for Experiments L9-3 and L9-4 is presented
to stop or mitigate the event. in Table 9-1.

As part of LOFT Small-Break Experiment The most obvious effect of pump trip was the
| Series L3, Anticipated Transient Experiment more rapid increase in primary coolant temperature

Series L6, and Multiple Failure Experiment in Experiment L9-4 as compared to Experi-
Series L9, a significant effort was devoted to ment L9-3 (refer to Figure 9-16), which was caused

10-1
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by the reduction in steam generator primary side The results of the LOFT experiments showed that
heat transfer coefficient and increased residence the steam generator was used effectively for acci-
time of the primary fluid in the core. The rapid dent management for every type of small-break
temperature increase introduced negative reactivity LOFT LOCE and for most operational transients
into the core, causing the reactor power to decrease and anticipated transients with multiple failures.
more rapidly in Experiment L9-4 than in Experi- During a small-break LOCA or transient, the main
ment L9-3 (refer to Figure 9-17). This more rapid function of the steam generator is to remove decay
temperature increase caused a more rapid pressure heat which would otherwise heat up and pressurize
increase during Experiment L9-4 and an earlier the primary system and increase the mass flow

,

challenge to the SRV (refer to Figure 9-18). through the break or through the relief valves. Any
action that removes decay heat reduces the loss of
* I "' ""d P''''"'S ' d*1^ YS " ' '' ""' **'Y-10.2 Steam Generator Feed and Experiments L3-2, L3-7, and L9-1/L3-3 demon-

Bleed .

strated that the steam generator can be reestablished
as a. heat sink to aid in accident recovery.

During 12 small-break LOCEs and anticipated
transient experiments, the steam generator has been 10.3 Primary System Feed and
shown to be very important in plant recovery. A Bleeddiscussion of steam generator feed and bleed is
presented in Section 6.1.2. Table 10-1 presents a
summary of the experiments during which the steam During LOFT Experiments L6-8C-2, L6-8D,10-12
generator has been used in the recovery phase. feed and bleed of the primary system, and during

Table 10-1. Summary of experiments involving use of steam generator in accident recovery

Experiment Experiment Description Use of Steam Generator References

L3-2 0.16% broken loop cold leg Auxiliary feedwater was 10-4, 10-5
break LOCE, pumps tripped at initiated at 114 s and ter-
start of experiment. minated at 1878 s. Steam bleed

initiated at 4118 s. Auxiliary
feedwater was used as
necessary during steam
bleeding to maintain steam
generator as a heat sink.

L3-5 2.5% intact loop cold leg break Auxiliary feedwater was 10-6, 10-7
LOCE, pumps tripped at start initiated at 63 s and ter-
of experiment. minated at 1800 s. Steam

bleeding was initiated at
5011 s, and main feedwater

,

was initiated at 7650 s.

L3-6 2.$re intact loop cold leg break Auxiliary feedwater initiated at 10-7, 10-8
*

LOCE, pumps tripped at 2371 s. 73 s and terminated at 1856 s.

L3-7 0.16% broken loop cold leg Auxiliary feedwater initiated at 10-5, 10-9
break LOCE, pumps tripped at 75 s and terminated at 1800 s.
start of experiment. Steam bleed initiated at i

3603 s, and auxiliary feed-
. vater used as needed for
steam bleeding.

10-2
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Table 10-1. - (continued)

Experiment Experiment Description Use of Steam Generator References

L6-1 Anticipated transient-loss of Pressure in primary system 10-10
steam load. was controlled by main steam

control vahe (NISCV) opening
as needed.

.

L6-5 Anticipated Transient-loss of Pressure was controlled by 10-11
feedwater. AlSCV opening as needed.

Steam generator refill was
,

started at 955 s.

L6-8/C-1 Small-break LOCE. Single Feed and bleed of the steam 10-12
steam generator tube rupture. generator in combination with
Pumps operated continuously. small-break flow was used to

depressurize the primary
system.

L6-8/C-2 Same as small-break LOCE Feed and bleed of the steam 10-12
L6-8C-1, except pressurizer generator plus feed and bleed
liquid level was higher. of the primary system was

used to depressurize the pri-
mary system.

L6-8D Natural circulation cooldown. Steam generator was main- 10-12
tained as a heat sink by feed
and bleed. Primary system
feed and bleed was used to
maintain pressurizer liquid
level.

.

L9-1/L3-3 Anticipated transient with One recovery procedure for 10-13
multiple failures. L9-1 was a L3-3 consisted of refilling the
loss-of-feedwater transient; L3-3 steam generator and restoring
simulated two recovery it as a heat sink. The second
procedures. recovery procedure consisted

of latching the PORV open to
depressurize the primary
system.

.

L9-3 Anticipated transient without Primary recovery procedure 10 2
scram (ATWS) initiated by a was operation of the
loss of feedwater. PORV/SRV. At 770 s,

operator-controlled feed and
bleed of the steam generator
was used to cool the primary
system.
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Table 10-1. (continued)
,

Experiment Experiment Description Use of Steam Generator References

L9-4 ATWS initiated by loss of off- The SRV prevented the 10-3
site power primary system pressure from

becoming excessive. Auxiliary
feedwater flow and manual

~

control of steam generator
secondary side pressure was
used to maintain the steam
generator as a heat sink to

, ,

remove decay heat.

<

10.4 ConclusionsExperiment L9-1/L3-3,10-13 bleed of the primary
system, were used to mitigate the consequences of
an accident and to help depressurize the system. LOFT experiments provided data to evaluate pro-

cedures for recovering PWRs from small-break
As, pera na transknts, and andcipatedExperiment L6-8C-2 simulated the rupture of a'

transients with multiple failures. The following con-'

single steam generator tube by opening the primary clu ns can ma m th N reMtosystem letdown valve. For the first 200 s, cooldown
of the primary system was by steam generator feed 1. Tripping the main coolant pumps early,'

and bleed. After 200 s, the PORY was latched open following a small-break LOCA conserves
and HPIS flow was initiated. Figure 10-1 shows the coolant inventory in the primary coolant
primary system pressure behavior during Experi- system and delays the onset of core

!

ment L6-8C-2. Figure 10-2 shows the response of uncovery. The appropriate time for tripping
the pressurizer liquid level during the transient. the pumps is when the collapsed liquid level

,

Liquid level was restored 16 s after the HPIS and reaches the reactor vesselinlet/ outlet nozzles.
PORV flows were initiated.

2. Steam generator feed and bleed can be used
to remove decay heat following small-break

LOFT Experiment L9-1/L3-3 consisted of two LOCAs, operational transients, and anti-
parts: L9-1, which addressed the issue of control- cipated transients with multiple failures. In

. ling primary system pressure without ECCS after the case of a small break, removing decay
a loss-of-feedwater accident (LOFA); L3-3 heat with the steam generator reduces the;

. evaluated two methods of plant recovery. The first amount of coolant lost, thereby preventing
recovery method consisted 'of shutting off the or delaying a core uncovery. In the case of
primary coolant pumps and depressurizing the transients that result in an increase in
system through the PORV. system pressure that challenges the relief

valves, the steam generator can remove
,

When the PORV was latched open, at 3270 s, the decay heat and reduce the amount of
primary system pressure quickly decreased to a coolant lost through the relief valves.
saturation pressure of 12.3 MPa, as shown in

3. The LOFT Program demonstrated that the, .

Figure 10-3. Tiu,s pressure was below the ECCS
steam generator could be reestablished as,

' mjection setpomt of 13.2 MPa and demonstrated a heat sink even after it has boiled dry.
. the ability of the system to recover from a LOFA
'

with a dry steam generator secondary. The primary 4. Primary system feed and bleed or primary
system pressure continued to decrease until the system bleed have been used in the LOIT
PORY was shut at 4850 s. Program to depressurize the primary system.
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11. POTENTIAL FUTURE APPLICATIONS OF LOFT RESULTS

A large amount of information has been accum- could be monitored, particularly the removal of
ulated by the LOFT Experimental Program. Much decay heat by the steam generator. LOFT data
of the information consists of experimental data would be very valuable in developing a display such

from over 600 instruments, preexperiment predic- as the one described above. Data from a large

tions, and postexperiment analyses. The informa- number of different accident cnd transient scenarios
tion covers a wide variety of LOCEs and transients is available to verify the algorithms and the typical

ranging from large-break LOCEs to anticipated accident signatures.'

transients with multiple failures. Additional
documentation exists which consists of facility 11.2 Licensing with Best Estimate
descriptions, RELAP model descriptions, and data Models"

reports for each experiment that contain measure.
ment lists and measurement uncertainties.
LOFT data will continue to be valuable in such The objective of the 1973 ECCS rule was to pro-
applications as nuclear safety code development and vide a conservative factor of safety for reactor
assessment. However, the data and results have design. The rule was very appropriate when it was
great value in othei areas of reactor safety research issued, because of the many uncertainties regarding
that require data from accident simulations in a phenomena and analytical capabilities. Due in part
large integral system. Specific examples are: acci- to the contribution of the LOFT Experimental Pro-
dent diagnosis, licensing with best estimate models, gram, many if not all of the uncertainties have been
probabilistic risk assessment, and development of substantially reduced, and are bounded by
fast running codes to drive training simulators. analytical and experimental data (see Section 5).

11.1 Accident Diagnosis One of the most important potential uses for
LOFT data would be in developing criteria for

ens ng w st es niate models. N data
To date, the most important accident diagnosis to belop niadmum aHowaMeeu use

technique developed through use of LOFT data is system temperatures and pressures, as well as max-
a display of primary coolant pump current versus imum allowable fuel cladding temperatures. These.

cold leg temperature. As long as the pump is limits could be established as conservative design
runnh1g, an perat r using this technique can dif- limits minus a reasonable uncertainty factor which
ferentiate between a small-break accident and an could be established as a function of the capability
over-cooling transient, as discussed in Sectior 8.4. of a vendor or license applicant's analytical code

##E Y'
Other more complex displays are possible w hich

will aid in accident diagnosis. One involves the rate
of change of system pressure with time plotted 11.3 Probabilistic Risk
against the rate of change of primary system energy Assessment
(that is, core heat input plus pump heat input minus
heat transferred to the steam generator minus

The risk associated with nuclear power is defined
environmental heat losses).

as the product of the probability of an accident that
results in a release of radioactivity and the conse-* This display would require a large number of
quences of the accident (that is, number of deaths,measurements and an online computer to compute
number of injuries, and amount of property

parameters. Accidents or transients, however,
would readily be identified by the signature of their damage).*

state point on the display. This display could be pro-
grammed to identify a large- or small-break LOCA The risk assessments of the Reactor Safety

(rate of change of pressure), an ATWS (power Studyll-I were based on conservative estimates of

mismatch plus rate of change of pressure), over- probability and consequences. Since the Reactor
cooling transient (power mismatch plus rate of Safety Study was issued, 40 accidents were
change of pressure), or most other transients. In simulated in the LOFT facility including the only
addition, the effectiveness of corrective actions ATWS events thus far studied experimentally. The

Il-1
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LOFT ATWS results are the only data available to operator guidelines for commercial PWRs.II-2The
qualify codes to predict the consequences of an engineering simulator consists of the RELAPS code,
ATWS in a commercial PWR. an input deck describing a particular plant, color

graphics software, a color graphics terminal, and

11.4 Operator Training m inframe enputu. W ensineering simulator
allows transients to be simulated m, an mteractive.

mode with graphics displays of the control room
The most convenient way to train operators is instrumentation.

with training simulators. Because training -

simulators must perform in real time, however, they The engineering simulator cou'd be used effee-
must be driven by either analog computers or digital tively for operator training. By using the traceability
computers using simple plant models and/or methodology discussed in Section 3.3, the RELAPS
simplified equations. Realistic simulations of severe code could be programmed to simulate any/or all -

transients or accidents can be achieved with of the LOFT accident or transient esents in a com-
advanced computer codes such as RELAP or mercial PWR. The graphics displays would then
TRAC, which must be run on large mainframe illustrate plant conditions and instrument readout
computers, and typically, the codes run much during an event. In addition, operator intervention
slower than real time. A RELAPS Engineering could be simulated to train operators to respond
Simulator has been assembled for evaluating properly.
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12. OVERALL PROGRAM ACCOMPLISHMENTS AND CONCLUSIONS

The NRC-LOFT Program was a unique, integral operational transients, such as secondary

PWR Experimental Program. The main purposes load rejection, loss of forced primary
of the LOFT experiments were to qualify the coolant flow, and loss of feedwater.

engineered safety features and to verify the
computer codes used in safety analyses. In accom- 6. The experiments showed that an anti-
plishing these objectives, LOFT has compiled a cipated transient without scram initiated
significant list of accomplishments. Some of the from a loss of feedwater (the limiting

-

major LOFT accomplishments are: ATWS event) could be controlled by prop-
erly sized automatic safety systems.

1. The LOFT experiments demonstrated the
adequacy of the ECCSs under a wide range The main conclusions of the LOFT program are:+

of conditions, including degraded ECCS
performance. 1. The ECCS is effective in cooling the reac-

tor core and preventing fuel damage after

2. The LOFT program contributed to the a LOCA. The ECCS remains effective in

improvement of computer codes used to situations in which initiation delay and/or

predict the response of commercial PWRs partial degradation of the ECCS occurs.
to LOCAs and to verify their adequacy
over a wide range of accidents. 2. Current plant recovery systems and

methods are effective in bringing the plant

3. The experiment results contributed to to safe shutdown conditions from antic-
improved understanding of LOCA ipated transients and LOCAs.

phenomena, particularly those associated
with the acceptance criteria for ECCS 3. Natural circulation cooling occurs in the

models in Appendix K of 10 CFR 50, as primary coolant system whenever the steam

follows: generators are in a heat sink mode (able to
transfer heat from the primary system to

a. Discharge models the secondary system). The primary
coolant can be either liquid or a mixture

b. End of blowdown of liquid and steam.

c. Post-CHF heat transfer 4. The electrical power to operate the primary
coolant system pumps is sensitive to water

d. Conservatism of evaluation models. density and can thus be used to identify the
kind of accident that has occurred, that is,

4. The experiment results provided valuable loss of coolant or anticipated transient. In

information regarding system behavior fol- conjunction with other plant measure-
lowing a small-break LOCA, specifically: ments, the primary pump power can be

stability of natural circulation, and effec- used to identify the kind of anticipated

tiveness of alternate means of heat transient that has occurred. Leaving the

removal. primary pumps on until accident identifica-
tion is made, in those transients where

*

5. The experiments demonstrated that the operator intervention is possible or prac-

plant control systems and operator actions tical, does not adversely affect the course

could deal effectively with a wide range of of the transient.
.

.
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APPENDlX A

WESTINGHOUSE AND EPRI-REVIEW COMMENTS

The following section presents comments received from N. Lee of Westinghouse Electric Corp. and R.
Breen of the Electric Power Research Institute regarding the contents of the final version of this report.

,
'

WESTINGHOUSE COMMENTS

in general the following points should be made:
.

Provide facts. Generalization / speculation based on little data should be avoided.*

Avoid extending the LOFT results to PWR without mentioning scaling issues.*

In view of the above comments, we suggest that the Sections 8.1.3 and 9.2 be deleted.

ABSTRACT

Considering the scale principles, the statement "the transient response of the LOFT system to accident
events is similar to large [s1000 MW(e)] commercial PWRs" should be reworded.

EXECUTIVE SUMMARY

This section should contain statements about scaling and caution readers about possible differences between
LOFT facility transients and PWR transients,

p. iii A rewording of the first sentence of the second paragraph is necessary to reflect possible dif-
ferences in scaling,

p. v Did you have enough burnup to claim that data from the LOFT experiments indicates that
unpressurized fuel performs as well as prepressurized fuel?

p. v You need to point out oversized valves were used for LOFT steam generator feed and bleed,
primary system feed and bleed, and operation of the primary coolant pumps.

Chapter 2, HISTORY AND SCOPE OF THE LOFT PROGRAM

p.2-2 Provide a reference for the final changes made to the LOFT program.

*
p. 2-2 It has been pointed out by many critics that LOFT LOCES do not closely model the large-

break LOCAs hypothesized for commercial PWRs.

* p.2-7 A short description of the principal components of the broken loop would be helpful to readers.

p. 2-17 Did L3-3 demonstrate or examine two independent recovery methods?

Chapter 3, LOFT RESULTS RELATIVE TO COMMERCIAL PWR
BEHAVIOR

p.3-4 The discussion regarding LOFT scaling, flow area and flow resistance is confusing.

'
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p. 3-5 The last paragraph in Section 3-2 is subjective and the logic is not clear. This is not a necessary
statement here.

p. 3-6 The statement "The differences between calculated and measured LOFT response are the
minimum uncertainties that can be expected in a commercial plant calculation" should be
explained.

p. 3-8 Why do you present the ZION results with different conditions anyway?

'p. 3-9 The uncertaint> should b: RELAP's ability to predict LOFT-not RELAP's ability to predict
a PWR transient. It would not be straight forward for a PWR due to the scaling.

Chapter 4, IMPACT OF LOFT RESULTS ON THERMAL-HYDRAULIC
.

MODELING

p.4-1 The discussion should not be limited to RELAP 4 and RELAP 5. At least TRAC discussions
should be provided since TRAC is the NRC's best estimate code,

p. 4-20 Discuss TRAC model results relative to the split-down comer nodalization of the RELAP code.

Chapter 5, IMPACT ON 10 CFR 50.46 AND APPENDlX K

p. 5-4 A RELAP4 or 5 or TRAC calculation with a rewet model should be included to show that
this model is needed to match data.

p. 5-13 The second and third paragraphs in Section 5.2.2.2 paragraphs contain statements that overlap
with the ones on p. 5-10 and 5-11. Need to condense!

p. 5-24 The low-pressure setpoint (1.66 MPa) should be pointed out in the test intro' duction. Add
"possibly" between data and support in the eighth line.

Chapter 6, IMPACT ON SAFETY ISSUES

p.6-1 Add the statement "But it must be noted that the LOFT results should be interpreted with
discretion considering the differences between the LOFT facility and commercial PWR's"
at the end of the third paragraph.

p.6-8 Item I overextends the results.

Chapter 7, ISSUES RELATED TO THE THREE MILE ISLAND ACCIDENT

p.7-4 The statement in the sixth paragraph of Section 7.1.2 is speculation it is not based on ,

observation.

p. 712 No recommendations are necessary for this report.
,

p. 714 No suggestions. Provide facts only found from LOFT tests.

Chapter 8, SAFETY TECHNOLOGY

p.8-1 Change " enhances or improves" to "have a potential to enhance or improve" in the third line.

A-4
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p.8-2 It must pointed r ut that the fact that data base from the Zorita program is too small to get
a general conclusion.

p.8-2 Section 8.1.3 should be deleted! This is based on very limited LOFT results which were overex-
tended to recommendations.

p. 8-15 The performance of core exit T/Cs can be affected by the installation method, the upper
plenum hardware and the fact that the LOFT core is only 5.5 ft long.

'
p. 8-15 The fact that the core exit T/C measurement did not work in LOFT should not be taken

to mean that it would not work in a PWR!

Chapter 9, RULEMAKING.

p. 9-20 Omit Section 9.2, Appendix K to 10 CFR 50. The three items are presented in previous sec-
tions. You do not need to make recommendations.

Chapter 10, ACCIDENT MANAGEMENT

p.10-1 Delete the second paragraph in Section 10-1.

p.10-2 Delete the next to last sentence in the second paragraph of Section 10.2.

p.10-4 Change "can" to "could" in the first sentence in item 2.

Chapter 11, POTENTIAL FUTURE APPLICATIONS OF LOFT RESULTS

p. Il 1 . . the data and results may have great value in other areas . .

Chapter 12, OVERALL PROGRAM ACCOMPLISHMENTS AND
CONCLUSIONS

p.12-1 To qualify the engineered safety features was not one of main purposes.

Add "for the LOFT facility" to the end of item 1.

Add "for the LOFT system" to the end of item 5.

The main conclusions of this report are subjective and the listing of the accomplishments
1-6 is enough for the purpose of this report.,

EPRI COMMENTS
.

1. SUMMARY
,

in general, too much benefit to the industry and NRC is claimed for LOFT. Examples:

p. iv. The LOFT research results could not, by themselves resolve the issues of the human-machine
interface, interruption of ECCS after a LOCA, instrumentation to follow the course of an
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accident or revised small break LOCA analysis methods, although in various ways the LOFT
results may help in the resolution or confirm conclusions made by the industry before the
LOFT data were taken.

p. v. It is not apparent that any contribution was made on fuel pressurization.

Some contributions do seem to have been made; for example:

p. v. The unreliability of core exit thermocouples.
,

p. v. Support of more realistic ways of analyzing ATWS.

A main concern about the report is that there may be a tendency to assume that, because a particular
behavior was observed in a LOFT experiment, that same behavior would be observed in a plant. It needs

,

to be emphasized that LOFT and other such experiments are not capable of accurately simulating a com-
plete, full-sized reactor. The most that such experiments can do is to provide an experimental base with
which to compare models or codes which can be applied to plants. The better the simulation, the better
the comparison, but it will still be a simulation and will be, in some respects, unlike the prototype. The
effects of the differences must be evaluated for each application.

In particular, physical phenomena occurring or identified in LOFT may not be relevant to a formal,
if stylized, safety assessment. Somewhat extravagant claims (overall) for LOFT results are made throughout
the lead summary:

p. iv. " contributed tc development of models" is correct: however, the split-downcomer model
leads to unrealistic calculated azimuthal velocities and flows.

p. iv. How is the multiplier value of 0.848 for H-F and ilEM critical flow to be used to evaluate
,

the conservative nature of Appendix K7 The value in LOFT specific, and PWRs have dif-
ferent pipe diameters and no '' lowdown no:zles of the type used in LOFT.

p. 'iv. Is not the " core quenched. . . by a flow reversal" phenomena applicable to the LOFT cases
studied only, and not relevant to a PWR safety analysis? (Distinguish here between physical
phenomena in LOFT, and applications to safety assessment.)

p. iv. The AOC program and its results appear applicable only to LOFT and has not, to my
knowledge, been adopted for a commercial PWR. (P, T state displays were independently
developed by GPU and others.)

p. v. Flow did LOFT experiments demonstrate "the overall adequacy (emphasis added) of
requirements. . . In Reg. Guide 1.977" This appears inappropriate.

p. v. " Fuel pressurization" has been well studied by the industry: given the LOFT low burnup,
short core, with atypical enrichment, and 15 x 15 rod size, how are these results applicable
to current PWRs? *

p. v. The liquid level and instrumentation discussion, both here and in the text, is very misleading.
The virtues and drawbacks of conductivity probes, SPNDs, AP readings and outlet T/Cs are '*

largely independent of LOFT results and experiments. (viz TMI, Semiscale, ORNL, and CE
results.)

p. v. The LOFT ATWS tests are very useful and invaluable benchmarks for analysis, but that is
all. The results are very sensitive to the MTC and the FDC, which need to be well character.
ized for LOFT and any plant.

.
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p. v. Data on accident management is particular and applicable only to LOFT.

Il Chapter 2, History and Scope of the LOFT Program

p. 2-12 The value of LOFT as a nuclear facility only must be stressed: being the biggest is not as
relevant given the still large differences from LPWRs.

Ill. Chapter 3, LOFT Results Relative to Commercial PWRs
,

p.3-1 The LOFT /Semiscale scaling is useful but not conclusive, since the extrapolation to PWR
is still large.

9

p. 3-1, 3-2 Volume scaling alone is not sufficient given, for example, L/D effects, core length, diameter
effects on flooding and flow regimes, which are not discussed. The distortions introduced
can only be resolved by analysis. (The tuning over the years of RELAP to both Semiscale
and LOFT data invalidates many of the conclusions made regarding scaling analysis and the
adequacy of the RELAP results, see p. 3.7 and Figure 3-3.)

p. 3-8, 3-9 This is very revealing: the LPWR must be " transformed" (i.e., rescaled) to act like LOFT
(and vice versa)-the differences that are shown in Figures 3-5 and 3-6 are realscaling dif-
ferences not artifacts. If ZION were LOFT one would of course obtain Figure 3-7: the real
point is it is not LOFT, and LOFT is not ZION.

IV. Chapter 4, impact of LOFT on Thermohydraulic Modeling

p. 4-1 The nozzles used in LOFT render the extrapolation to LPWR incorrect.

p.4-3 The playing with coefficients (1.13,1.8, 0.98, 0.84,1.0 for H-F, HEM, subcooled and
saturated) illustrates a majcr deficiency in the methods for predictive purposes.

p.4-5 Comparison to temperature alone is misteading: the slope is the most relevant (equivalent
Fig 4-10 to heat transfer). These are different by up to a factor of 2.

p. 4 20, What is the justification for items 17, and what relevance have they to LPWRs?
4-21

p. 4-22, Nonequilibrium pressurizer models for LPWRs have been known to be necessary for years
4-24 (viz RETRAN and MMS).

p. 4-24 As a physicist, I am appalled to be asked to believe for RELAP4 that the " gas constant"
[isentropic exponent (8)] for a gas such as nitrogen changes with " expansion rate," " surface-
to-volume ratio of the gas" and "as a function of accumulator flow." This is abject nonsense*

and is a pure modeling deficiency.

How does the RELAPS model compare to say L9-3 and small break data? What should I.

use for an LPWR7!

p. 4-26 What should an LPWR use?

.
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V. Chapter 5, impact on 10 CFR 50.46 and Appendix K

The impact is certainly not clear from this chapter. Perhaps the impact would be more apparent if the
author would rewrite the appropriate sections of 10 CFR 50.46 and Appendix K italicizing the changes based
on LOFT and providing appropriate references. I don't find it particularly revealing to read on page 5-9
"The results demonstrated that accurate heat transfer correlations are necessary to predict the accident
consequences accurately."

p. 5 1 The key question is the extrapolation of LOFT to LPWR: one could argue that the 565 K
'

difference quoted is specifically to account for differences in core size, break flow, decay
heat, etc.for an LPWR.

p. 51 How can a "best estimate" model be conservative?-it is either " wrong" scientifically or *

not a "best estimate" of any value!

p. 5-2 Comment on multipliers applies.

p. 5-3 Where is the " downward flow" comparison and the calculation of drop entrainment for
LOFT?

p.5-4 Core rewet, or RNB, may be due to the flows and short core applicable to LOFT for the
break sizes tested in LOFT.

Obviously RNB can occur-what are the necessary physical conditions or criteria for both
LOFT and a PWR?

p. 5-9 Given the problems of RELAP4, how can one utilize the core heat transfer calculations? The
statement that " accurate heat transfer correlations are necessary" is generally true but inap-
propriate as a conclusion from the work described.

p. 5-9 et flow does the fact that LOFT has only one active steam generator affect the conclusions?

seq. Obviously, loop-to-loop effects and instabilities cannot be observed or quantified in LOFT.

p. 5-16 Conclusion I has been verified by plant data (viz TMI-2 and the Crystal River cooldown).
Hence the requirements for inventory measurements and no ECC throttling for LPWRs.

VI. Chapter 6, impact on Safety issues

p.6-1 Impact on USl's. The extent to which the LOFT systems are typical of LPWRs must be
examined e.g., aux feed and steam generator secondary side, and one loop versus two to four
loops

p. 6-8 What is the basis for conclusion 2-it does not seem to be discussed.
-

p.6-11 The " reflux condenser" section needs expansion and verification.
.

Vll. Chapter 7, Issues Related to the TMI 2 Accident'

p. 7-1 Since LOFT is not an OTSG plant, nor scaled to one, a discussion of why LOFT is relevant
is necessary!

p. 7-1 Ilow did the LOIT AOC " confirm. . . improving the operational safety of nuclear power
plants." It is not shown in or by this report!

A.8

_ _ _ _ - _ _ _ _ _



I *
'1;

-

p. 7-1 The interruption must be accord with EPG's. Were the experiments conducted in this man-
ner? (And hence relevant to LPWRs.)

p. 7-14 Why recommend " cladding or guide tube temperatures" for degraded core cooling informa-
tion? Is this for LPWRs? Density measurements are elso impractical in LPWRs!

p. 7-14 Natura', circulation in an LPWR can be determined from the leg ATs.

e ,

Vlli. Chapte'r it! Safety Technology
.

t t
, , . -

There may be some value for large PWRs in ti.e LOFT work on reactor coolant pump current under
conditions of two phase flow, b'ut the report should state how the LOFT findings apply to the large pumps.

i
e

Are they really suggesting unpressuri::edfuel for LPWRs on the basis of LOFT limited tests?!

The channel blockage results have not been showa in LOFT: there is no experiment with
burst / blockage yet performed in LOFT!

The liquid level detectors are not (as I understand it) typical fer LPWRs. SPND effects were<

shown at TMI and have been extensively analyzed-this is not even mentioned (also why the
industry does not use them).

The I. OFT cladding T/Cs and outlet T/C results have been discussed in numerous meetings.
The results appear particular to LOFT.

Pump current monitoring is potentially useful: but the implementation in LPWRs is fraught
with calibration and other questions. There is a repart from a LOFT review meeting on this
(which is 'gnored) which contains industry reactions.

IX. Chapter 9|yulemaking

The ATWS tests 9-3 and 9-4 are useful benchmarks. RELAP5 does not predict all features of
the tests " reasonably well"(p. 9-19). For example, where are the comparisons for Figures 9-19
and 9-197

Emphasis should be placed on the salue of the data.p

The Appendix K implications have been discussed above.
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